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[bookmark: _Toc343630550]Abstract

The functionalisation of C-H bonds has been widely studied in organic synthesis. This work presents the results of investigation into two areas of current research, copper-catalysed aromatic C-H functionalisation and rhodium-catalysed hydroacylation. Chapter 1 presents the development of palladium- and copper-catalysed aromatic C-H functionalisation with particular attention paid to regiocontrol. Chapter 2 describes the development of copper-catalysed cross-coupling of perfluorinated arenes and alkenyl halides along with efforts to expand this methodology to a more general reaction (Scheme 1).


Scheme 1: Copper-catalysed Cross-coupling of Perfluorinated Arenes and Alkenyl Halides

In Chapter 3 the development of chelation-controlled rhodium-catalysed hydroacylation is discussed. Chapter 4 outlines the utilisation of amino acid derived N-methylthiomethyl aldehydes in rhodium-catalysed hydroacylation methodology (Scheme 2). 


Scheme 2: Rhodium-catalysed Hydroacylation of N-Methylthiomethyl Aldehydes
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[Ox]		Oxidant
° C		Degrees Celsius 
1,2-DCE	1,2-Dichloroethane
2D		Two dimensional
Ac		Acetyl
acac		Acetylacetone
app.		Apparent
Ar		Aryl
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CMD		Concerted metallation/
deprotonation
cod		1,5-Cyclooctadiene
coe		Cyclooctene
conv.		Conversion
COSY	Correlation spectroscopy
Cp		Cyclopentadiene
CuTC	Copper(I) thiophene 2-carboxylate
Cy		Cyclohexane	
D		Dextro
DABCO	1,4-Diazabicyclo[2.2.2]
octane
DCM		Dichloromethane
dcpe	1,2-Bis(dicyclohexylphosphino)
ethane
dcpm	1,1-Bis(dicyclohexylphosphino)methane
DG		Directing group
DIBAL-H	Diisobutylaluminium hydride
DMA	N,N-Dimethylacetamide
DMAP	4-Dimethylaminopyridine
DME		1,2-Dimethoxyethane
DMEDA	N,N’-
Dimethoxyethylene
diamine
DMF		N,N-Dimethylformamide
DMPU	1,3-Dimethyl-3,4,5,6-tetrahydro-2(1H)-
pyrimidinone
DMSO	Dimethyl sulfoxide
dppe		1,2-
Bis(diphenylphosphino)
ethane
dppf	1,1’-Bis(diphenylphosphino)
ferrocene


dppm		1,1-
Bis(diphenylphosphino)
methane
dppp	1,3-
Bis(diphenylphosphino)
propane
E		entgegen
eq		Equivalents
ESI		Electrospray ionisation
Et		Ethyl
EWG		Electron withdrawing 
group
FI		Field ionisation
FT		Fourier transform
g		Grams
gem		Geminal
h		Hours
Hal		Halide
Hex		Hexyl
HMDS		Bis(trimethylsilyl)amine
HPLC	High pressure liquid chromatography
HRMS	High resolution mass spectrometry
HSQC	Heteronuclear single quantum coherence
i	iso
IR	Infrared
J		Coupling constant
L		Levo
L		Ligand
l		Linear isomer
LDA		Lithium diisopropylamine
LRMS	Low resolution mass spectrometry
M		Mass ion
m		meta
M		Metal
M		Molar
Me		Methyl
mg		Milligrams
MHz		Megahertz
mins		Minutes
mL		Millilitre
mmol		Millimole
mol%		Mole percent
MTM		Methylthiomethyl
mw		Microwave
N		Normal
n		Number
n		normal
nbd		Norboradiene
NBS		N-Bromosuccinimide
NIS		N-Iodosuccinimide
NMP		N-Methyl-2-pyrrolidone
NMR	Nuclear magnetic resonance
o	ortho
p	para
PCC		Pyridinium 
Chlorochromate
pent		pentyl
PG		Protecting group
Ph		Phenyl
pKa		Acid dissociation 
constant
ppm		Parts per million
iPr		iso-Propyl
psi		Pounds per square inch
quant.		Quantitive
R		Generic group
rt		Room Temperature
S		Solvent molecule
sat.		Saturated
SET		Single electron transfer
SnAr	Nucleophilic aromatic substitution
t	tert
TBAB	Tetrabutylammonium bromide
TBAE	Tetrabutylammonium acetate
TBAF	Tetrabutylammonium fluoride
TEA		Triethylamine
TES		Triethylsilyl
Tf		Triflate
TFA		Trifluoroacetic acid
THF		Tetrahydrofuran
TLC		Thin layer chromatography
TM 		Transition Metal
TMS		Trimethylsilyl
TOF		Time of flight
Ts		Tosyl
pTSA		para-Toluenesulfonic acid
UV		Ultraviolet
X		Generic atom
Y		Generic atom
Z		zusammen
μg		Micrograms
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[bookmark: _Toc343630556]Traditional Cross-coupling

Since its discovery transition metal-catalysed cross-coupling has become a powerful tool for organic chemists. The ability of cross-coupling processes to reduce and simplify synthetic routes has caused something of a paradigm shift in molecule construction. Its prominence and importance is most accurately summed up by the awarding of the 2010 Nobel Prize for Chemistry to Suzuki, Negishi and Heck for their contributions to the field.1

Traditional cross-coupling involves two activated species; typically one with a carbon-metal bond and one with a carbon-halide, or pseudo-halide, bond (Scheme 1.1). These two sites indicate the location of bond formation between the two coupling partners, allowing complete control over the regioselectivity of bond formation. Most often both sites are sp2 carbons; either aryl or alkenyl, however the Sonogashira reaction is an example of use of a sp hybridised coupling partner and there have been recent reports of sp3 carbon centres being coupled. 2, 3
 


Scheme 1.1: Transition Metal-Catalysed Cross-coupling

Extensive studies have led to the development of a large number of coupling partners and catalytic systems. Palladium catalysis is the most elaborated and understood system, with variants including the Hiyama reaction, where the organometallic partner is an organosilane, the Stille coupling, which uses organotin compounds, the Kumada process, which employs Grignard reagents and the widely used Suzuki reaction where boronic acids and esters are used.4

While use of preactivated coupling partners facilitates metal insertion they do produce problems for chemists using this methodology. One of the most obvious is the stoichiometric by-product, MX. Whilst its formation provides a thermodynamic driving force for the reaction, it does have to be separated from the desired product and disposed of. Disposal of boron by-products from Suzuki reactions is more straightforward. More challenging are the organotin compounds produced in the Stille reaction, which are hazardous for both people and the environment. Even if removal and disposal of these by-products was facile, the requirement for their production makes these processes poorly atom economic, a key measure of a reaction’s ‘greenness’.5 Economy of both time and materials is important to reduce the costs associated with a process as well as its environmental impact. Beyond that, efficient processes produce elegant, logical and quick synthetic routes. 

A second limitation of cross-coupling chemistry is the synthesis and handling of the coupling partners. Many aryl halides and boronic acids are commercially available; however, many other coupling partners are not, and so their synthesis will elongate any potential route. Once synthesised these coupling partners need to be handled correctly. As previously stated, tin compounds are toxic and so must be contained properly prior to use. Other coupling partners, for example Grignard reagents and triflates, are highly reactive; useful in a reaction but problematic when it comes to long-term storage.

Any solution which overcomes these issues has to remove the need for one or both of these activating groups, whilst retaining the regio- and chemoselectivity, and catalytic effectiveness of these established cross-coupling methods. 

[bookmark: _Toc343630557]C-H Functionalisation 

The development of C-H functionalisation, or activation, has attempted to provide a solution to this problem by substituting one of, or both of, the carbon-metal or carbon-halide bonds with a carbon-hydrogen bond (Scheme 1.2). 6


Scheme 1.2: C-H Functionalisation

In the most common examples it is the carbon-metal bond that is substituted as these tend to be the most sensitive, difficult to synthesise and the least atom economic. In situ formation of the metallic coupling partner is an obvious first step towards this goal and does have some precedent in the Sonogashira reaction; where the copper alkynyl species, 2, is formed from the alkyne, base and copper co-catalyst prior to transmetallation (Scheme 1.3).2



Scheme 1.3: Sonogashira Reaction

The ubiquity of carbon-hydrogen bonds in organic molecules is both advantageous and potentially problematic for anyone trying to exploit them in cross-coupling chemistry; whilst this new type of coupling partner is commonly commercially available, and usually does not need to be synthesised or handled carefully, regioselectivity between carbon-hydrogen bonds becomes a significant concern. A considerable amount of research has been completed into C-H functionalisation and it is not possible to present it in this introduction. C-H functionalisation has been subjected to extensive review.6,7,8,9,10,11 To this end only selected examples have been presented to illustrate the points raised.

[bookmark: _Toc343630558]Intramolecular Cross-Coupling Using C-H Functionalisation

One way to control regioselectivity in C-H functionalisation reactions is by making the cross-coupling reaction intramolecular. By doing this, product formation is controlled by formation of the least strained ring system. As can be seen in the example below from the Willis group, the highlighted hydrogen in 5 is the site of bond formation because this forms the less strained 5,5,6 ring system, 6 (Scheme 1.4).12



Scheme 1.4: Intramolecular Cross-coupling to Form 5,5,6 Ring Systems

This methodology can be used to synthesise heterocycles as well as carbocycles, in generally good to excellent yields with a wide range of functional group tolerance. Benzofurans and indoles have been synthesised by replacing the carbon tether between the two rings with a nitrogen or oxygen tether instead (Scheme 1.5).13


Scheme 1.5: Intramolecular Cross-coupling to Form Benzofurans and Indoles

By tethering the alkenyl halide and the aromatic ring together, control over the site of C-H functionalisation is very successful. The only instance where a mixture of products is obtained in either the carbocycle or heterocycle synthesis is when substituents on the aromatic ring are meta to the tether. Ortho substituents physically block one site whereas para substituents produce identical products regardless of which site reacts (Scheme 1.6a). Meta substituents give two different regioisomers depending on which C-H bond is activated. The selectivity between the two can be biased by electronic or steric effects (Scheme 1.6b).



Scheme 1.6: Regioselectivity in Intramolecular Cross-coupling

Whilst this methodology produces excellent results with regard to regioselectivity, it is limited to intramolecular substrates. Temporary tethers are possible, and have been used in various reactions such as alkene/alkyne metathesis to great effect. However, the tether is still present, requiring synthesis, and in the case of temporary tethers, removal.14 Tethers, and by extension intramolecular reactions, can only provide a partial solution to the problem of regioselectivity in C-H functionalisation. 

[bookmark: _Toc343630559]Intermolecular Cross-Coupling Using C-H Functionalisation

Regioselectivity in a more general intermolecular reaction is a more challenging problem and several strategies have been suggested and studied. These include selecting substrates that do not require regiocontrol, use of directing groups within the molecule and the inherent positional bias of a particular mechanism. 
The simplest version of regiocontrol involves using arene coupling partners that do not pose a regioselectivity issue, for example, benzene. Since it is completely symmetrical all 6 C-H bonds are equivalent, so whichever bond is activated the product will be the same. An example from Jiang is shown in Scheme 1.7.15 Whilst regiocontrol is not a problem and a range of aryl iodides can be functionalised, this reaction requires high temperatures and a large excess of benzene for good conversions. 



Scheme 1.7: Benzene Cross-coupling

This strategy completely sidesteps the issue and substrates like this are generally of limited use and unexciting. Substrates that are less symmetric but more interesting, have led to a requirement to be able to predict reactivity and regioselectivity, allowing efficient synthetic planning and avoiding the waste of both time and resources. 

A more usual method of regiocontrol is using an existing group within the molecule to direct C-H functionalisation to a specific site, in an analogous method to ortho lithiation. A wide range of groups have been used to co-ordinate to either the base or the metal catalyst usually via a heteroatom. One such example is Daugulis’ use of anilines, benzamides, benzoic acids and benzylamines in palladium-catalysed cross-coupling reactions (Scheme 1.8).16 In common with many directing groups all four of these direct coupling ortho to their position, allowing easy prediction of reaction products. 



Scheme 1.8: Daugulis's Directing Group Chemistry

All of these directing groups use the same catalyst system which, whilst giving good to excellent yields at low catalyst loadings for most substrates, has several drawbacks. Firstly, the use of high temperature and trifluoroacetic acid as solvent leads to a limited substrate scope. Secondly, for symmetric para substituents like 19, double addition is the major product. For substrates with meta or ortho substituents this problem is not observed, presumably due to steric hindrance. Finally, the directing group is present in the product, which is not an issue assuming an amide or benzoic acid is desired in that position in the product. However, if it is not then either this methodology can not be used to synthese the required molecule or it has to be removed, adding extra synthetic steps.
Several mechanisms for palladium-catalysed C-H functionalisation have been proposed and studied. Each mechanism has inherent regioselectivities as well as favouring particular substrates, so discovering the right combination can provide excellent regiocontrol. Two mechanisms that have been particularly studied are concerted metallation-deprotonation (CMD) and electrophilic substitution. 

In electrophilic substitution the key step is attack of the arene on an electrophilic aryl metal species to form the new aryl-aryl bond. Electron rich arenes perform best within this mechanism. Prediction of the coupling site is possible as the arene attacks from the most electron rich position. In Scheme 1.9, an example from the Sharp group is shown where 3-carboalkoxy furans favour arylation at the 5 position.17 The proposed mechanism is shown in which a catalytic, electrophilic palladium(II) species, 23, is preferentially formed due to use of a polar solvent and the lack of stabilising ligands. Attack by the furan via the most electron rich 5 position on the electrophilic 23, and subsequent deprotonation, lead to product formation. This methodology only has limited scope and low yields possibly due to either a limited range of sufficiently nucleophilic furans or product instability. 



Scheme 1.9: Cross-coupling of 3-Carboalkoxy Furans

Conversely, the CMD mechanism, proposed by Fagnou, has as its key step a base assisted deprotonation/metallation.18 Electron-poor arenes work best under these conditions, with coupling occurring at the most acidic C-H bond. The example shown in Scheme 1.10 sees pyrimidine N-oxide reacting exclusively at the 6 position. The proposed mechanism starts with oxidative addition of the aryl halide in a similar first step to electrophilic substitution. However, instead of forming an electrophilic palladium species the carbonate base co-ordinates to the palladium, displacing the halide ligand to form intermediate 30. Co-ordination of the pyrimidine N-oxide leads to base assisted deprotonation and transmetallation of the heteroarene via crucial transition state 31. Deprotonation always occurs at the most acidic position within the molecule, in this case the 6 position. The use of a carbonate or acetate base is critical in this mechanism for successful proton transfer. Following deprotonation/transmetallation the carbonate base is lost and reductive elimination reveals the product.



Scheme 1.10: Cross-coupling of Pyrimidine N-Oxides

Unfortunately, biasing towards a particular mechanism within a reaction is not always straightforward for several reasons. Firstly, there is the potential for different substrates to react via different mechanisms within the same catalytic system. Secondly, the catalytic systems optimised for each mechanism are very different so it is not straightforward to change pathways. Thirdly, substrates are not necessarily compatible with all catalytic systems. For example, electron-poor arenes simply do not react under electrophilic substitution conditions - hence the development of the CMD methodology.

Putting aside these difficulties, the more catalytic systems available with predictable results the easier it is to select the right system and substrate combination to get the desired product. As a way of expanding the catalytic toolbox available to synthetic chemists, many people have decided to develop further cross-coupling methods by moving away from palladium.

[bookmark: _Toc343630560]Copper-catalysed Cross-coupling Using C-H Functionalisation

Changing the metal catalyst may provide access to different C-H functionalisation mechanisms which could be exploited to add to the repertoire of regioselective reactions. Catalytic cross-coupling systems using C-H functionalisation have been developed with a range of metals including rhodium and ruthenium.7 One of the first coupling reactions reported is the Ullmann reaction, the homo-coupling of aryl iodides using stoichiometric copper, in 1901.19 Although this reaction has been known for over one hundred years, general copper catalysed cross-coupling has only really been studied in earnest in the past ten years. Copper is an attractive metal because it is cheaper and less toxic than most other cross-coupling catalysts. Moreover, there are a range of salts commercially available, the most commonly used copper ligands are cheaper, and copper-catalysed cross-coupling is established in cross-coupling via the Sonogashira reaction.20,2 Copper has also been used in one of the first meta selective cross-couplings. Gaunt et al published their work on copper triflate catalysed cross-coupling of benzamides and aryl iodonium salts, in which unusual regioselectivity is observed (Scheme 1.11).21 



Scheme 1.11: Gaunt's meta Selective Copper Cross-coupling

The use of the more unusual aryl iodonium salts is very important as this system does not work with the more conventional aryl halides. These salts are highly electrophilic and maybe the reason that relatively mild conditions for a C-H functionalisation are possible. This methodology has high functional group tolerance. Electron-donating substituents or halogens on the activated ring can be incorporated, as well as electron-rich and -poor substituents on the transferred aryl ring, with almost all substrates giving good to excellent yields. Electron-poor and sterically demanding substrates give lower yields. The regioselectivity of this reaction suggests a different mechanism to palladium catalysed C-H functionalisation and cross-coupling. This methodology not only utilises a different metal catalyst to control regioselectivity but also combines it with directing group methodology.
Daugulis has also utilised copper in biaryl formation via C-H functionalisation.22 In this work he uses a wide range of arenes and heteroarenes with a copper(I) iodide/1,10-phenanthroline catalytic system (Scheme 1.12). 



Scheme 1.12: Daugulis' Copper-catalysed Biaryl Formation

Electron-rich and -poor heterocycles are employed as well as electron-poor arenes, mainly in good to excellent yields. In contrast to Gaunt’s conditions, high temperatures and a range of strong bases are required to ensure reactivity, and thus do limit functional group tolerance. However, this method utilises aryl halides which are more widely available compared to the aryl iodonium salts utilised in Gaunt’s work. 

Some mechanistic investigation of this reaction has been carried out and combined with Buchwald’s investigation of the mechanism of copper catalysed C-X bond formation, a mechanistic explanation has been proposed.23,24 This mechanism can be divided into three steps; metallation of the unactivated arene, transmetallation to copper and reaction of the arylcopper species to form the product (Figure 1.1).



Figure 1.1: Mechanism of Aryl-aryl Cross-coupling

It was observed that the acidity of the C-H bond to be functionalised was important. Further investigation revealed that arenes with a C-H pKa (measured in DMSO) above 35 could not be used under these conditions and that the more acidic the C-H bond the weaker the base that could be employed; C-H bonds with pKas (measured in DMSO) below 27 allowed the use of relatively weak base potassium phosphate. It was proposed that metallation might be facilitated by co-ordination of the copper catalyst particularly in substrates with Lewis basic atoms. However, it was found that the base promoted H/D exchange rate for electron-rich heteroarenes as well as electron-poor arenes and heteroarenes was unaffected by the presence of copper(I) iodide.  

An arylcopper intermediate 41 was isolated by running the reaction without any aryl halide present (Scheme 1.13). 



Scheme 1.13: Formation of an Aryl-copper Species

Once an aryl-copper intermediate has been attained there are several suggested mechanisms for product formation.23 Oxidative addition followed by reductive elimination, or σ-bond metathesis are akin to proposed mechanisms within palladium cross-coupling methodology. While suggested radical processes are based on known copper radical methodology such as the Sandmeyer reaction (Figure 1.2).



Figure 1.2: C-C Bond Formation in Copper-catalysed Mechanisms

Buchwald, in his analysis of copper-catalysed C-N verses C-O bond formation, proposes that the precise nature of the C-X bond formation step is heavily dependant on both ligand and substrate, and suggests that multiple cross-coupling mechanisms could be operating, possibly without clear distinction between them during the course of one reaction.24 



[bookmark: _Toc343630561]Project Aims

In all of the intermolecular cross-coupling and C-H functionalisation work reported here, there has been significantly more focus on aryl-aryl coupling. Thus, it was felt that aryl-alkenyl coupling has been comparatively overlooked and that we could develop methodology based on our intramolecular work (Section 1.2.1). The styryl motif is a common pattern seen in a range of setting from polymers to natural products.25 Heck methodology could potentially be used but it would only allow access a trans double bond whereas cross-coupling offers the chance to access more unusual product geometries such as cis and 1,1-substituted products.

The products of aryl-alkenyl cross-coupling are particularly interesting as there is potential for subsequent functionalisation of the double bond, via methods such as oxidation or addition, and the aryl ring or the alkenyl chain if appropriate groups are included in the starting material. Reduction of the double bond would result in what would be the Friedel-Crafts alkylation product of an electron-poor arene and a primary alkyl halide (Scheme 1.14). This product is inaccessable via conventional Friedel-Crafts chemistry due to the electron poor nature of the arene and the rearrangment potential of the primary halide.



Scheme 1.14: Hydrogenation of Styryl Derivatives
In an effort to develop methodology that is easy to use, particularly in an industrial setting, it was elected to use a copper based catalytic system. As well as the relative economical nature of copper catalytic systems, copper is less toxic than palladium. This means that it is comparably facile to work with both on academic and industrial scales.  Also, when purifying molecules for commercial uses it is not necessary to be as stringent when removing copper residues due to its reduced toxicity and so decreasing the production costs involved. The European Medicines Agency’s Committee for Medicinal Products for Human Use has set the permitted daily exposure for palladium to 100 μg/day whilst copper has a permitted daily exposure of 2500 μg/day.20

Furthermore, there is the hope for complimentary reactivity rather than just reaction replacement when compared to palladium-catalysed processes. This would hopefully access reaction space that previously has been difficult or impossible to attain. 

Finally, there is some precedent for copper catalysed alkenylation of arenes and heteroarenes. While most of Daugulis’ examples are aryl iodides or bromides, he has reported two alkenyl bromide examples which react in excellent yields (Scheme 1.15).22



Scheme 1.15: Daugulis' Alkenyl Examples

These are very promising examples, since alkenylated electron-deficient arenes can be difficult to prepare and usually require multistep syntheses. Daugulis has deliberately picked alkenyl substrates which can not eliminate to the alkyne, removing a potential decomposition pathway but also eliminating a large number of potential substrates. 

Further precedent is provided in the work of Charette, who showed that N-Iminopyridinium ylides can be alkenylated using copper(II) bromide (Scheme 1.16).26



Scheme 1.16: Charette's Copper-catalysed Alkenylation of N-Iminopyridinium Ylides

Styryl iodides produced good to excellent yields while aliphatic alkenyl iodides resulted in lower yields. Z-alkenyl iodides could be used but the trans product was obtained probably due to thermal isomerisation. Unfortunately, substitution on the N-iminopyridinium ylides was limited and arenes beyond these were not investigated. Whilst this methodology starts with a copper(II) salt it is proposed that it is reduced to the copper(I) salt in situ and then follows a similar mechanism to that proposed by Daugulis and Buchwald. 

Our aim was to develop a copper catalysed aryl-alkenyl cross-coupling that retains double bond geometry. Initial exploration focused on electron-poor arenes and we hoped to extend the methodology further to the use of alternative arenes (Scheme 1.17). 


Scheme 1.17: Project Aims: a General Copper-catalysed Alkenylation of Electron-poor Arenes
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[bookmark: _Toc343630562]Direct Alkenylation of Perfluorinated Arenes

[bookmark: _Toc343630563]Introduction

Following on from the two alkenyl bromide examples in Daugulis’ paper and our work on intramolecular palladium catalysed alkenyl triflate and bromide cross-coupling, we hypothesised it would be would be interesting to see if an intermolecular alkenyl-aryl cross-coupling using a copper catalyst could be developed.22 Some initial work had previously been performed within the group (Scheme 2.1).27 



Scheme 2.1: Initial Work Performed with the Willis Group

Taking Daugulis’ conditions directly and applying them to the coupling of arene 47 and alkenyl bromide 48, chosen because of its absence of spectator functionality and its availability in high E-specificity, gave a pleasing yield of 63%. However, this reaction required long reaction times and high temperatures. Only a limited optimisation of base and solvent was undertaken, the ligand and copper source were not optimised and only a narrow range of perfluorinated arenes were studied. Therefore it was postulated that further optimisation and development could improve this reaction with several clearly identified areas to commence with.

[bookmark: _Toc343630564]Starting Material Synthesis

[bookmark: _Toc343630565]First Generation Synthetic Route

A wide range of electron-poor arenes are commercially available and this was identified to be a good starting point as Daugulis had shown their compatibility in copper catalysed aryl-aryl coupling.22 However, we did not limit ourselves to these substrates, and evaluation of electron rich arenes was planned during the course of the project.

Whilst alkenyl-aryl cross-coupling is not as widespread as aryl-aryl coupling, in the examples that have been reported it is overwhelmingly iodides or bromides that are used as the alkenyl halide source. Because of this there are several well precedent methods to prepare them with a range of geometries and substituents. To aid rapid screening of conditions and substrates we decided to use starting materials which contained groups that could be used to monitor the reaction. The arene coupling partners are already UV absorbent which would allow HPLC monitoring, but incorporation of UV absorbance into the alkenyl halide without adding functionality that could interfere proved to be difficult, and so it was decided to install a methoxy group on the opposite end of the long carbon chain to the alkenyl halide. This would provide an NMR handle that could be used to provide conversions via NMR spectroscopy.

Our first generation alkenyl halide synthesis, developed previously within the group, started with mono methylation of 1,12-dodecanediol. Subsequent oxidation of alcohol 51 with PCC gives the aldehyde 52, which was then converted to the gem-dibromide 53 and then the alkyne 54 under Corey-Fuchs conditions. Finally the alkenyl halide is synthesised in >20:1 E:Z ratio, using in situ generated Schwartz reagent (Scheme 2.2).



Scheme 2.2: First Generation Synthesis




[bookmark: _Toc343630566]Improvement of Synthetic Route - Corey-Fuchs Step

gem-Dibromide 53 is obtained in a low yield not because of incomplete aldehyde conversion but because of losses incurred during the work-up procedure associated with separating the product from triphenylphosphine oxide by-product. Lautens showed that the use of triisopropylphosphite in place of triphenylphosphine eliminated these procedural difficulties thanks to the water solubility of triisopropylphosphite oxide.28 This was successfully applied, giving gem-dibromide 53 in an improved yield of 79% (Scheme 2.3).



Scheme 2.3: Application of Lauten’s Modified Corey-Fuchs Conditions on 53

[bookmark: _Toc343630567]Improvement of Synthesis Route - Schwartz Iodination

It was noticed that varying amounts of terminal alkene were seen when using the Schwartz reagent to form the alkenyl iodide 56 from alkyne 54 (Entry 1, Table 2.1). This was presumed to be due to the alkenyl zirconium species being quenched with a proton rather than iodine, either from a proton source within the reaction mixture or through work up protonation of unreacted zirconium species still present. To investigate this, precedented methods of quenching the Schwartz reagent were researched. We found that cooling the reaction mixture down to 0 °C before adding the iodine and adding an iodine solution, rather than solid iodine, increased the ratio of iodide to alkene to 6:1 and 7:1, respectively (Entries 2 and 3, Table 2.1). Quenching the reaction with aqueous thiosulfate solution also increased the ratio (Entry 4, Table 2.1), but the most dramatic increase observed was when using N-iodosuccinimide as the iodination reagent (Entry 5, Table 2.1). This mirrors the use of N-bromosuccinimide to form alkenyl bromide 55. Combining these improvements gave the desired improvement in yield. The commercially available 4-phenyl-1-butyne was utilised in this study to avoid consuming alkyne 54 that had required four steps to prepare. 



	
	Conditions
	58:59a

	1
	I2 at rt
	3:1

	2
	I2 at 0 °C
	6:1

	3
	I2 in solution
	7:1

	4
	Thiosulfate quench
	15:1

	5
	NIS at rt
	>20:1


Table 2.1: Alkenyl Iodide Optimisation 
aRatio determined by proton NMR Spectroscopy



[bookmark: _Toc343630568]Synthesising a Range of Alkenyl Iodides

Having established a high yielding and relatively quick method of synthesising a ‘screening’ alkenyl halide, we moved on to methods of synthesising more complex substrates. The Schwartz reagent works well for terminal and internal sterically unhindered alkynes, delivering alkenyl iodides 56, 58, 60, 61 and 62 with excellent E:Z ratios, all >20:1 (Scheme 2.4). However, use of diphenylacetylene or ethyl propiolate caused the reaction to fail. Comparing iodides 62 and 63, a large difference in yield can be seen. This may be due to the volatility of 3-hexyne, even though the reaction is performed at room temperature, as the electronics of the two systems would not suggest such a vast difference between the two substrates.



Scheme 2.4: Alkenyl Iodides Synthesised via Schwartz Methodology
 
Trans alkenyl iodides can also be synthesised by substitution of boron in a trans alkenyl boronic acid with iodine.29 This was used to synthesis alkenyl iodides 64, 65 and 66 from the corresponding commercially available alkenyl boronic acids and all with excellent E:Z ratio of >20:1 (Scheme 2.5). Attempts to use this methodology to synthesise a tetra substituted alkenyl iodide 67 failed. 



Scheme 2.5: Alkenyl Iodides Synthesised via Boron Substitution

In order to access alternative substitution patterns we turned to the use of cerium chloride heptahydrate in combination with sodium iodide, which gives the 1,1 substituted alkenyl iodides in all cases apart from the propiolates which give the trans 1,2 substituted alkenyl iodide.30 Presumably this is due to differences in electronics between the two substrates. This method was used to obtain alkenyl iodide 68 as well as alkenyl iodide 69 which had been previously unobtainable via the Schwartz reagent methodology (Scheme 2.6). 



Scheme 2.6: Alkenyl Iodides Synthesised via Cerium(III) Chloride Methodology

One carbon homologation of the aldehyde via a Wittig reaction produces the cis 1,2 substituted alkenyl iodide 70 in an excellent Z:E ratio of >20:1 (Scheme 2.7). Use of this methodology with heterocyclic aldehydes proved difficult due to product instability, as seen in the attempts to make iodides 71, 72, 73 and 74.



Scheme 2.7: Alkenyl Iodide Synthesised via Wittig Methodology

The tertiary substituted cyclic alkenyl iodide 77 was made via a two step route. Firstly the alkenyl phosphate 76 was formed from cyclohexanone and this was then substituted for iodine using trimethylsilyl iodide to give alkenyl iodide 77 (Scheme 2.8).31,32



Scheme 2.8: Synthesis of 77


[bookmark: _Toc343630569]Initial Conditions - Screening

[bookmark: _Toc343630570]The Use of Microwave Heating

We wanted to address the high temperatures and long reaction times of the initial lead result, as this would speed up screening and allow development of a more user friendly methodology. Reactions with long reaction times and high temperatures have been shown to be ideal candidates for microwave heating as the sealed tube conditions allow for solvents to be heated above their boiling points and provide more efficient heat transfer, both of which potentially shorten reaction times. However, direct replication of the initial set of reaction conditions was not feasible. DMF is a strong absorber of microwaves through its high dielectric constant, but it decomposes explosively at high temperatures (above 350 °C) making it less attractive for use in a microwave reactor. Although the reaction will not be heated to such high temperatures overall, due to potential decomposition of substrates, there is the possibility of spot heating. Therefore, the solvent was changed to DMA, a common DMF replacement for both microwave and conventional heating due to its reduced toxicity and decreased risk of explosive decomposition at high temperatures. Having made these small changes to the initial reaction conditions we were pleased to find that 1,2,4,5-tetraflurobenzene could be coupled to both alkenyl bromide 55 and alkenyl iodide 56 in moderate to good yields under microwave conditions (Entries 1 and 2, Table 2.2). In an attempt to increase yields the reaction was run at higher temperatures and longer reactions times. Whilst this did lead to an improved yield of product 78 the formation of diadduct 79 was also observed, presumably the result of cross-coupling on the product (Entries 3 and 4, Table 2.2). 



	
	X
	Temp (°C)
	Time (h)
	Yield (78)
	Yield (79)

	1
	Br
	130
	0.5
	47%
	0%

	2
	I
	130
	0.5
	72%
	0%

	3
	Br
	140
	0.5
	63%
	9%

	4
	Br
	130
	1
	2%
	89%


Table 2.2: Preliminary Cross-coupling Reaction Results

When the reaction was diluted ten fold, in an attempt to disfavour the double coupling process, no conversion was observed. It was decided to continue to develop the reaction with alkenyl iodide 56 only, as it produced a higher yield at lower temperatures. 

[bookmark: _Toc343630571]Copper Source Screen

In order to determine if copper(I) iodide was the optimal copper catalyst for the studied reaction we carried out a screen of a range of copper sources. Pleasingly all were active in this reaction.




	
	Copper Source
	Yield (78)
	Yield (79)

	1
	CuI
	72%
	0%

	2
	CuBr
	52%
	55%

	3
	CuCl
	78%
	5%

	4
	CuOAc
	65%
	2%

	5
	Cu2O
	77%
	8%

	6
	[Cu(OTf)]2.Ph
	79%
	8%


Table 2.3: Copper Screen

Table 2.3 shows that copper(I) chloride, copper(I) oxide and copper(I) triflate perform best in this reaction (Entries 3, 5 and 6, Table 2.3). As copper(I) chloride is one of the cheapest sources as well as giving a slightly lower yield of the disubstituted product, it was decided to move forward with this as the precatalyst. The literature suggests that salt choice is not important to reactivity; generally if one copper salt catalyses a reaction, they all will to some extent.23,24 Copper(II) chloride was also used in this reaction, however, no product was observed. This is in agreement with Daugulis’ results as he stores his copper(I) source in a glove box suggesting that any oxidation of the copper source is somehow detrimental to the reaction.22 It would appear that C-C bond formation is more sensitive to oxidation state than other copper catalysed methodology.

[bookmark: _Toc343630572]Ligand Screen

Next we moved on to ligand choice. It was decided to remain with mainly bidentate ligands as these seemed to work well in the reaction. There are three main types of copper ligand, classified on the heteroatoms that they bind to copper through; N‑N, O-O and O-N. Literature on copper catalysed reactions suggests that ligand choice is very important and reactivity hinges on their precise identity.23,24 Given this information it is unsurprising that many of these ligands showed no reactivity. N-Methyl morpholine and L-proline, examples of O-N ligands, showed no reactivity; not adding a ligand gave the same result (Entries 1-3, Table 2.4). Interestingly, dipivaloylmethane, an O-O ligand did show some reactivity as did the N-N ligands DMEDA and terpyridine (Entries 4-6, Table 2.4). Whilst these are of the same chelating class as 1,10-phenanthroline, they have very different electronic and steric properties. DMEDA is not aromatic whilst terpyridine is likely to be tridentate rather than bidentate. Neocuproine and 3,4,7,8-tetramethylphenanthroline are electron-rich modifications of the basic phenanthroline structure. Whilst neocuproine only shows traces of product possibly due to steric hindrance from the ortho methyl groups, 3,4,7,8-tetramethylphenanthroline shows excellent reactivity (Entries 8 and 9, Table 2.4). Entry 7 in Table 2.4 shows a significantly reduced yield to that obtained previously using the same reaction conditions. This disparity is discussed in the next section.



	
	Ligand
	Yield

	1
	N-Methyl morpholine
	0%

	2
	L-Proline
	0%

	3
	None
	0%

	4
	Dipivaloylmethane
	30%

	5
	DMEDA
	Trace

	6
	Terpyridine
	Trace

	7
	1,10-Phenanthroline
	49%

	8
	Neocuproine
	Trace

	9
	3,4,7,8-Tetramethylphenanthroline
	71%


Table 2.4: Ligand Screen


[bookmark: _Toc343630573]Investigating the Reduced Reactivity

Clearly during the ligand screen our standard catalytic system, copper(I) chloride and 1,10-phenanthroline, was not performing as well as it had done previously. We investigated each of the components in our system to determine what was causing this reduced reactivity. Proton NMR spectra of alkenyl iodide 56 after 2 weeks in freezer and 1 week at room temperature showed no decomposition products. 1,10-Phenanthroline is known to crystallise as the hydrate, however our batch maintained the melting point of the anhydrous compound (114-117 °C).33











	
	Conditions
	Conversiona (yield)

	1
	Original reaction
	100% (78%)

	2
	Ligand Screen
	49%

	3
	Large scale
	24%

	4
	Dry base
	40%

	5
	New bottle of DMA
	34%

	6
	Electron rich phenanthroline
	33%

	7
	DABCO
	 0%

	8
	Distilled arene
	25%

	9
	No copper
	0%

	10
	1 eq. Base
	0%

	11
	Stoichiometric copper
	100% (73%)

	12
	New CuCl
	100% (75%)

	13
	Purified CuCl
	100% (75%)

	14
	Tetra methyl Phenanthroline
	100% (69%)


Table 2.5: Component Analysis 
aDetermined by proton NMR Spectroscopy

We wondered if the issue was one of scale; maybe there was an error in measurement that was magnified due to the small scale of the reaction. However, if anything the conversion dropped as the reaction was scaled up from 100 mg to 400 mg of vinyl iodide (entry 3, table 2.5). Cesium carbonate is known to absorb water and this may aid oxidisation of the copper(I) catalyst to copper(II), due to the stability of the copper(II) hexaaqua complex resulting in an inactive copper species. However, drying the base prior to use did not increase conversion (entry 4, table 2.5). In a similar fashion a new bottle of solvent was used but again did not deliver an increase in yield (entry 5, table 2.5). Switching to a different ligand or base did not restore reactivity and neither did distilling the tetrafluorobenzene prior to use (entries 6, 7 and 8, table 2.5). As within the group palladium-catalysed cross-coupling is also studied, it was suggested that the activity we had previously observed was not in fact copper catalysed but a result of cross contamination of glassware by palladium residues. Thus, the variability in conversion that we were currently observing was down to varying amounts of these residues. To test this, the copper catalyst was omitted and glassware that had previously been used in palladium cross-coupling was used, however this showed no reactivity at all, suggesting that this reaction is indeed copper catalysed (entry 9, table 2.5). To avoid any further complications we switched to glassware that had only been used for copper based reactions. We also looked at reducing the amount of base in the reaction, wondering if the base could be overloading the catalyst, but this showed no reactivity (entry 10, table 2.5). It appears that the issue is with the copper(I) chloride. The use of stoichometric copper confirmed this suspicion, with conversion returning to pre-ligand screen levels (entry 11, table 2.5). Using catalytic amounts of newly bought or purified copper(I) chloride also gave the same conversions (entries 12 and 13, table 2.5). To check that this was not simply a one off result, 3,4,7,8-tetramethyl phenanthroline was also used and gave similar conversions to that seen previously (entry 14, table 2.5). We believe that the issue with the copper(I) chloride is oxidation to copper(II), which appears to be not only catalytically inactive in the reaction but possibly actively hindering it. One reason for this could be that 1,10-phenanthroline co-ordinates better to copper(II) and so most of the ligand is bound to a catalytically inactive metal centre thus severally reducing the available active catalyst in the reaction mixture.

At this point it was decided to change the identity of the screening alkenyl iodide. There were several reasons for this. Firstly, alkenyl iodide 56 was not UV active and thus we were unable to set up a HPLC screening system using this starting material. Secondly, screening was quickly using up material which had taken five synthetic steps to prepare. To address these problems a switch to alkenyl iodide 58 was made as this was known to be UV active when it had been used during optimisation of the alkenyl iodide synthesis step (Section 2.2.3). It also took only one step to make from commercially available alkyne. Unfortunately, this did not help us to find a HPLC system, as all conditions explored did not give good separation of all products and starting materials.

Although by employing good quality copper(I) iodide, conversion was back to previous levels we noticed that isolated yield were still quite variable. Investigation of this problem led to the study of the method of alkenyl iodide synthesis, the mode of reaction heating and the work up process (Table 2.6). Having only used alkenyl iodides synthesised via Schwartz methodology up to this point we wondered if contaminants from alkenyl iodide formation were interfering with the coupling reaction. The contaminant would have to be invisible to proton and carbon NMR spectroscopy as all spectra taken of alkenyl iodide 58 had not revealed any impurities. The most obvious candidate was iodine brought through from the quenching of the alkenyl zirconium species. To solve this question we synthesised cis alkenyl iodide 70 using Wittig methodology, hoping that this methodology would be less likely to bring through iodine and that cis alkenyl iodide 70 would have similar reactivity to the trans isomer. We also purified some alkenyl iodide by distillation rather than column chromatography as again we felt that this might better remove any iodine present. Columned trans alkenyl iodide 58 and cis alkenyl iodide 70 showed similar reactivities whilst distilled trans alkenyl iodide 58 gave a slightly higher yield (Column 1, Table 2.6). During the course of our previous investigations we had noticed that some of the stirrer bars used in our microwave reactions had returned burnt. We speculated that this was caused by spot heating, a problem common to heterogeneous reaction mixtures under microwave conditions. We switched to oil bath heating to test this theory and pleasingly both the cis and trans alkenyl iodides gave good isolated yields with retention of double bond geometry (column 2, Table 2.6). This was particularly pleasing as it suggests that mechanistically we are performing a cross-coupling rather than electrophilic substitution or Heck process. To minimise losses occurred during work-up we decided to take the crude reaction mixture straight to purification via column chromatography. Pleasingly this gave the best isolated yield seen so far, 84% (Column 3, Table 2.6). It was decided to continue without an aqueous work-up and using conventional oil bath heating.




	
	MW
	Oil Bath
	No aq w/u

	Distilled iodide 58
	50%a
	63%a
	84%a

	Columned iodide 58
	28%a
	-
	-

	Iodide 70
	29%b
	77%b
	-


Table 2.6: Investigating Isolated Yields 
aisolated product has >20:1 E:Z. bisolated product has >20:1 Z:E.

[bookmark: _Toc343630574]Returning to Copper(I) Source Screening

Having perfected handling of these reactions it was decided to address the issue of copper(I) chloride oxidation. Various copper(I) salts were screened that are known to be more bench-stable so repetitive repurification of the copper(I) source could be avoided. Unsurprisingly, all copper salts investigated again worked well in the coupling. Both the cis and trans versions of the alkenyl iodide were explored, with retention of double bond geometry seen in all cases (Table 2.7). We also observed in the course of this screen that we had severely overestimated the time frame of this reaction. TLC monitoring of the reaction showed that it was complete within an hour rather than the sixteen hours previously used.



	
	Copper(I) salt
	cis
	trans

	1
	Cu(I)Cl
	78%a
	81%b

	2
	CuTC
	82%a
	68%b

	3
	[Cu(OTf)]2.bz
	65%a
	-

	4
	Cu(MeCN)4BF4
	89%a
	87%b

	5
	Cu(PPh3)3Br
	62%a
	-


Table 2.7: Bench Stable Copper Salt Screen 
aisolated in >20:1 Z:E. bisolated in >20:1 E:Z.

Tetrakis(actonitrile)copper(I) tetrafluoroboronate was taken forward as it performed well in both cis and trans reactions, with all products isolated with complete retention of stereochemistry (Entry 4, Table 2.7). This new copper source has pre-complexed acetonitrile ligands so it was investigated whether the phenanthroline ligand was neccessary. While the reaction does proceed in the absence of added ligand, the rate of reaction is significantly slower. In one hour the standard reaction proceeds to 100% conversion while without added ligand it goes to only 17% (Table 2.8). The same pattern is seen if a different copper(I) source is used; CuTC gives 100% conversion in one hour with 1,10-phenanthroline and 11% conversion without.
  


	
	Without La,b
	With La,b

	CuTC
	11%
	100%

	Cu(MeCN)4BF4
	17%
	100%


Table 2.8: Investigating Whether an Added Ligand is Required 
aDetermined by proton NMR Spectroscopy. bL refers to 1,10-phenantroline (10 mol%)

Reducing the catalyst loading is also possible. Lowering to 5 mol% gave an 84% yield, but the reaction needed two hours to go to completion (Entry 2, Table 2.9). Using 1 mol% resulted in no reactivity at all after one hour (Entry 3, Table 2.9). Also, changing the ratio of ligand to catalyst appeared to have no effect on reaction conversion (Entries 4 and 5, Table 2.9).








	
	Cu
	L
	Time (h)
	Yield

	1
	10 mol%
	10 mol%
	1
	85%a

	2
	5 mol%
	5 mol%
	2
	84%a

	3
	1 mol%
	1 mol%
	1
	0%a

	4
	10 mol%
	20 mol%
	1
	80%a

	5
	10 mol%
	5 mol%
	1
	87%a


Table 2.9: Catalyst Loading 
aisolated in >20:1 E:Z.

[bookmark: _Toc343630575]Temperature and Solvent

NMP is a commonly used alternative to DMA and also has better cesium carbonate solubility.34 Pleasingly, it performed as well as DMA in the trans reaction and gave a good yield in the cis reaction with a >20:1 E:Z ratio (Entries 1 and 2, Table 2.10). Lowering the temperature causes the reaction to proceed at a slower rate, but does not hinder reactivity. At 80 °C, when left for 24 hours the reaction gave 74% yield (Entry 3, Table 2.10). As NMP performed similarly to DMA and reducing the temperature increased reaction times, it was decided to retain DMA as the solvent and continue to conduct the reactions at 130 °C.



	
	Vinyl Iodide
	Solvent
	Temp (°C)
	Time (h)
	Yield

	1
	

	NMP
	130
	1
	82%a

	2
	

	NMP
	130
	1
	64%b

	3
	

	DMA
	80
	24
	74%a


Table 1.10: Investigating Temperature and Solvent 
aisolated in >20:1 E:Z. bisolated in >20:1 Z:E.

[bookmark: _Toc343630576]Base Screening

Using cesium carbonate as the base gave excellent yields, however, it was found upon investigation of the arene coupling partner, that only tetrafluorobenzene could be used as the arene coupling partner. We postulated that changing the base may expand the range of arene coupling partners. The reactivity of different bases was assessed in the original screening reaction (Table 2.11). 






	
	Base
	Conversion (Yield)

	1
	Cesium carbonate
	100 % (87%a)

	2
	Potassium carbonate
	33%

	3
	BEMP
	66%

	4
	Potassium t-butoxide
	20%

	5
	Sodium t-pentoxide
	Decomp

	6
	DMAP
	0%

	7
	2,6-Lutidine
	0%

	8
	DMPU
	0%

	9
	Hunig’s base
	0%

	10
	Tetrabutylammonium 
Hydrogen Carbonate 
	0%

	11
	Potassium phosphate
	100% (76%a (19%b))


Table 2.11: Base Screening. 
aisolated in >20:1 E:Z. byield of disubstituted product

All reactions were stopped after one hour to allow comparison to the cesium carbonate reaction. Switching base counter ion from cesium to potassium slows the reaction giving only 33% conversion (Entry 2, Table 2.11). This could be a result of the difference in solubility between cesium and potassium carbonate. A phosphazene base performed adequately in this reaction (Entry 3, Table 2.11). Potassium t-butoxide gives partial conversion, however sodium t-pentoxide caused decomposition (Entries 4 and 5, Table 2.11). Amine bases, unsurprisingly, inhibit the reaction presumably because they complex to the copper, sequestering the catalyst (Entries 6-9, Table 2.11). Use of a tetrabutylamonium counter ion with a bicarbonate base, shown by Liu to work well in copper-catalysed C-N coupling,35 also did not give the desired product (Entry 10, Table 2.11). However, potassium phosphate gave 100% conversion after one hour (Entry 11, Table 2.11). Unfortunately, this last result gave a slightly reduced isolated yield of the desired product caused by an increased yield of disubstituted product.

When using potassium phosphate as the base, the cis alkenyl iodide 70 is not as reactive (68% compared to 89% when using cesium carbonate), however the high Z:E ratio (>20:1) is retained. Pleasingly, when we tried to expand the reaction to other arene coupling partners such as pentafluorobenzene, this succeeded, giving a 90% yield. Using potassium phosphate was therefore hoped to produce an expanded scope of arene coupling partners.

[bookmark: _Toc343630577]Arene Screening

Having fully optimised the reaction conditions on our tried set of substrates, we moved on to screen arene coupling partners. A wide range of electron poor arenes were screened but unfortunately we were unable to expand beyond perfluorinated arenes and saw a sharp drop-off in reactivity as the number of fluorine atoms was decreased (Table 2.12).






















	
	Arene
	Time (h)
	Yield
	
	Arene
	Time (h)
	Yield

	1
	

	2
	90%a
	10
	

	4
	0%

	2
	

	1
	76%a (19%b)
	11
	

	4
	0%

	3
	

	4
	85%a
	12
	

	4
	0%

	4
	

	3
	54%a
	13
	

	4
	0%

	5
	

	2
	Trace
	14
	

	4
	0%

	6
	

	4
	0%
	15
	

	4
	0%

	7
	

	4
	0%
	16
	

	4
	0%

	8
	

	4
	0%
	17
	

	4
	0%

	9
	

	4
	0%
	
	
	
	


Table 2.12: Arene Screening 
aisolated in >20:1 E:Z. bYield of disubstituted product.
Pentafluoro-, 1,2,4,5-tetrafluoro- and 1,2,3,5-tetrafluorobenzene all performed well in this reaction delivering the products in excellent yields (Entries 1-3, Table 2.12). The 1,2,3,4-tetrafluorobenzene isomer gives a reasonable yield (Entry 4, Table 2.12). This reactivity was particularly pleasing as it was the first coupling partner that functionalises a C-H bond that is not adjacent to two fluorine atoms. When using 1,2,4,5-tetrafluoropyridine, the coupled product was seen in the crude NMR spectrum but isolation proved impossible due to instability (Entry 5, Table 2.12). 3‑Bromo-1,2,4,5-tetrafluorobenzene was explored, as the bromide functionality could be utilised in further elaboration via more traditional cross-coupling methods; however, no product was seen (Entry 6, Table 2.12). Moving to arenes with fewer fluorines also proved to be unsuccessful with 1,3,5-trifluorobenzene, 1,3-difluorobenzene and a more unusual coupling partner, methyl 3,5-difluorobenzoate, showing no reactivity (Entries 7-9, Table 2.12). Replacing fluorine atoms with trifluoromethyl groups or chlorine atoms also did not give any reactivity (Entries 10-12, Table 2.12). Furthermore installing two strongly electron withdrawing groups meta to one another in attempt to make the hydrogen between them as acidic as possible also did not provide the desired reactivity (Entry 13, Table 2.12). In addition, several heterocycles were investigated but none gave the desired products (Entries 14-16, Table 2.12). Use of an electron-rich arene was attempted but unsurprisingly showed no reactivity (Entry 17, Table 2.12). 

In an effort to further expand the arene scope a more in depth investigation of three of the previously tried coupling partners was carried out. Firstly, using 1,3-difluorobenzene, two different bases were investigated but neither gave coupled product (Scheme 2.9). 



Scheme 2.9: 1,3-Difluorobenzene Base Variation

Secondly, pentachlorobenzene was explored with an alkoxide base and at 200 °C; again, neither change in conditions showed any improvement (Scheme 2.10). 



Scheme 2.10: Pentachlorobenzene Screening

Finally 3-nitrobenzonitrile was examined with a slightly wider set of conditions (Table 2.13).


 


	
	Base
	Solvent
	Eq. of 93
	Eq. of 58
	Yield

	1
	K2CO3
	DMA
	3
	1
	0%

	2
	TBAE
	DMA
	3
	1
	0%

	3
	TBAB
	DMA
	3
	1
	0%

	4
	DMPU
	DMA
	3
	1
	0%

	5
	K3PO4
	DMA
	1
	2
	0%

	6
	K3PO4
	NMP
	3
	1
	0%


Table 2.13: 3-Nitrobenzonitrile Screening

Changing from an inorganic base to either tetrabutylamonium salts or an amine base did not have the desired effect (Entries 1-4, Table 2.13). An increase in the equivalents of alkenyl iodide also proved unsuccessful (Entry 5, Table 2.13). Switching to NMP, a solvent in which cesium carbonate is more soluble, did not provide reactivity either (Entry 6, Table 2.13).34

During much of this arene screen we focused on base selection as we believed that the key step of this reaction was deprotonation of the arene coupling partner prior to transmetallation on to the copper catalyst. If this were the case, arenes such as benzoxazole, which have similar acidities to 1,2,4,5-tetrafluorobenzene should react.36 However, given their lack of reactivity we can conclude that it something other than the electron withdrawing ability of the fluorine atoms is facilitating reactivity. The sensitivity of the metal-aryl bond to ortho fluoro substituents has been commented on in the literature previously.37 Further investigation into the specific role of fluorine substituents within this reaction is required to fully understand if and how to expand the arene scope of this reaction. Unfortunately there was insufficient time to fully explore this mechanistic enquiry. 

[bookmark: _Toc343630578]Alkenyl Iodide Scope

Variation of the alkenyl iodide coupling partner was more successful. A range of alkenyl iodides with varying double bond geometries, substitution patterns and functional groups was synthesised via the methods outlines in section 2.2.4 and subjected to the optimised reaction conditions (Table 2.14). 1,2,4,5-Tetrafluorobenzene was used as the arene coupling partner in all cases.













	
	Alkenyl Iodide
	Time (h)
	Yield

	1
	

	1
	76%a,d

	2
	

	5
	86%d

	3
	

	2
	74%b,d

	4
	

	2
	68%e

	5
	

	6
	56%

	6
	

	2
	90%c,d

	7
	

	2
	71%c,d

	8
	

	2
	69%c,d

	9
	

	3
	82%b

	10
	

	16
	0%

	11
	

	16
	0%


Table 2.14: Alkenyl Iodide Screening 
a19% disubstituted product isolated. bproton NMR conversion as isolated with starting material. c5 eq of arene used. disolated in >20:1 E:Z. eisolated in >20:1 Z:E.

Aliphatic alkenyl iodides, both terminal and internal work well (Entries 1-3, Table 2.14). A cis alkenyl iodide can also be used in good yield and with the double bond geometry retained (>20:1 Z:E) (Entry 4, Table 2.14). A 1,1-sustituted alkenyl iodide can also be used but is slightly less reactive, giving a 56% yield (Entry 5, Table 2.14). These stereochemistries can not be synthesised via Heck methodology. Styryl iodides perform well in this reaction; however the ratio of arene to alkenyl iodide had to be increased to disfavour formation of the disubstituted product (Entries 6-8, Table 2.14). A trisubstituted alkenyl iodide was used and delivered the coupled product in moderate yield (Entry 9, Table 2.14). Unfortunately, two of the more functionalised alkenyl iodides failed in this reaction (Entries 10 and 11, Table 2.14).

[bookmark: _Toc343630579]Scaling Up the Coupling

Scaling up of this reaction was investigated using cesium carbonate as a base, as this had given the best yields for coupling of 47 and 58. Pleasingly the reaction could easily be scaled up to 5 g of alkenyl iodide 58. On larger scales it was necessary to increase the reaction time and in the case of the largest scale, increase the temperature. This was necessary to reduce the reaction time from over eight hours to two hours. The trans alkenyl iodide 58 shows little reduction in yield on scale up; however, the cis alkenyl iodide 70 does drop by about 30% (Table 2.15). 



	Iodide 58
	Iodide 70

	Scale
	Yield
	Scale
	Yield

	200 mg
	87%c
	200 mg
	89%d

	2 g
	84% (12%)a,c
	1.4 g
	74%a,d

	5 g
	79% (14%)a,b,c
	5 g
	60%a,b,d


Table 2.15: Scale Up 
areaction time of 2 h. bperformed at 150 °C. cisolated in >20:1 E:Z. disolated in >20:1 Z:E.

[bookmark: _Toc343630580]Product Functionalisation

One of the attractive factors of using alkenyl halides was the potential functionalisation of the coupled products. The double bond in the coupled product can be easily hydrogenated to give what would be the Friedel-Crafts alkylation product of 1,2,4,5-tetrafluorobenzene and a primary alkyl halide. This product is inaccessable via conventional Friedel-Crafts chemistry due to the electron poor nature of the arene and the rearrangment potential of the primary halide. The hydrogenations proceed in good yields at room temperature for the trans and cis mono-substituted products 80 and 81, and at 40 °C for disubstituted product 80a (Scheme 2.11).



Scheme 2.11: Hydrogenation of Styryl Products

[bookmark: _Toc343630581]Conclusion

We have been able to utilise copper(I) to catalyse alkenyl-aryl cross-coupling reactions in good to excellent yields. We have been able to couple a range of perfluorinated arenes and alkenyl iodides with excellent retention of stereochemistry, something which would be difficult to achieve when using Heck methodology. After hydrogenation we have obtained products that would otherwise have been challenging to make via conventional methods. This reaction can be scaled up to 5 g of vinyl iodide, as well as using low catalyst loadings (5 mol%) (Scheme 2.12).



Scheme 2.12: Summary

Further work is required to expand the scope of the reaction. We had envisioned that this methodology could be extended to a wide range of electron poor arenes and heteroarenes. However, so far we have been unable to achieve this as it appears that fluorinated arenes are key to reactivity. Investigation of this relationship is required before extension of the reaction can be continued. So far it has been assumed that our reaction proceeds via the same mechanism as Daugulis’ aryl-aryl coupling. However, the scope of arene coupling partners in the Daugulis’ coupling is much more extensive, it is possible that there are two different mechanisms at work. Mechanistic investigation of this reaction may give us insights into how this reaction can be progressed and may explain the unusual reactivity pattern we observe.
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[bookmark: _Toc343630582]Rhodium-catalysed Alkene and Alkyne Hydroacylation

[bookmark: _Toc343630583]Alkyne, Alkene and Allene Hydroacylation

Given the ubiquity of C-H bonds, it is unsurprising that many methods to functionalise a wide range of electronically and sterically different C-H systems have been developed. From deprotonation to formal activation by a metal catalyst, the definition of C-H functionalisation can include many different reaction types.

One example of a non-classical C-H functionalisation is hydroacylation. This involves the insertion of a metal catalyst into the C-H bond of an aldehyde motif to produce an acyl metal species. This intermediate can then co-ordinate and add over an unsaturated C-C bond, usually an alkyne, alkene or allene. This is followed by reductive elimination to generate the product and regenerate the active catalyst (Scheme 3.1). 



Scheme 3.1: Hydroacylation Mechanism

There are two ways for the acyl metal species 103, to add over the unsaturated C-C bond, one that puts the substituted end of the unsaturated species next to the carbonyl, intermediate 106, and one that puts the unsubstituted end next to the carbonyl, intermediate 105. Thus two product isomers are possible, the linear isomer 107 resulting from reductive elimination of intermediate 105, and the branched isomer 108, resulting from intermediate 106. The exact ratio of regioisomers, if both are observed, is highly dependant on the electronics and sterics of the catalyst and the substrates employed.38,39,40 

Hydroacylation is an attractive synthetic process as it is atom economic, as all the atoms in the starting materials are incorporated into the product. Whilst several transition metal catalysts have been reported to work, including ruthenium,41,42 cobalt43 and nickel,44 rhodium is by far the most used and studied, as well as being the most relevant to this work, so only rhodium based systems are discussed here. 
Hydroacylation has a number of limitations. For example, it is currently impossible to simply add any aldehyde over any unsaturated C-C bond. This is because the acyl rhodium species 103 is unstable and prone to reductive decarbonylation as well as hydroacylation (Scheme 3.2). 



Scheme 3.2: Reductive Decarbonylation Pathway

Not only does this completing pathway not result in product formation, the carbonylated metal species 110, is generally catalytically inactive. Various methods have been developed to suppress or avoid decarbonylation and these are discussed below. 

[bookmark: _Toc343630584]Intramolecular Alkene Hydroacylation

Firstly, as with palladium-catalysed cross-coupling, transferring from an inter- to an intramolecular reaction gives greater control over certain aspects of the reaction. In this case it accelerates the relative rate of hydroacylation verses decarbonylation, as there is an increase in the effective concentration of the unsaturated C-C component. The rate of decarbonylation is unaffected as decarbonylation in both inter- and intramolecular reactions is a unimolecular process.45 
The first intramolecular alkene hydroacylation, and possibly the first example of hydroacylation in general, was published in 1972 by Sakai and was observed in the reaction of aldehyde 111 and Wilkinson’s complex (Scheme 3.3).46 



Scheme 3.3: Sakai’s Intramolecular Hydroacylation

Intriguingly, side product 113, which results from reductive decarbonylation of the acyl intermediate, is seen as well as cyclopentanone 112. This reaction is both low yielding and stoichiometric in rhodium. Systems with mild reaction conditions and low catalyst loadings have been developed that tolerate a variety of substitution patterns. A particular example of these systems is Bosnich’s work employing cationic rhodium catalysts - examples are shown in scheme 3.4.47
 


Scheme 3.4: Bosnich’s Intramolecular Hydroacylation

This system tolerates substitution both on the alkene and alpha to the aldehyde and delivers the products in excellent yields, as demonstrated by examples 115 and 116, as well as some functionalisation of side chains and ring systems, as exhibited by 118 and 119.

These systems suffer from some of the same drawbacks as all intramolecular systems; namely, that the range of possible products is limited. So far, only cyclopentanones can be prepared with ease. Accessing larger ring sizes is not simply a matter of lengthening the distance between aldehyde and alkene; such products require careful substrate design to disfavour or intercept five-membered ring formation. In the example in Scheme 3.5, 4-cyclobutylidenebutanals are treated with a rhodium catalyst and undergo hydroacylation followed by cyclobutane ring opening to afford cyclooctenes in good to excellent yields.48


Scheme 3.5: Synthesis of Cyclooctenes via Tandem Hydroacylation/Ring Opening

Whilst this approach can incorporate nitrogen within the cyclobutane ring, the substrate range is not particularly large. The starting materials themselves require a multistep synthesis making them complicated to access. Alternative strategies have also been employed to access larger ring systems such as O-chelation which has been developed recently by Dong (Scheme 3.6).49 The oxygen of the aryl ether co-ordinates to the rhodium centre stabilising the larger ring in the intermediate 126.



Scheme 3.6: The Use of O-Chelation to Synthesise Seven-Membered Rings
 
Whilst all the substrates studied delivered excellent yields the scope is limited to modification of the aryl ring only and only seven-membered rings can be accessed. If the oxygen and MeDUPHOS are replaced by sulfur and BDPP respectively then eight-membered rings are accessible, however the substrate scope was not investigated.

[bookmark: _Toc343630585]Intermolecular Alkene and Alkyne Hydroacylation

During attempts by Miller to produce a catalytic cyclopentanone synthesis using ethylene saturated chloroform, he found that when switching from Wilkinson’s catalyst to rhodium(I) acac, intermolecular hydroacylation products 128 and 129 were observed in low yields.50,51 Reactions with saturated aldehydes under the same conditions showed no hydroacylation products. This success was attributed to the co-ordination of the alkene to the acyl rhodium centre, thus stabilising intermediate 130 and slowing down decarbonylation (Scheme 3.7). This is the first example of stabilisation of the acyl intermediate by chelation.



Scheme 3.7: Miller’s Intermolecular Hydroacylation
Once a chelation based strategy for stabilising the acyl intermediate had been established research focused on discovering other groups that could coordinate to the rhodium centre. Heteroatom based chelation has grown substantially and is now the most widespread method of stabilising the acyl rhodium intermediates involved in intermolecular hydroacylation reactions.

[bookmark: _Toc343630586]Nitrogen Based Groups in Chelation

Nitrogen based chelation groups were first suggested by Suggs.52 Isolation of complex 132, from the reaction of Wilkinson’s catalyst and quinoline 8-carboxaldehyde 131, followed by subsequent reaction with silver tetrafluoroborate and 1-octene gave hydroacylation product 134. However, any attempt to covert this into a catalytic process, including changing the catalyst, led to reduced yields (Scheme 3.8).


Scheme 3.8: Suggs’ Hydroacylation of Quinoline 8-Carboxaldehyde

Suggs has also shown that preformed picolyl imines can be used to form stable iminoacyl rhodium intermediate 136 which can go on to hydroacylation product 137 (Scheme 3.9).53 A catalytic variant of this reaction was possible using 5 mol% of Wilkinson’s catalyst but it gave only a 45% yield of 137 and required similarly high temperatures and ethylene pressures as the stoichiometric reaction.



Scheme 3.9: Hydroacylation of Preformed Picolyl Imines

Jun has extended this methodology as well as introducing an alternative strategy for installation of the chelating group on the aldehyde component.54,55 With the two chelating groups discussed so far and many of those presented subsequently, the chelating group is an integral component of the aldehyde coupling partner. However, Jun has successfully used picolyl imines, formed in situ, as aldehyde equivalents (Scheme 3.10). Jun was able to remove a synthetic step by forming the imines both in situ and catalytically. He was able to reduce the temperatures needed slightly and avoid the high ethylene pressures of Suggs’ reaction as well as increasing yields.



Scheme 3.10: Hydroacylation of in situ Formed Picolyl Imines

Aromatic aldehydes work well with a range of alkenes to give good to excellent yields. Alkenes which incorporate some sensitive functionality such as vinyl silanes could taken through in excellent yields whilst retaining this functionality. Heteroaromatic aldehydes and enoates can be utilised with a slightly modified catalytic system in good yields.56 However, alkyl aldehydes gave an aldol derived by-product in yields of up to 40% depending on the substrate. To address this Jun modified the procedure by replacing aniline and benzoic acid with cyclohexylamine and p-trifluoromethyl benzoic acid respectively (Scheme 3.11).57 The use of cyclohexylamine and p-trifluoromethyl benzoic acid increase the rate of imine formation resulting in less aldehyde being available to undergo the aldol pathway.



Scheme 3.11: Use of Alkyl Aldehydes in Jun’s Hydroacylation System

Jun has also applied this methodology to alkyne hydroacylation.58 Terminal alkynes have been used with a range of alkyl and aryl aldehydes in good to excellent yields (Scheme 3.12). The branched isomer is favoured for all substrates when using alkynes without α-substitution and exclusively for most aldehydes.  The linear isomer is formed solely with α-branched alkynes. Castillon has shown that this switch between isomers can also be forced when bulkier phosphine ligands are used.59



Scheme 3.12: Alkyne Hydroacylation with Picolyl Imines


[bookmark: _Toc343630587]Phosphorus Based Groups in Chelation

Phosphorus based groups, a row below nitrogen in the periodic table, has also been used in chelating group strategies. A catalytic system using a diphenylphosphine chelating group has been developed. However, it has limited scope; it requires unfavourable reaction conditions, is not atom economic and leaves a phosphine group in the product which has not been the subject of significant synthetic demand (Scheme 3.13).60



Scheme 3.13: Use of Phosphorus Based Chelation Groups

[bookmark: _Toc343630588]Oxygen Based Groups in Chelation

Oxygen, another element common in organic molecules has also been utilised in chelating motifs. Salicylaldehydes, readily available with a built in phenolic chelating group, were originally employed in hydroacylation by Miura (Scheme 3.14).61,62 Miura utilises neutral rhodium catalysts and bidentate phosphine ligands in contrast to the cationic rhodium complexes favoured by Bosnich and Suggs and the monodentate ligands favoured by Jun. A base was required in these reactions to deprotonate the phenolic alcohol to provide a better chelating group. 



Scheme 3.14: Miura’s Use of Salicylaldehydes

A range of alkynes can be used, including symmetric internal alkynes which result in only one isomer, to give hydroacylation products in excellent yields. In the case of terminal alkynes, the branched isomer is favoured (151, l:b 34:66). This selectivity can be switched when a propargylic oxygen substituent is used (152, l:b 85:15). Alkenes were significantly less reactive in this chemistry, with only norboradiene reacting to give a 6% yield. Allenes, highly activated substrates, also displayed good reactivity with mainly quantitative yields when used, although with significantly longer reaction times than alkynes.
Further work by Suemune has used salicylaldehydes in combination with 1,4- and 1,5-dienes under mild conditions.63 Suemune utilises Wilkinson’s complex at higher loadings than Miura’s catalytic system. While a range of substituents on the aldehyde could be tolerated the products isolated gave a mixture of linear and branched isomers with the former slightly favoured in most cases (Scheme 3.15). 


Scheme 3.15: Hydroacylation of Salicylaldehydes and 1,4- and 1,5-Dienes

It is proposed that this reaction demonstrates double chelation via both the phenolic OH group and the second alkene, generating 159 as a proposed intermediate (Figure 3.1).


Figure 3.1: Suemune’s Proposed Double Chelation Intermediate

Dong has expanded such double chelation methodology by replacing the second alkene with either oxygen or sulfur and utilisation of monodentate ligands in combination with the same rhodium pre-catalyst as Miura (Scheme 3.14).64,65 In the case of the homoallylic sulfides, Dong utilises a phosphoramidite ligand and a weak base to perform hydroacylation reactions under mild conditions. A range of substituents can be accommodated on the aldehyde component with low catalyst loadings, mild temperatures and high yields, although long reaction times were required. However, modification of the sulfide component generally requires an increase in catalyst loading and reaction time to retain high yields (Scheme 3.16).



Scheme 3.16: Homoallylic Sulfides in Hydroacylation

The reaction of salicylaldehydes with homoallylic alcohols tolerates a wider range of substituents on both components and gives the addition products in good to excellent yields and generally in shorter reaction times (Scheme 3.17). This is likely the result of the combination of a progression to phosphinate ligands and the use of higher reaction temperatures and a stronger base. The role of the phosphinate ligand is slightly different to previously discussed cases. Here the ligand complexes to the homoallylic alcohol first and then the alcohol co-ordinates to the rhodium centre via both the alkene and the phosphine. Sensitive functionality, such as aryl iodides can be maintained and highly substituted homoallylic alcohols can be employed. Use of the benzyl ether protected alcohol, or pent-4-en-1-ol, resulted in no product formation. 



Scheme 3.17: Homoallylic Alcohols in Hydroacylation

Dong has also modified her system to allow hydroacylation of alkenes without a chelating group by returning to the same catalytic system used with the homoallylic sulfides but increasing the reaction temperature (Scheme 3.18).66 Interestingly, the linear rather than the branched isomer is favoured in this system. Modification of the aldehyde component was feasible with halides and electron-rich groups delivering products in good to excellent yields. The range of functional groups permitted on the alkene component was broader with styrenes, enoate and alkenyl silanes all reacting in excellent yields. Alkynes could also be utilised but were not as successful as alkenes with the product obtained in only moderate yields.



Scheme 3.18: Alkene Hydroacylation of Salicylaldehydes

[bookmark: _Toc343630589]Sulfur Based Groups in Chelation

In the same vein as the use of phosphorus based groups as a replacement for nitrogen based groups due to their relative positions in the periodic table, sulfur based groups has been used as an alternative chelating group to oxygen based groups; however, it has been used much more successfully. 

Willis has used a range of sulfur based chelating groups successfully in intermolecular hydroacylation reactions. Simple thioethers, both aromatic and aliphatic, have been used; two examples are shown in Scheme 3.19.67,68


Scheme 3.19: Hydroacylation using Aryl and Aliphatic Thioethers

Willis has utlised the cationic rhodium complexes and bidentate phosphine ligands favoured by Bosnich, in contrast to the neutral complexes favoured in the salicylaldehyde work discussed previously. This catalytic system worked well for electron-poor alkenes, allenes and alkynes, delivering the desired products in good to excellent yields with good functional group tolerance and in the case of allene hydroacylation, almost no isomerisation of the double bond. Development of a DPEphos-based catalytic system increased yields and lowered catalyst loading and reaction temperatures, whilst a third generation catalyst using small bite angle ligands has reduced catalyst loadings and reaction times further while continuing to improve yields, particularly with alkene hydroacylation (Scheme 3.20).69,39,45 This third generation system can employ 0.5 mol% catalyst for three hours at 55 °C to deliver a 92% yield of hydroacylation product 178, where the initial catalyst system required 10 mol%, two hours and 60 °C to only deliver 33% yield.



Scheme 3.20: Catalyst Evolution 

6-Membered thioacetals have also been used with both alkynes and alkenes to give hydroacylation products in good to excellent yields with only the linear isomer observed (Scheme 3.21).67



Scheme 3.21: Thioacetal Hydroacylation

For both the thioethers and the thioacetals, good functional group tolerance has been exhibited; including free and protected alcohols, esters, ketones, pendant halogens and silyl groups, aromatic and heteroaromatic rings. Even ferrocene derivatives can be tolerated under these hydroacylation conditions. However, moving sulfur from the β-position leads to loss of reactivity, presumably due to formation of less favourable larger (γ+) or smaller (α) cyclic intermediates (Scheme 3.22).67 



Scheme 3.22: Demonstrating the Need for a β-Sulfur Group

A ligand based switch for electron-poor alkyne hydroacylation has been developed giving complete regiocontrol over formation of either the branched or linear isomers in excellent yields (Scheme 3.23).70,71 Aromatic thioether aldehydes deliver the highest yields and selectivities under these conditions however, alkenyl and alkyl thioether aldehydes perform well with a slight drop in selectivity when using the branched selective conditions. Ligand L2, which favours the branched isomer is bulky and sterically hindering when co-ordinated to the metal and thus it has been proposed that branched selectivity is a result of the crowded nature of the catalytic centre with the branched pathway being kinetically favoured. Linear selectivity is proposed to be a result of electronic rather than steric factors due to the electron-rich nature of the dcpe ligand.



Scheme 3.23: Ligand Switch for Regioselectivity

It was discovered that whilst substrates with sulfur in the δ-position with an all carbon backbone do not give high yields in hydroacylation reactions, replacing the β-carbon with oxygen, resulting in a methylthiomethyl (MTM) ether backbone, restores reactivity (Scheme 3.24).72 



Scheme 3.24: Incorporating Oxygen into the Backbone

Investigation of MTM ethers under hydroacylation conditions found that a wide range of terminal alkynes could be used, incorporating a range of functional groups including free and protected alcohols, electron-rich and -poor aromatic rings, bulky alkyl groups, esters, pendant halogens and silyl groups, all in good to excellent yields. Substitution in the α-position of the aldehyde was also possible - both alkyl and aryl groups are tolerated (Scheme 3.25). However, substrates appear to be less reactive with this catalyst than the thioether substrates discussed previously, since, while alkyne hydroacylation is possible, the use of less reactive alkenes is not. 



Scheme 3.25: Use of Methylthiomethyl Ethers in Hydroacylation

The MTM group can be removed using silver nitrate, to reveal the free alcohol, in good yield (Scheme 3.26).



Scheme 3.26: Removal of the MTM Group
To explain the difference in reactivity between aldehydes 184 and 191, it was proposed that when X is oxygen, intermediate 197 is favoured while when X is carbon, intermediate 198 is favoured (Figure 3.2). Given that intermediate 197 is the active and more stable intermediate, the more available this intermediate is, the faster or more favourable the hydroacylation pathway. Oxygen may favour intermediate 197 due to a Thorpe-Ingold effect or favouring of a gauche conformation due to electronic bias. It is unlikely that the oxygen atom chelates directly to the rhodium centre as this would form an unfavourable four-membered chelate. 



Figure 3.2: Possible Intermediates in MTM Aldehyde Hydroacylation

[bookmark: _Toc343630590]Project Aims

The use of MTM protected ethers has expanded the scope of sulfur assisted hydroacylation to include alpha oxygen substituted aldehydes.  However, there is scope for enhancement of this work. Firstly 10 mol% catalyst loading is disproportionally high especially as the new generation catalytic systems Willis has developed can proceed with as low as 0.1 mol% in certain cases.45 The previous work using MTM ethers was performed prior to our recent development of these more active catalytic systems and before mechanistic studies of hydroacylation on thioether substrates were conducted. Given this new information on our hydroacylation systems, we believed that development of an enhanced catalytic system was possible, potentially resulting in access to substrate areas that were previously unobtainable including alkene hydroacylation. 

Futhermore, we wished to investigate if the reactivity enhancement seen by adding an oxygen to the aldehyde backbone, was specific to oxygen or whether any heteroatom would have the same effect. We were particularly interested in alpha amino substituted aldehydes as these have the same carbonyl/amine relationship as amino acids. Any substrates we wished to make could potentially be derived from amino acids, which would lead to the prospect of maintaining chiral centres through hydroacylation. Formation of chiral centres in hydroacylation has been shown with sulfur based chelation systems as well as other hydroacylation systems.73,64 Hydroacylation of amino acid derivatives would lead to the production of an interesting class of compounds which are difficult to make either racemically or enantiopure using existing methods (Scheme 3.27). 



Scheme 3.27: Project Aims: Development of the Hydroacylation of MTM Amines

The work on MTM ethers showed that removal of the MTM group was possible under mild conditions to reveal in that case the free alcohol. In the case of the MTM amines we believed that use of an appropriate protecting group with orthogonal deprotection conditions to the MTM group, would lead to selective revelation of the amine. The secondary amine could then be utilised further in a range of reactions such as addition or cyclisation. 
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[bookmark: _Toc343630591]Chelation Motifs for Hydroacylation

[bookmark: _Toc343630592]Starting Material Synthesis

[bookmark: _Toc343630593]First Generation Synthetic Route

A first attempt at a synthetic route to the N-methylthiomethyl (MTM) aldehyde substrates was based on the route used for the corresponding oxygen based substrates (Scheme 4.1). Starting with the dimethyl acetal of glycinal, 199, protection of the free nitrogen with a Cbz group using benzyl chloroformate and potassium carbonate was followed by installation of the MTM group via substitution conditions to give intermediate 201. The aldehyde 202, was revealed using trimethylsilyl triflate. Whilst aldehyde 202 was obtained using this method there were several downsides to the route. Firstly, the installation of the MTM group occurred in low yield. Secondly, the desired aldehyde was obtained in moderate yield as a 1:1 mixture of aldehyde 202 and a side product. It seems likely that the side product was an aldehyde without either the Cbz or MTM groups as two aldehyde peaks were seen in the proton NMR spectrum at 9.47 ppm and 9.63 ppm; however, it was not isolated as it was decided to concentrate on avoiding formation of it.  



Scheme 4.1: First Generation Synthetic Route

[bookmark: _Toc343630594]Optimisation of the MTM Installation

To improve this route, investigation into both of these problem steps was required, beginning with the MTM installation step to provide a large amount of acetal 201 for hydrolysis screening. Whilst amine 200 was the primary compound used in this screening we were also interested in using the free amine 199. Using the original substitution conditions gave 34% with amine 200 but no reaction was seen when amine 199 was utilised (Entries 1 and 2, Table 4.1). We speculated that the low yield was a result of over-addition resulting in quaternisation of the nitrogen and subsequent loss into the aqueous layer during work-up. The equivalents of methyl thiomethyl chloride were reduced to avoid this, however it did not result in an increase in yield (Entry 3, Table 4.1). MTM groups are also commonly installed, particularly on oxygen, using a Pummerer rearrangement,74 either under acidic or basic conditions. Unfortunately, under both acidic and basic Pummerer conditions neither of amines 199 and 200 reacted (Entries 4-7, Table 4.1). An unusual method using peroxide and dimethyl sulfide was also tried but unfortunately amine 200 did not react (Entry 8, Table 4.1).75 Returning to the substitution conditions it was noticed that during the course of the reaction sodium hydride would become stuck to the sides of the reaction flask. It was proposed that this resulted in a reduced amount of base within the reaction mixture, leading to a low yield. It was postulated that the use of an organic soluble base would avoid this issue. Pleasingly, the use of sodium bis(trimethylsilyl) amide resulted in excellent yields when using amine 200 with either the amine or the methylthiomethyl chloride as the limiting reagent (Entries 9 and 10, Table 4.1). Unfortunately use of amine 199 only returned starting material (Entry 11, Table 4.1).



	
	Conditions
	R
	Yield

	1
	MTM-Cl (1.2 eq), NaH, NaI, rt
	Cbz
	34%

	2
	MTM-Cl (1.2 eq), NaH, NaI, rt
	H
	0%

	3
	MTM-Cl (1 eq), NaH, NaI, rt
	Cbz
	30%

	4
	DMSO, Ac2O, AcOH, rt
	Cbz
	0%

	5
	DMSO, Ac2O, AcOH, rt
	H
	0%

	6
	DMSO, Ac2O, AcOH, 70 °C
	Cbz
	0%

	7
	DMSO, Ac2O, NaOAc, reflux
	Cbz
	0%

	8
	(PhCO)2O, Me2S, rt
	Cbz
	0%

	9
	MTM-Cl (1 eq.), NaHMDS, NaI, rt
	Cbz
	95%

	10
	MTM-Cl (1.1 eq), NaHMDS, NaI, rt
	Cbz
	91%

	11
	MTM-Cl (1.1 eq), NaHMDS, NaI, rt
	H
	0%


Table 4.1: MTM Installation Optimisation
[bookmark: _Toc343630595]Optimisation of the Acetal Hydrolysis 

With a successful method for installation of the MTM group we moved onto improving the acetal hydrolysis. The original revelation of aldehyde 202 using trimethylsilyl triflate did furnish product, but a side product was also observed in a 1:1 ratio (Entry 1, Table 4.2). Whilst it may be possible to find a way to separate these two products it is much more desirable to avoid formation of the side product in the first place. Within the literature there are a large number of conditions for acetal hydrolysis using both Brønsted and Lewis acids. Starting with Brønsted acids, we looked at a formic acid/water mixture at reflux but this resulted in degradation, while the use of tosic acid only returned starting material (Entries 2 and 3, Table 4.2). When using a 1:1 mixture of trifluoroacetic acid and DCM, aldehyde 202 was observed in the crude NMR spectrum; however, after column chromatography no aldehyde was isolated (Entry 4, Table 4.2). Aldehydes commonly decompose on slightly acid silica, so base washed silica was used for purification; however, this also did not result in the desired aldehyde (Entry 5, Table 4.2). We next hypothesised that concentration of the reaction mixture prior to column purification, effectively leaving the aldehyde in neat trifluoroacetic acid, was the cause of the decomposition. To test this we quenched the acid using saturated sodium bicarbonate solution before further work-up, however this too did not give the desired aldehyde (Entry 6, Table 4.2). Reducing the amount of trifluoroacetic acid, first to a 1:10 ratio with DCM and then to 5 equivalents at 0 °C also led to degradation (Entries 7 and 8, Table 4.2). Substitution of trifluoroacetic acid for the less acidic acetic acid, only returned starting material (Entry 9, Table 4.2). The use of neat acetic acid at both room temperature and 50 °C also led to no reaction, however heating to 110 °C gave degradation products (Entries 10-12, Table 4.2).  We also used a solid bound acid source, Amberlyst 15, and a trace of aldehyde was observed in the crude NMR spectrum (Entry 13, Table 4.2). Finally using a 1 N hydrochloric acid/acetone mixture gave hydrolysis of the acetal in good yield after purification using standard silica column chromatography (Entry 14, Table 4.2).
















	
	Conditions
	Product

	1
	TMSOTf, rt
	Aldehyde + byproduct (1:1)

	2
	Formic acid/water, 100 °C
	Degradation

	3
	pTSA, rt
	0%

	4
	TFA/DCM (1:1), rt
	Degradation

	5
	TFA/DCM (1:1), rt, (base washed)
	Degradation

	6
	TFA/DCM (1:1), rt, (quench)
	Degradation

	7
	TFA/DCM (1:10), rt
	Degradation

	8
	TFA (5 eq), DCM, 0 °C
	Degradation

	9
	Acetic acid/DCM (1:1), rt
	0%

	10
	Acetic acid, rt
	0% 

	11
	Acetic acid, 50 °C
	0%

	12
	Acetic acid, 110 °C
	Degradation

	13
	Amberlyst 15, DCM, rt
	Trace

	14
	1 N HCl/Acetone (1:1), rt
	74%


Table 4.2: Brønsted Acid Hydrolysis of 201

Concurrently we also looked at Lewis acid mediated acetal hydrolysis. Unfortunately zinc(II) bromide, aluminium(III) chloride and iron(III) chloride all resulted in degradation products (Entries 1-3, Table 4.3). However, use of ytterbium(III) triflate gave the desired aldehyde in excellent yield with no need for column chromatography (Entry 4, Table 4.3). It was decided from an economic and practical perspective that the hydrochloric acid/acetone conditions were the ones to take forward in this second generation synthesis. It is useful to note that should we have problems in the future with other substrates we do have a second, alternative set of conditions to fall back on.



	
	Conditions
	Product

	1
	ZnBr2, DCM,rt
	Degradation

	2
	AlCl3, DCM, 0 °C
	Degradation

	3
	FeCl3.6H2O, acetone/DCM (1:4), rt
	Degradation

	4
	Yb(OTf)3, DCM, rt
	91% (crude)


Table 4.3: Lewis Acid Mediated Acetal Hydrolysis

[bookmark: _Toc343630596]Second Generation Synthetic Route

Having successfully optimised both the MTM installation step and the acetal hydrolysis we were left with the following second generation synthesis, which provides our desired substrate, aldehyde 202, in three easy and scalable (to gram scale) steps in excellent yield (Scheme 4.2).



Scheme 4.2: Second Generation Synthetic Route

Both proton and carbon NMR spectra of acetal 201 and aldehyde 202 show doubling of all the peaks. This is caused by a high energy barrier between rotamers at room temperature resulting in a lack of interconversion on the NMR timescale. To overcome this, NMR spectra were run at 90 °C on aldehyde 202; however, whilst all the peaks coalesced, they did not resolve sufficiently (Figure 4.1). Thus, it was decided to only obtain high temperature NMR data on select molecules.


Figure 4.1: NMR Spectra of Aldehyde PD at a) Room Temperature and b) 90 °C
[bookmark: _Toc343630597]Xanthates - An Alternative Chelating Group

Xanthates are usually seen in the context of the Barton-McCombie deoxygenation, where an alcohol is converted to a xanthate which is subsequently removed via a radical mechanism.76 So far xanthates have not been utilised in chelation assisted hydroacylation; however, given their structural similarity to the MTM group, we believed that investigation of their potential would be valuable as well as providing a prospective chelating group which could easily be removed via literature conditions (Figure 4.2). 



Figure 4.2: Comparison of MTM and Xanthate Aldehydes

The thiocarbonate was easily installed on the nitrogen of amine 200 via an addition into carbon disulfide and then quenching with an electrophilic carbon source; in this case methyl iodide (Scheme 4.3).



Scheme 4.3: Xanthate formation

With the acetal 203 in hand, the next step was hydrolysis to obtain the targeted aldehyde. However, this proved to be more challenging than first expected. Subjecting the acetal to our standard hydrolysis conditions only resulted in returned starting material while heating to 50 °C caused degradation (Entries 1 and 2, Table 4.4). Similarly use of the alternative Lewis acid conditions did not provide the desired aldehyde (Entry 3, Table 4.4). Using a stronger acid resulted in decomposition (Entry 4, Table 4.4). Due to time constraints further investigation of this hydrolysis was not pursued.



	
	Conditions 
	Product 

	1
	1 N HCl/Acetone (1:1), rt
	0%

	2
	1 N HCl/Acetone (1:1), 50 °C
	Degradation

	3
	Yb(OTf)3, DCM, rt
	0% 

	4
	TFA/DCM (1:1), rt
	Degradation 


Table 4.4: Attempts to Hydrolyse 203

[bookmark: _Toc343630598]Optimisation of the Hydroacylation Reactions

With aldehyde 206 in hand, it was possible to move on to investigation of the hydroacylation reaction itself. As the Willis group has been investigating hydroacylation for nearly 10 years, a number of standard catalytic systems have been established. The most recent generation of catalytic systems start with rhodium(I) norbornadiene tetrafluoroborate as a pre-catalytic complex which when combined with the appropriate ligand, in either acetone or 1,2-DCE, can form the catalytic species via hydrogenation of the norbornadiene ligand (Scheme 4.4). 



Scheme 4.4: Generation of the Active Catalyst

Bidentate ligands have performed best in our systems and so these are the first port of call when optimising a new hydroacylation reaction. 



	
	Ligand
	Time (h)
	Conversiona (yield)

	1
	DPEphos
	16
	0%

	2
	dppm
	16
	0%

	3
	dppe
	3.5
	100%b

	4
	dppp
	16
	53%

	5
	dcpm
	1
	100% (97%)c

	6
	dcpe
	16
	21%c


Table 4.5: Ligand Screening 
aDetermined by proton NMR Spectroscopy b8:1 206:207 ratio observed cOnly 206 observed
The ligands chosen comprise three separate groups, members of which have all shown activity in hydroacylation reactions.77,72,78 DPEphos has a hemilabile oxygen linker which has been shown to stabilise the acyl rhodium intermediate, however it was not active in this system (Entry 1, Table 4.5). Dppm, dppe and dppp all chelate via two diphenylphosphine groups linked by a carbon chain, which varies in length depending on the ligand. Dppm showed no reactivity (Entry 2, Table 4.5). Pleasingly, both dppe and dppp were active, with the reaction using dppe going to completion within 3.5 hours (Entries 3 and 4, Table 4.5). Although isomers 206 and 207 are inseparable, it is possible to obtain a ratio of the two compounds via integration of the double bond peaks in the proton NMR spectrum as these do not overlap. Dppe was the only ligand utilised that resulted in formation of the branched isomer 207, with an 8:1 linear to branched ratio observed (see footnote b, Table 4.5). Dcpm and dcpe are structurally similar to dppm and dppe; however, where they differ is that the phenyl groups on the phosphine have been replaced with cyclohexyl groups. Interestingly, whilst both dcpm and dcpe are active in this reaction, it is the ligand with the shorter carbon backbone which goes to completion. This is contrary to the results observed when using dppm and dppe where it is the two carbon backbone that performs best (Entries 5 and 6, Table 4.5). In addition when using dcpm, only the linear isomer is observed using proton NMR spectroscopy (>20:1, l:b).

Further exploration of dppe-type ligands was carried out using electronically and sterically different ligands synthesised previously within the group by Dr. S-J. Poingdestre.79 L3 is an electron-rich version of dppe while L4 is an electron-poor version. L2 is a sterically hindered dppe variant which was developed within the group as a branch-selective ligand.71 



	
	Ligand
	Time (h)
	Conversion (206:207)a

	1
	L2
	16
	0%

	2
	L3
	2
	100% (14:1)

	3
	dppe
	3.5
	100% (8:1)

	4
	L4
	3.5
	55% (6:1)


Table 4.6: Examining Dppe-type Ligands 
aDetermined by proton NMR Spectroscopy

Use of the branched selective ligand L2 did not deliver either product (Entry 1, Table 4.6). The reaction with electron-rich ligand L3 had a shorter reaction time and a higher linear to branched ratio (14:1, l:b) while the reaction with electron-poor ligand L4 showed lower reactivity and a lower linear to branched ratio (6:1, l:b) (Entries 2 and 4, Table 4.6). Since dppe, L3 and L4 are sterically very similar it must be an electronic effect which causes an increase in the amount of the linear product 206 with increasing electron density on the ligand. 

In collaboration with the Weller group we have been investigating preformed complexes with a range of small bite angle ligands.78 The use of these complexes, synthesised by I. Pernik, was investigated within this reaction. Complex C2 includes an isopropyl version of dcpm while complex C3 is a version of complex C2 with a nitrogen linker in the ligand, instead of a carbon one. Complex C4 includes an isopropyl version of dcpe. When using all three of these ligands only the linear isomer was observed.



	
	Complex
	Time (h)
	Conversiona

	1
	C2
	1
	60%

	2
	C3
	16
	0%

	3
	C4
	16
	Trace


Table 4.7: Use of Preformed Complexes 
aDetermined by proton NMR Spectroscopy

Using aldehyde 202 reasonable reactivity was seen with complex C2 while none was seen with complex C3 (Entries 1 and 2, Table 4.7). This was interesting as the two ligands usually have similar reactivity in hydroacylation reactions. It is probably related to the electronics of the ligand as the cone angles of the two ligands are nearly identical.78 The hydroacylation reaction using complex C4 only showed traces of product, unsurprising as previous results have suggested that active ligands either have longer backbones and bulkier groups on the phosphines, or shorter backbone and  smaller groups on the phosphine (Entry 3, Table 4.7).
Catalyst loading was also investigated with both dcpm and dppe ligands. Reactions using both gave 100% conversion at 5 mol%; however at 2.5 mol% the reaction using dcpm gave 76% conversion in two hours, whilst the use of dppe only gave a trace of product (Entries 1, 2, 4 and 5, Table 4.8). Reducing the loading further resulted in a significant drop in yield with dcpm giving only a trace of product whilst no product was seen with dppe (Entries 4 and 6, Table 4.8). It was elected to use a 5 mol% loading as this was practical and convenient.











	
	Ligand
	mol%
	Time (h)
	Conversiona

	1
	dcpm
	5
	1
	100%

	2
	dcpm
	2.5
	2
	76%

	3
	dcpm
	1
	16
	Trace

	4
	dppe
	5
	3.5
	100%

	5
	dppe
	2.5
	16
	Trace

	6
	dppe
	1
	16
	0%


Table 4.8: Catalyst Loading 
aDetermined by proton NMR Spectroscopy

To eliminate the possibility that it was the nitrogen rather than the sulfur which was chelating to the rhodium centre a version of aldehyde 202 without the MTM group was synthesed by hydrolysis of 200 (Scheme 4.5). Subjecting this aldehyde to our optimised hydroacylation conditions for sixteen hours resulted in no hydroacylation product, suggesting that the MTM group is required for reaction progression. The possibility that the unsubstituted secondary amine may have hindered the reaction has not been ruled out. Investigation of the behaviour of an N-methyl version of aldehyde 208 within the hydroacylation reaction may shed further light on this possibility.


Scheme 4.5: Synthesis of an Aldehyde Without an MTM Group
[bookmark: _Toc343630599]Alkyne Hydroacylation

With optimised reaction conditions in hand, it was decided to progress to investigating alkyne scope. Similarly to aldehyde 202, it was found that the proton and carbon NMR spectra of all isolated products showed doubling of all the peaks at room temperature. As with aldehyde 202, this is caused by a lack of interconversion on the NMR timescale resulting from a high energy barrier between rotamers at room temperature. To overcome this, NMR spectra of hydroacylation product 206 were run at 90 °C, however, whilst all the peaks coalesced, they did not sufficiently resolve (Figure 4.3), as was the case with the parent aldehyde. It was therefore determined that the NMR spectra of all other products isolated in this screen would be run at room temperature.


Figure 4.3: Proton NMR Spectra of 202 at a) room temperature and b) 90 °C

A wide range of alkynes were investigated and can be split into three groups; linear aliphatic, sterically hindered aliphatic and aryl alkynes. In all cases only the linear isomer was observed


	
	Alkyne
	Time (h)
	Yielda

	1
	

	1
	97% (92%b)

	2
	

	1
	94%

	3
	

	1
	73%

	4
	

	16
	71%

	5
	

	3
	86%

	6
	

	16
	0%

	7
	

	1
	Trace

	8
	

	16
	0%

	9
	

	16
	0%

	10
	

	16
	0%


Table 4.9: Linear Aliphatic Alkynes 
aAll products isolated in >20:1 l:b breaction conducted on 0.5 g of 202
Linear aliphatic alkynes perform well in this hydroacylation reaction. Alkynes substituted with simple alkyl chains reacted within an hour and in excellent yields (Entries 1 and 2, Table 4.9). Remote functionality is tolerated in good yields with alcohols and alkyl iodides all delivering the expected products (Entries 3-5, Table 4.9). Unfortunately whilst aldehyde was consumed when using alkynes 213 and 214, only a trace of product was seen (Entries 6 and 7, Table 4.9). Disappointingly, propiolates, propargyl amines and hydrizines all did not generate the desired products (Entries 8-10, Table 4.9). When using pentyn-5-ol, instead of the expected enone product 219, the cyclised product 220 was isolated in good yield (Scheme 4.6).



Scheme 4.9: Hydroacylation of Penty-5-ol

Having acquired excellent results with most linear aliphatic alkynes employed, we proceeded to the use of more sterically demanding substrates (Table 4.10).




	
	Alkyne
	Time (h)
	Yielda

	1
	

	1
	80%

	2
	

	4
	44%

	3
	

	16
	87%

	4
	

	16
	75%

	5
	

	2.5
	75%

	6
	

	16
	0%

	7
	

	16
	0%

	8
	

	16
	0%


Table 4.10: Sterically Hindered Alkynes 
aAll products isolated in >20:1 l:b

α-Branched aliphatic alkynes reacted within an hour in good yields (Entry 1, Table 4.10). The tert-butyl substituted alkyne reacts fairly quickly but gave a reduced yield, possibly because its boiling point (37 - 38 °C) is below the reaction temperature (Entry 2, Table 4.10). Cyclopropane and cyclohexane substituted alkynes required longer reaction times but gave the hydroacylation product in good yields (Entries 3 and 4, Table 4.10). Interestingly, the cyclohexene substituted alkyne gave a similar yield to the cyclohexane alkyne but in a significantly shorter time period (Entry 5, Table 4.10). Unfortunately the acetal substituted alkyne did not generate the desired product, although we do not know if this is due to product or substrate instability or hindrance of the hydroacylation reaction by the acetal substituent (Entry 6, Table 4.10). Internal alkynes did not react under these conditions (Entries 7 and 8, Table 4.10). 

In an attempt to find a highly reactive internal alkyne that might undergo hydroacylation under these conditions we turned to cyclooctyne. As the alkyne is within a medium-sized ring it is strained and hopefully highly reactive. Access to cyclooctyne begins with the dibromination of cyclooctene, followed by successive elimination of each bromine atom (Scheme 4.7).80  



Scheme 4.7: Synthesis of Cyclooctyne

Dibromination and elimination to form 230 occurred in good yield. Whilst the elimination to form cyclooctyne did occur, all attempts to isolate it from 230 failed and so clean material could not be obtained for further study.

Our attention then turned to aryl- and heteroaryl-substituted alkynes and their reactivity with aldehyde 202 (Table 4.11).

















	
	Alkyne
	Time (h)
	Yielda

	1
	

	16
	99%

	2
	

	16
	99%

	3
	

	16
	31%

	4
	

	16
	0%

	5
	

	16
	Trace

	6
	

	16
	Trace

	7
	

	2
	76%

	8
	

	2
	93%


Table 4.11: Aryl Alkynes 
aAll products isolated in >20:1 l:b

Aryl alkynes show reduced reactivity in this reaction resulting in longer reaction times in general, when compared with aliphatic alkynes. Electron-rich and electron‑neutral alkynes reacted in excellent yields (Entries 1 and 2, Table 4.11). However, electron-poor alkynes showed significantly reduced yields (Entries 3-5, Table 4.11). An ortho-chloro aryl alkyne showed limited reactivity, which may be result of the electron-withdrawing effect of the chlorine substituent (Entry 6, Table 4.11). Pleasingly, a thiophene substituted alkyne could be used, with shorter reaction times and excellent yields (Entry 7, Table 4.11). Also a ferrocene derivative could be used to access an attractive enone product in excellent yield (Entry 8, Table 4.11). Phenylacetylene was also used in 1,2-DCE at 80 °C in an attempt to reduce reaction time; however, no improvement was seen.

[bookmark: _Toc343630600]Furan Synthesis

Previous work within the Willis group coupled hydroacylation of propargylic alcohols with acid catalysed cyclisation to provide a two-step, one-pot synthesis of furans (Scheme 4.8).81



Scheme 4.8: Furan Synthesis

Investigation of our aldehyde 202 under these conditions began with hydroacylation with a propargyl alcohol (Scheme 4.9).


Scheme 4.9: Use of Proparyl Alcohols

Pleasingly 100% conversion was seen by crude NMR spectroscopy, however isolation of enone 243 proved to be problematical and so it was decided move to the two-step procedure hoping that isolation of the furan would be more straightforward (Scheme 4.10). 



Scheme 4.10: Furan Synthesis

Unfortunately, this did not prove to be correct as the furan could not be isolated cleanly, possibly due to the instability of this class of compounds. However the furan was seen in crude proton NMR spectra, in 30% conversion for aliphatic propargyl alcohols and 10% conversion for aryl propargyl alcohols. Further investigation of the isolation of these furans as well as optimisation of the cyclisation conditions for these substrates is required. 
[bookmark: _Toc343630601]Alkene and Allene Hydroacylation

Allenes and alkenes have both been used successfully in sulfur assisted hydroacylation.82,83 The hydroacylation reaction between aldehyde 202  and alkenes has been studied (Table 4.12). 



	
	Ligand/Complex
	R
	Time (h)
	Yield

	1
	Dcpm
	CO2Me
	16
	0%

	2
	Dcpm
	Hex
	16
	0%

	3
	C1
	CO2Me
	16
	0%

	4
	C1
	Hex
	16
	0%

	5
	C2
	Hex
	16
	0%


Table 4.12: Alkene Hydroacylation

The use of the conditions developed for alkyne hydroacylation (section 4.3) with either methyl acrylate or 1-octene gave none of the desired hydroacylation product (Entries 1 and 2, Table 4.12). Moving to the preformed complex C1, which has been shown to work particularly well in alkene hydroacylation,45 also provided none of the required product (Entries 3 and 4, Table 4.12). Use of preformed complex C2 also resulted in returned starting material (Entry 5, Table 4.12). It would appear that alkenes are not active enough substrates to react under these conditions with this aldehyde.

Moving to allenes, which are potentially more reactive than alkenes, it was hoped that some reactivity would be seen; however, this was not the case (Scheme 4.11).



Scheme 4.11: Allene Hydroacylation

[bookmark: _Toc343630602]Removal of the MTM Group

The conditions used to remove the MTM group in the previous work utilising O-MTM aldehydes were applied to hydroacylation product 206 (Scheme 4.12).72 Unfortunately, only a trace of product 246 was observed in the proton NMR spectrum. Further investigation of the removal of the MTM group using other Lewis acidic reagents could not be completed due to time constraints.



Scheme 4.12: Removal of the MTM Group
[bookmark: _Toc343630603]Alternative Nitrogen Protecting Groups

Having thoroughly investigated the potential unsaturated reaction partners in this hydroacylation reaction, focus moved to modification of the aldehyde component. It was decided to consider the protecting group on the nitrogen first. Starting from amine 199, a range of differently protected acetals was synthesised.  Addition of a tosyl group to the amine occurred in excellent yield (Scheme 4.13a). Benzylation of the amine also occurred in excellent yield using reductive amination conditions (Scheme 4.13b). Acylation of the amine occurred in a moderate yield (Scheme 4.13c). Finally, addition of a Boc group to the amine was performed in a good yield (Scheme 4.13d). 






Scheme 4.13: Protection of 199

With the differently protected acetals in hand, the next step was addition of the MTM group. The results for the Cbz protected acetal as well as the free amine have been included for comparison (Table 4.13). 







	
	R
	Yield

	1
	Cbz
	91%

	2
	H
	0%

	3
	Ts
	87%

	4
	Bn
	0%

	5
	Ac
	0%

	6
	Boc
	Inseparable mixture


Table 4.13: MTM Installation

Addition of the MTM group to the tosyl protected amine proceeded in excellent yield (Entry 3, Table 4.13). Unfortunately, addition to either the benzyl or acyl protected amines did not occur (Entries 4 and 5, Table 4.13). We have postulated that the nitrogen needed to be electron-poor for the addition to take place. Unfortunately, while product is observed in the crude proton NMR spectrum of the reaction with the Boc protected amine, we have been unable to isolate the target compound (Entry 6, Table 4.13).

The tosyl protected amine 251 was taken on to hydrolysis of the acetal. Using the same conditions as for the Cbz protected amine 201, resulted in a moderate yield of the desired aldehyde (Scheme 4.14). The proton and carbon NMR spectra of aldehyde 252 showed no doubling of the peaks seen in the spectra of aldehyde 202, suggesting that it is not rotameric at room temperature on the NMR timescale.



Scheme 4.14: Hydrolysis of Tosyl Protected Acetal

With aldehyde 252 in hand we utilised it in a hydroacylation reaction with 1-octyne and pleasingly we observed complete consumption of starting material within an hour and a 70% isolated yield (Scheme 4.15).



Scheme 4.15: Hydroacylation of the Tosyl Protected Aldehyde

[bookmark: _Toc343630604]Amino Aldehyde Synthesis

Having investigated the use of aldehyde 202 and related compounds in hydroacylation reactions, we decided to move on to study of compounds with substitution on the carbon alpha to the aldehyde, i.e. amino aldehydes. Amino aldehydes are attractive substrates because whilst amino acids are widely and easily available with a range of pre-existing functionality, they are arguably underused in synthesis when compared to other chiral building blocks such as sugars, possibly due to a lack of general reactions utilising them. A further reason for choosing to develop this is that with a methodology for modification of single amino acid derivatives in hand, it is possible that these methods could subsequently be used to modify polypeptides and potentially proteins.

In order to synthesis amino aldehydes that could be utilised in hydroacylation reactions the same basic strategy used for the synthesis of aldehyde 202, a glycine derived aldehyde, was employed. However, as the dimethoxy acetals were unavailable it was decided to start from the methyl esters instead. The methyl esters could first be protected with either a tosyl or Cbz group, followed by addition of the MTM group. The aldehyde could then be revealed by reduction using DIBAL-H (Scheme 4.16).



Scheme 4.16: General Synthetic Route

It was decided that the majority of substrates would be tosyl protected as the glycine tosyl aldehyde 252, did not have observable rotamers at room temperature in the NMR spectra, which would hopefully make characterisation and screening easier. However, to properly compare substrates one amino acid derivative would be made as both the Cbz and tosyl protected substrates. 

Synthesis of the amino aldehydes started with Cbz protection of both L- and D-alanine, which proceeded in excellent yield (Scheme 4.17).



Scheme 4.17: Cbz Protection of L- and D- Alanine

Installation of the MTM group occurred in moderate yields for both L- and D- substrates (Scheme 4.18). At this point the enantiopurity of our substrates was checked using chiral HPLC. HPLC conditions were found which resolved the enantiomers, however, it was discovered that the substrates had racemised during the addition of the MTM group. 


Scheme 4.18: Addition of the MTM Group

It was proposed that the use of a strong base in this step was causing racemisation of the chiral centre. To avoid this, a small range of weaker bases was employed. Unfortunately no desired product was observed (Table 4.14). 



	
	Base
	Yield

	1
	Pyridine
	0%

	2
	TEA
	0%

	3
	Morpholine
	0%


Table 4.14: Use of Weak Bases in Addition of MTM Group

It was resolved to continue to the aldehyde using racemic methyl ester 256. The aldehyde 257 was obtained in good yield via a DIBAL-H reduction using conditions which had previously been used on enantiopure substrates (Scheme 4.19).84


Scheme 4.19: DIBAL-H Reduction of Methyl Ester 256

Clearly, to retain the chiral centre through to the aldehyde a different approach was required which avoided the use of the methyl ester, and thus hopefully reduced the acidity of the proton alpha to the aldehyde. However, as this route is only three steps long, all of which proceed in moderate to excellent yields it was decided to synthesis a range of racemic, substituted aldehydes to investigate the functional group tolerance of these hydroacylation reactions. For ease of characterisation it was decided to avoid use of the Cbz protecting group and thus hopefully avoid rotomeric compounds. Two of the substrates chosen were not available as the methyl esters and so these were synthesised using literature procedures, in good to excellent yields (Scheme 4.20).85,86 



Scheme 4.20: Synthesis of Methyl Esters
Tosylation of a range of amino acid derivatives was affected in mainly good to excellent yields (Table 4.15). 



	
	Amino Ester
	Yield

	1
	

	91%

	2
	

	73%

	3
	

	90%

	4
	

	71%

	5
	

	20%

	6
	

	93%

	7
	

	quant.

	8
	

	87%


Table 4.15: Tosylation of Amino Acid Derivatives

With the tosylated methyl esters in hand it was decided to move to installation of the MTM group. Using our standard conditions some reactivity was seen in all cases. However, isolation only proved effective if the product was a solid as column chromatography followed by recrystallisation was established as the most effective way of obtaining clean material. These difficulties with isolation led to only moderate yields (Table 4.16).














	
	Tosyl Methyl Ester
	Yield

	1
	

	44%

	2
	

	44%

	3
	

	50%

	4
	

	51%

	5
	

	Inseparable mixture

	6
	

	Inseparable mixture

	7
	

	Inseparable mixture

	8
	

	64%


Table 4.16: Installation of the MTM Group

We were also interested in using proline as a starting point for aldehyde synthesis as the amine is already doubly substituted and thus would not require extra protecting groups. Use of our standard conditions for installing the MTM group failed (Entry 1, Table 4.17), perhaps unsurprisingly given the difficulties previously faced when using electron-rich substrates (Table 4.13, Section 4.6). Use of acidic Pummerer conditions also failed along with oxalyl chloride/DMSO conditions, which had been previously used for doubly substituted amines (Entries 2 and 3, Table 4.17).87



	
	Conditions
	Yield

	1
	MTM-Cl, NaH, NaI
	0%

	2
	DMSO, Ac2O, AcOH
	0%

	3
	i. (COCl)2, DMSO, DCM
ii. Et3N, DCM
	0%


Table 4.17: Attempts to Install a MTM Group on Proline

With five Ts/MTM protected methyl esters synthesised, focus moved to accessing the aldehydes via a DIBAL-H reduction. The DIBAL-H reduction conditions used in the synthesis of the Cbz alanine derived aldehyde 257 (Scheme 4.19) were employed with these five Ts/MTM protected methyl esters; however, only the reactions with the alanine and phenylalanine derivatives 278 and 280 delivered the desired products, both in poor yields (Scheme 4.21).


Scheme 4.21: DIBAL-H Reduction to Aldehyde

For the substrates that did not react under these conditions, the reaction was rerun using toluene as a solvent (Scheme 4.22). Unfortunately, after two hours all three substrates had been reduced all the way to the alcohol. The crude reaction mixtures where subsequently subjected to Dess-Martin oxidation conditions to oxidise the alcohol to the aldehyde (Scheme 4.22). Only the valine derivatived methyl ester 282 furnished a significant amount of the desired product; however, trace amounts of the aldehyde were seen in the other two cases.



Scheme 4.22: DIBAL-H Reduction Followed by Subsequent Oxidation

Having synthesised a range of racemic substituted aldehydes it was decided return to the problem of synthesising an enantiopure substrate. It was determined to proceed via the amino alcohols. First, a protecting group would be installed on the amine, followed by protection of the primary alcohol and installation of the MTM group on the secondary amine. Once the MTM group is installed the primary alcohol can be revealed and oxidised to the aldehyde (Scheme 4.23). 



Scheme 4.23: General Synthetic Route to Enantiopure Aldehyde
We decided to use phenylalaninol as we had experienced difficulties with the UV absorption of alanine derivative 256, and so it was hoped that the extra phenyl ring in the molecule would increase the UV absorbance of the molecule. The tosyl protecting group was used in this instance since it was noticed that the tosylated compounds tended to be crystalline which was felt to be an advantage should we need to recrystallise to increase enantiopurity at the end of the synthesis. Addition of the tosyl group proceeded in excellent yields for both enantiomers (Scheme 4.24).



Scheme 4.24: Tosylation of Amino Alcohols

To avoid addition of the MTM group to the primary alcohol rather than the electron poor secondary nitrogen, the alcohols was protected with a silyl group, in this case TES, in excellent yields (Scheme 4.25).



Scheme 4.25: TES Protection of the Primary Alcohol

With the primary alcohol protected, the MTM group was installed in moderate yields for both enantiomers (Scheme 4.26). 



Scheme 4.26: Installation of the MTM Group

The silyl group was removed to reveal the free alcohol in excellent yields for both enantiomers. The alcohols were subsequently oxidised via a Dess-Martin oxidation to the aldehyde (Scheme 4.27). Due to low yields and a difficult separation only the D enantiomer could be isolated cleanly after oxidation. Unfortunately all attempts to obtain an ee using chiral HPLC have failed to separate the enantiomers, however the specific rotation observed ([α]D +30.5) suggests that we may have maintained the chiral centre through to the desired product.



Scheme 4.27: Removal of the Silyl Group and Subsequent Oxidation

[bookmark: _Toc343630605]Amino Aldehyde Hydroacylation 

Having synthesised a range of substituted aldehydes it was decided to progress to studying the hydroacylation of these substrates (Table 4.18). 1-Octyne was used as the standard alkyne, as it had proved to work particularly well in the unsubstituted examples (Table 4.9, Section 4.3).






	
	Substrate
	Solvent
	Temp. (°C)
	Time (h)
	Yield

	1
	

	Acetone
	55
	16
	11%

	2
	

	1,2-DCE
	80
	4
	99%

	3
	

	1,2-DCE
	80
	16
	0%

	4
	

	Acetone
	55
	16
	21%

	5
	

	1,2-DCE
	80
	16
	40%

	6
	

	1,2-DCE
	80
	16
	0%

	7
	

	1,2-DCE
	80
	16
	0%


Table 4.18: Substituted Aldehyde Screen

Under the alkyne hydroacylation conditions developed previously (acetone, 55 °C, Section 4.3) only 11% of the desired product was seen when using the Cbz protected alanine derived aldehyde 257 (Entry 1, Table 4.18). Switching to 1,2‑DCE and a higher temperature led to a significantly higher yield and shorter reaction time (Entry 2, Table 4.18). Unfortunately, these conditions did not work for the tosyl protected alanine derived aldehyde 279 (Entry 3, Table 4.18). When using the tosyl protected valine derivative aldehyde 284, the desired product was observed when using both acetone and 1,2-DCE, although in lower yields than observed when using aldehyde 257 in 1,2-DCE (Entries 4 and 5, Table 4.18). Use of phenylalanine derived aldehyde 281 and its enantiopure version D-281 resulted in no reaction (Entries 6 and 7, Table 4.18). These results show a significant difference in reactivity between the Cbz protected aldehyde 257 and the tosyl protected aldehyde 279, a disparity that was not seen in the glycine derivatives 202 and 252. The better performance of the tosyl protected valine aldehyde 284 when compared to the alanine derivative 279 is a result that had not been predicted. One possible reason for this discrepancy is the differences in synthetic route; however, alanine aldehyde 279 required multiple column chromatographic purifications to obtain clean material, reducing the possibility of contaminants. Thus the precise reason for these discrepancies in reaction performance is unknown currently. Further investigation of this area was impossible due to time constraints. 

[bookmark: _Toc343630606]Conclusion

We have shown that alkyne hydroacylation of unsubstituted MTM amines is possible in moderate to excellent yields using a range of aliphatic and aryl as well as sterically hindered alkynes (Scheme 4.28). Whilst only two different protecting groups have been used in this work it seems feasible that other electron-poor amines could be used once further work into purification techniques for the MTM protected intermediates is carried out. Particularly, if the Boc protected substrate could be isolated there is the possibility that it may deprotect during the acid promoted hydrolysis of the acetal resulting in the formation of an MTM aldehyde with a free NH; a substrate that we could not access via our synthetic route.



Scheme 4.28: Alkyne Hydroacylation of MTM amines

Unfortunately, allene and alkene hydroacylation proved unfeasible, however there is continued development of our catalytic systems which may in the future provide a more active catalyst that may allow functionalisation of these substrates.  

Further work is required in optimising and perfecting the use of propargyl alcohols in a tandem hydroacylation/cyclisation procedure to synthesis furans (Scheme 4.29). Initial results presented here show some promise as furans with an alpha amino group are particularly interesting. Furans are known to be unstable molecules and it is possible that alpha amino furans are particularly unstable thus requiring complete reoptimisation of both the cyclisation conditions and the purification techniques. If a tosyl group is used as the protecting group it may deprotect during the cyclisation step and simply form the unprotected alpha amino furan.



Scheme 4.29: Furan Synthesis

Hydroacylation of MTM amines derived from amino acids proved to be more challenging that we had first anticipated. Unfortunately, only two examples were successful in the hydroacylation reaction (Scheme 4.30). This may be due to difficulties in obtaining large amounts of clean starting material resulting in limited options for reaction optimisation. Additional investigation of this area is required to further understand the results that have been acquired. 



Scheme 4.30: Hydroacylation of Substituted MTM amines

This reaction appears to be sensitive to certain modifications of both of the coupling partners. The addition of a methyl group to the alpha carbon of the aldehyde results in a drop in yield of 86%, an increase in reaction time to 16 hours and a marked difference in reactivity between aryl and aliphatic alkynes. During the course of this work it has become clear that co-ordination of these aldehydes to our rhodium centre is possibly more complicated than we had anticipated. To investigate this, a collaboration with the Weller group to study various intermediates, particularly acyl intermediate 296, via X-ray crystallography and NMR studies, would be desirable (Figure 4.4). 



Figure 4.4: Proposed Intermediate in MTM Amine Hydroacylation








Chapter 4 | 124

[bookmark: _Toc343630607]Experimental Data

[bookmark: _Toc343630608]General Experimental

Reactions were conducted with continuous magnetic stirring under an inert nitrogen atmosphere with dry solvents unless otherwise stated. Nitrogen was passed through a Drierite® filled drying tube before use. Glassware was oven-dried at >100 °C. Reaction vessels were cooled to 0 °C with an ice-water slush bath and to -78 °C with a dry ice-acetone bath. All aqueous solutions used were saturated unless otherwise stated.

Reagents were purchased from Sigma-Aldrich Chemical Co. Ltd., Acros Organics Ltd, Rathburn Chemicals Ltd, Fisher Scientific Ltd or Strem Chemicals, Inc. and used as supplied unless otherwise stated. Diethyl ether, dichloromethane, toluene, methanol, acetonitrile and tetrahydrofuran were collected from an in-house solvent purification system having been passed through anhydrous alumina columns. Dry Petrol refers to medium petroleum, bp 40-60 °C. 1,2-Dimethoxyethane, 1,2-dichloroethane, and triethylamine were distilled from calcium hydride. Dry acetone was distilled from Drierite. 1-Octyne, phenylacetylene, 4-ethynyl-α,α,α-trifluorotoluene, 5-methyl-1-hexyne, 1-ethynylcyclohexene, cyclohexylacetylene, cyclopropylacetylene, 3-methyl-1-hexyne, 4-pentyn-1-ol, 5-hydroxy-1-pentyne, 3-ethynylthiophene, 4-phenyl-1-butyne and 6-iodo-1-hexyne were distilled prior to use.
	
Reactions were monitored by TLC until deemed complete using aluminium backed silica plates (Merck Kieselgel 60 F254). Plates were visualised under ultraviolet light (254 nm) and/or by staining with potassium permanganate, vanillin or phosphomolybic acid. Flash column chromatography was carried out using matrix 60 silica and pressure was applied at the column head by hand bellows. When working in industry the automated columning was performed using a Combiflash Rf by Teledyne.

1H and 13C nuclear magnetic resonance experiments were carried out using Bruker DPX-200, DQX-400, AVN-400MHz and AVC-500 MHz NMR spectrometers. Chemical shifts (δ) are given in parts per million (ppm) from the residual solvent peak and coupling constants (J) in Hertz (Hz). Proton multiplicity is assigned using the following abbreviations: singlet (s), broad singlet (br. s) doublet (d), triplet (t), quartet (q), quintet (quin), sextet (sxt), septet (sept), octet (oct), doublet of doublets (dd), doublet of triplets (dt), triplet of doublets (td) and multiplet (m). Where required, assignment was achieved using 2D NMR spectroscopy techniques, predominantly COSY and HSQC spectroscopy. 

Infrared measurements were carried out as a thin film on sodium chloride discs or neat using a Bruker Tensor 27 FT-IR spectrometer with internal calibration in the range 4000-500 cm-1. Accurate mass measurements were carried out on a Bruker MicroTOF mass spectrometer or Micromass SYNAPT ion spectrometer by the internal service at the Department of Chemistry, University of Oxford. Melting points were determined using a Reichert melting point stage and are uncorrected.

Chiral HPLC analysis was carried out using a Dionex HPLC system utilising Daicel columns. HPLC grade solvents were purchased from Rathburn Chemicals Ltd and Fisher Scientific Ltd and used as supplied. Specific optical rotations were measured on Perkin-Elmer 241 polarimeter at 598 nm and are reported in °cm2g‑1.

Ligands L2, L3 and L4 were synthesised by Dr. Sarah-Jane Poingdestre and complex C1 was synthesised by Dr. Adrian Chaplin and complexes C2, C3 and C4 were synthesised by Indrek Pernik.

[bookmark: _Toc343630609]Chapter 2 Compounds

12-Methoxydodecan-1-ol, 51




Sodium hydride (60% dispersion in mineral oil, 5.4 g, 134.0 mmol) was added to a solution of 1,12-dodecanediol (24.7 g, 121.8 mmol) in DME (110 mL) at 0 °C. The reaction mixture was left to warm to rt and stirred for 1 h. Dimethyl sulphate (11.5 mL, 121.8 mmol) was added and the reaction left to stir for 72 h. The reaction was quenched with aqueous ammonium chloride (100 mL), extracted with Et2O (2 × 100 mL), washed with brine (100 mL), dried (MgSO4), filtered and concentrated. The crude product was purified by column chromatography (10% EtOAc/petrol) to provide the title compound as a white solid (14.3 g, 66.1 mmol, 54%). δH (400 MHz, CDCl3): 3.64 (2H, t, J 6.5, CH2OH), 3.37 (2H, t, J 6.5, CH2OMe), 3.34 (3H, s, CH2OCH3), 2.05 (1H, s, CH2OH), 1.57 (4H, app. quin, 2  OCH2CH2), 1.40 - 1.23 (16H, m, 8 x CH2). δC (100 MHz, CDCl3): 73.0, 63.1,  58.5, 32.8, 29.6, 29.5 (4C), 29.5, 29.4, 26.1, 25.7. max (thin film)/cm-1: 3371, 2993, 2921, 2850, 1739, 1461, 1122, 1035, 755. HRMS (FI) calculated for C13H28O2 [M]+: 216.2089. Found 216.2089. This data was consistent with literature.88



12-Methoxydodecanal, 52




A solution of PCC (951 mg, 4.4 mmol), 12-methoxydodecan-1-ol (954 mg, 4.4 mmol) and 3Å 8-12 mesh molecular sieves (0.7 g) in DCM (50 mL) was stirred overnight at rt. The reaction mixture was then diluted with Et2O (50 mL), filtered through celite, passed through a basic silica plug (40% EtOAc/petrol/0.5% triethylamine) and concentrated to give the title compound as a colourless oil (850 mg, 3.97 mmol, 90%). δH (400 MHz, CDCl3): 9.71 (1H, t, J 4.0, CHO), 3.31 (2H, t, J 7.0, CH2OMe), 3.27 (3H, s, CH2OCH3), 2.36 (2H, dt, J 12.0, 4.0, CH2CHO), 1.47 - 1.61 (4H, m, OCH2CH2, CH2), 1.22 - 1.34 (14H, m, 7  CH2). δC (100 MHz, CDCl3): 179.3, 72.9, 58.4, 34.4, 29.6 (2C), 29.5 (2C), 29.4, 29.1, 28.6, 26.1, 22.0. max (thin film)/cm-1: 2924, 2852, 1708, 1463, 1119, 944. HRMS (FI) calculated for C13H26O2 [M]+: 214.1933. Found 214.1937. This data was consistent with literature.88

1,1-Dibromo-13-methoxytridec-1-ene, 53




A solution of carbon tetrabromide (24.0 g, 64.8 mmol) in DCM (30 mL) was added to a solution of triphenylphosphine (38.0 g, 144.9 mmol) in DCM (80 mL) and left to stir at 0 °C for 30 mins. A solution of 12-methoxydodecanal (7.8 g, 36.2 mmol) in DCM (30 mL) was then added dropwise and the reaction was left to stir for 1 h at 0 °C and 2 h at rt. The solvent was then removed in vacuo and the crude product redissolved in the minimum amount of DCM, dropped in to vigorously stirring petrol (800 mL), filtered through celite and concentrated in vacuo. The product was purified by column chromatography (10 % EtOAc/petrol) to give the title compound as a pale yellow oil (7.4 g, 20.0 mmol, 55%). δH (400 MHz, CDCl3): 6.39 (1H, t, J 7.5, CH=Br2), 3.37 (2H, t, J 7.0, CH2OMe), 3.34 (3H, s, CH2OCH3), 2.09 (2H, q, J 7.5, CH2CHBr2), 1.62 - 1.52 (2H, m, CH2), 1.46-1.23 (16H, m, 8CH2). δC (100 MHz, CDCl3): 138.9, 88.4, 73.0, 58.5, 33.0, 29.6, 29.5 (2C), 29.5, 29.5, 29.3, 29.0, 27.8, 26.1. max (thin film)/cm-1: 2925, 2853, 1734, 1437, 1119, 720, 694. HRMS (FI) calculated for C14H2677Br2O [M]+: 368.0350. Found 368.0356. This data was consistent with literature.88

13-Methoxytridec-1-yne, 54




n-Butyllithium (1.45 M in THF, 14.4 mL, 20.9 mmol), was added to a solution of 1,1-dibromo-13-methoxytridec-1-ene (7.6 g, 20.0 mmol) in THF (100 mL) at -78 °C and the reaction mixture was left to stir for 1 h at -78 °C and 2 h at 0 °C. The reaction was then quenched with water (100 mL), extracted with Et2O (3 × 100 mL), washed with 1N aqueous hydrochloric acid (100 mL) and brine (100 mL), dried (MgSO4), filtered and concentrated. The product was purified by column chromatography (10% Et2O/petrol) to give the title compound as a colourless oil (2.4 g, 11.5 mmol, 55%). δH (400 MHz, CDCl3): 3.36 (2H, t, J 6.5, CH2OMe), 3.33 (3H, s, CH2OCH3), 2.18 (2H, td, J 7.0, 1.5, CH2C≡CH), 1.96 - 1.92 (1H, m, C≡CH), 1.54 (4H, dt, J 15.5, 7.5, 2CH2), 1.46 - 1.19 (14H, m, 7CH2). δC (100 MHz, CDCl3): 84.8, 73.0, 68.0, 58.5, 29.6, 29.5, 29.5, 29.5, 29.3, 29.1, 28.7, 28.5, 26.1, 18.4. max (thin film)/cm-1: 3312, 2926, 2854, 1462, 1120. HRMS (FI) calculated for C14H26ONa [M+Na]+: 233.1881. Found 233.1885. This data was consistent with literature.88

(E)-1-Bromo-13-methoxytridec-1-ene, 55




Super hydride (1 M in THF, 23.8 mL, 23.8 mmol) was added slowly to a solution of bis(cyclopentadienyl)zirconium(IV) dichloride (7.0 g, 23.78 mmol) in THF (50 mL) and the reaction mixture was then stirred in the dark for 1 h. A solution of 13-methoxytridec-1-yne (2.5 g, 11.9 mmol) in THF (50 mL) was then added and the reaction mixture was stirred for 15 mins. N-Bromosuccinimide (4.2 g, 23.8 mmol) was then added and the reaction stirred for 15 mins. The reaction mixture was then poured over aqueous sodium bicarbonate (150 mL), extracted with Et2O (3 × 100 mL), washed with 1N aqueous hydrochloric acid (100 mL) and brine (100 mL), dried (MgSO4), filtered and concentrated. The product was purified by column chromatography (5% Et2O/petrol) to give the title compound as a pale yellow oil (2.9 g, 10.0 mmol, 84%). δH (400 MHz, CDCl3): 6.17 (1H, dt, J 14.0, 7.0, CH=CHBr), 6.01 (1H, dd, J 13.5, 1.0, CHBr) 3.37 (2H, t, J 6.5, CH2OMe), 3.34 (3H, s, CH2OCH3), 2.03 (2H, q, J 7.0, CH2CH=CHBr), 1.57 (2H, quin, J 7.0 CH2), 1.46 - 1.15 (16H, m, 8CH2). δC (100 MHz, CDCl3): 138.3, 104.0, 73.0, 58.5, 32.9, 29.6, 29.6, 29.5, 29.5, 29.5, 29.3, 28.9, 28.6, 26.1. max (thin film)/cm-1: 2926, 2845, 1621, 1462, 1386, 1196, 1120. HRMS (FI) calculated for C14H2779BrO [M]+: 290.1245. Found 290.1255. This data was consistent with literature.88

(E)-1-Iodo-13-methoxytridec-1-ene, 56




Super hydride (1 M in THF, 8.1 mL, 8.1 mmol) was added slowly to a solution of bis(cyclopentadienyl)zirconium(IV) dichloride (2.4 g, 8.1 mmol) in THF (20 mL) and the reaction mixture was then stirred in the dark for 1 h. A solution of 13-methoxytridec-1-yne (0.85 g, 4.0 mmol) in THF (20 mL) was then added and the reaction mixture was stirred for 15 mins. Iodine (2.1 g, 8.1 mmol) was then added and the reaction stirred for 15 mins. The reaction mixture was then poured over aqueous sodium bicarbonate (60 mL), extracted with Et2O (3 × 40 mL), washed with 1 N aqueous hydrochloric acid (40 mL) and brine (40 mL), dried (MgSO4), filtered and concentrated. The product was purified by column chromatography (5% Et2O/petrol) to give the title compound as a pale yellow oil (1.2 g, 3.5 mmol, 86%). δH (400 MHz, CDCl3): 6.51 (1H, dt, J 14.5, 7.0, CH=CHI), 5.97 (1H, d, J 14.5, CHI), 3.37 (2H, t, J 6.5, CH2OMe), 3.33 (3H, s, CH2OCH3), 2.05 (2H, q, J 7.0, CH2CH=CHI), 1.57 (2H, quin, J 7.0, CH2), 1.43 - 1.21 (16H, m, 8CH2). δC (100 MHz, CDCl3): 146.8, 74.3, 73.0, 58.5, 36.0, 29.7, 29.6, 29.5, 29.5, 29.5, 29.3, 28.9, 28.3, 26.1. max (thin film)/cm-1: 2920, 2846, 1621, 1463, 1388, 1196, 1126. HRMS (FI) calculated for C14H27OI [M]+: 338.1107. Found 338.1107. This data was consistent with literature.88

(E)-(4-Iodobut-3-en-1-yl)benzene, 58




Super hydride (1 M in THF, 100 mL, 100.0 mmol) was added slowly to a solution of bis(cyclopentadienyl)zirconium(IV) dichloride (29.8 g, 100.0 mmol) in THF (200 mL) and the reaction mixture was then stirred in the dark for 1 h. A solution of 4-phenyl-1-butyne (9.4 mL, 67.0 mmol) in THF (200 mL) was then added and the reaction mixture was stirred for 15 mins. The reaction mixture was cooled to 0 °C and N-iodosuccinamide (22.5 g, 100.0 mmol) was added and the reaction stirred for 15 mins. The reaction mixture was then poured over aqueous sodium thiosulfate (200 mL). The organic layer is separated and washed with 1N aqueous hydrochloric acid (200 mL) and brine (200 mL), dried (MgSO4), filtered and concentrated in vacuo. The product was purified by column chromatography (hexane) to give the title compound as a colourless oil (16.0 g, 62.0 mmol, 93%). δH (400 MHz, CDCl3): 7.37 - 7.29 (2H, m, Ar-H), 7.29 - 7.17 (3H, m, Ar-H), 6.59 (1H, dt, J 14.0, 7.0, CH=CHI), 6.07 (1H, d, J 14.5, CH=CHI), 2.75 (2H, t, J 7.5, CH2CH=CHI), 2.41 (2H, q, J 7.5, CH2Ph). δC (100 MHz, CDCl3): 145.6, 140.9, 128.5, 128.3, 126.2, 75.5, 37.8, 34.8. LRMS (FI) calculated for C10H11I [M]+: 257.9905. Found 257.9907. This data was consistent with literature.89

(E)-1-Iodooct-1-ene, 60




Super hydride (1 M in THF, 5.0 mL, 5.0 mmol) was added slowly to a solution of bis(cyclopentadienyl)zirconium(IV) dichloride (1.5 g, 5.0 mmol) in THF (10 mL) and the reaction mixture was then stirred in the dark for 1 h. A solution of 1-octyne (0.5 mL, 3.4 mmol) in THF (10 mL) was then added and the reaction mixture was stirred for 15 mins. The reaction mixture was cooled to 0 °C and N-iodosuccinimide (1.1 g, 5.0 mmol) was added and the reaction stirred for 15 mins. The reaction mixture was then poured over sodium thiosulfate (30 mL). The organic layer is separated and washed with 1N aqueous hydrochloric acid (20 mL) and brine (20 mL), dried (MgSO4), filtered and concentrated. The product was purified by column chromatography (hexane) to give the title compound as a colourless oil (0.53 g, 2.2 mmol, 66%). δH (400 MHz, CDCl3): 6.52 (1H, dt, J 14.0, 7.0, ICH=CH), 5.98 (1H, dt, J 14.0, 1.5, ICH=CH), 2.06 (2H, qd, J 7.0, 1.5, ICH=CHCH2), 1.45 - 1.34 (2H, m, CHCH2CH2), 1.34 - 1.20 (8H, m, 4 × CH2), 0.94 - 0.84 (3H, m, CH3). δC (100 MHz, CDCl3): 146.8, 74.2, 36.0, 31.6, 28.6, 28.3, 22.5, 14.0. LRMS (FI) calculated for C8H15I [M]+: 238.0219. Found 238.0218. This data was consistent with literature.90

(E)-5-Chloro-1-iodopent-1-ene, 61




Super hydride (1 M in THF, 37.8 mL, 37.8 mmol) was added slowly to a solution of bis(cyclopentadienyl)zirconium(IV) dichloride (11.0 g, 37.8 mmol) in THF (100 mL) and the reaction mixture was then stirred in the dark for 1 h. A solution of 5-chloropent-1-yne (2.0 mL, 18.9 mmol) in THF (100 mL) was then added and the reaction mixture was stirred for 15 mins. The reaction mixture was cooled to 0 °C and N-iodosuccinamide (8.5 g, 37.8 mmol) was added and the reaction stirred for 1 h. The reaction mixture was then poured over sodium thiosulfate (150 mL), extracted with Et2O (100  mL), washed with 1N HCl (100 mL) and brine (100 mL), dried with MgSO4, filtered and concentrated in vacuo. The product was purified by column chromatography (petrol) to give the title compound as a colourless oil (3.7 g, 16.1 mmol, 85 %).δH (400 MHz, CDCl3): 6.48 (1H, dt, J 14.5, 7.5, IHC=CH), 6.10 (1H, d, J 14.5, IHC=CH) 3.53 (2H, t, J 6.5, CH2CH2Cl), 2.23 (2H, q, J 7.5, ICH=CHCH2), 1.86 (2H, quin, J 7.0, CH2CH2Cl). δC (100 MHz, CDCl3): 144.4, 76.1, 43.8, 33.0, 30.9. LRMS (FI) calculated for C5H8ClI [M]+: 229.9359. Found 229.9360. This data was consistent with literature.91

(E)-4-Iodooct-4-ene, 62




Super hydride (1 M in THF, 60 mL, 60.0 mmol) was added slowly to a solution of bis(cyclopentadienyl)zirconium(IV) dichloride (17.5 g, 60.0 mmol) in THF (150 mL) and the reaction mixture was then stirred in the dark for 1 h. A solution of 4-octyne (4.4 g, 30.0 mmol) in THF (150 mL) was then added and the reaction mixture was stirred for 15 mins. The reaction mixture was cooled to 0 °C and N-iodosuccinimide (13.5 g, 60.0 mmol) was added and the reaction stirred for 1 h. The reaction mixture was then poured over aqueous sodium thiosulfate (150 mL), extracted with Et2O (100 mL), washed with 1N aqueous hydrochloric acid (100 mL) and brine (100 mL), dried (MgSO4), filtered and concentrated. The product was purified by column chromatography (petrol) to give the title compound as a rose coloured oil (5.8 g, 24.5 mmol, 81%). δH (400 MHz, CDCl3): 6.20 (1H, t, J 7.5, IC=CH), 2.36 (2H, t, J 7.0, CH=CICH2), 2.03 (2H, q, J 7.5, CI=CHCH2), 1.53 (2H, sxt, J 7.5, HC=CICH2CH2), 1.40 (2H, sxt, J 7.5, CHCH2CH2), 0.91 (6H, t, J 7.5, 2 × CH3). δC (100 MHz, CDCl3): 141.5, 103.5, 40.3, 32.9, 22.4, 22.3, 13.6, 12.8. LRMS (FI) calculated for C8H15I [M]+: 238.0219. Found 238.0218. This data was consistent with literature.92

(E)-(2-Iodovinyl)benzene, 64




To a solution of (E)-2-phenylethenylboronic acid (0.5 g, 3.4 mmol) in acetonitrile (20 mL) in the dark, was added N-iodosuccinimide (0.91 g, 4.1 mmol). The reaction mixture was stirred at rt for 2 h or until the boronic acid had been consumed (TLC analysis). The crude product was extracted with hexane (3 × 80 mL), washed with aqueous sodium thiosulfate (2 × 80 mL) and water (2 × 80 mL), dried with (MgSO4), filtered and concentrated. The product was purified by column chromatography (hexane) to give the title compound as a yellow oil (0.59 g, 2.6 mmol, 76%). δH (400 MHz, CDCl3):  7.45 (1H, d, J 15.0 Hz, ArCH=CHI), 7.29 - 7.37 (5H, m, Ar-H), 6.84 (1H, d, J 15.0 Hz, ArCH=CHI). δC (100 MHz, CDCl3): 145.0, 137.7, 128.7, 128.4, 126.0, 76.6. LRMS (FI) calculated for C8H7I [M]+: 229.9593. Found 229.9592. This data was consistent with literature.93





(E)-1-(2-Iodovinyl)-4-methoxybenzene, 65




To a solution of (E)-2-(4-methoxyphenyl)ethenylboronic acid (0.5 g, 2.8 mmol) in acetonitrile (20 mL) in the dark was added N-iodosuccinamide (0.76 g, 3.4 mmol). The reaction mixture was stirred at rt for 2 h or until the boronic acid had been consumed (TLC analysis). The crude product was extracted with hexane (80 mL × 3), washed with aqueous sodium thiosulfate (2 × 80 mL) and water (2 × 80 mL), dried (MgSO4), filtered and concentrated. The product was purified by column chromatography (hexane) to give the title compound as a pale yellow solid (0.43 g, 1.7 mmol, 59%). δH (400 MHz, CDCl3): 7.28 (1H, d, J 15.0, CH=CH), 7.20 - 7.12 (2H, m, Ar-H) 6.81 - 6.74 (2H, m, Ar-H), 6.55 (1H, d, J 15.0, CH=CH), 3.73 (3H, s, OMe). δC (100 MHz, CDCl3): 159.7, 144.3, 130.7, 127.2, 114.0, 73.7, 55.3. LRMS (FI) calculated for C9H9IO [M]+: 259.9698. Found 259.9697. This data was consistent with literature.93






(E)-1-(2-Iodovinyl)-4-(trifluoromethyl)benzene, 66




To a solution of (E)-2-[4-(trifluoromethyl)phenyl]ethenylboronic acid (0.5 g, 3.1 mmol) in acetonitrile (20 mL) in the dark, was added N-iodosuccinamide (0.83 g, 3.7 mmol). The reaction mixture was stirred at rt for 2 h or until the boronic acid had been consumed (TLC analysis). The crude product was extracted with hexane (3 × 80 mL), washed with aqueous sodium thiosulfate (2 × 80 mL) and water (2 × 80 mL), dried (MgSO4), filtered and concentrated. The product was purified by column chromatography (hexane) to give the title compound as a pale yellow solid (328 mg, 1.1 mmol, 36%). δH (400 MHz, CDCl3): 7.59 (2H, d, J 8.0, Ar-H), 7.48 (1H, d, J 15.0 Hz, ArCH=CHI), 7.41 (2H, d, J 8.5, Ar-H), 7.04 (1H, d, J 15.0, ArCH=CHI). δC (100 MHz, CDCl3): 143.7, 140.8, 130.1 (q, JC-F 33.0), 126.1, 125.7 (q, JC-F 4.0), 125.2 (q, JC-F 272.5), 80.0. LRMS (FI) calculated for C9H6F3I [M]+: 297.9466. Found 297.9465. This data was consistent with literature.93






(3-Iodobut-3-en-1-yl)benzene, 68




To a suspension of 4-phenyl-1-butyne (1 mL, 7.1 mmol) and sodium iodide (3.2 g, 21.3 mmol) in acetonitrile (70 mL) was added cerium(III) chloride heptahydrate (4.0 g, 10.7 mmol) and the resulting mixture was stirred at reflux until the alkyne was consumed. The cooled reaction mixture was diluted with Et2O (30 mL) and washed with 0.5N aqueous hydrochloric acid (100 mL). The organic layer was separated and the aqueous layer is extracted with Et2O (4 × 50 mL). The combined organic layers are washed with 10% aqueous sodium bicarbonate (2 × 100 mL), 10% aqueous sodium thiosulfate (100 mL) and brine (100 mL), dried (MgSO4), filtered and concentrated. The product was purified by column chromatography (hexane) to give the title compound as a pale brown oil (0.87 g, 3.4 mmol, 47%). δH (400 MHz, CDCl3): 7.30 - 7.38 (2 H, m, Ar-H), 7.21 - 7.28 (3 H, m, Ar-H), 6.00 (1 H, d, J 1.5, IC=CHaHb), 5.73 (1 H, d, J 1.0, IC=CHaHb), 2.88 (2 H, dd, J 8.0, 7.0, CH2CH2Ar), 2.74 (2 H, dd, J 8.0, 7.0, CH2CH2Ar). δC (100 MHz, CDCl3): 140.2, 128.6, 128.4, 126.2, 126.1, 111.1, 47.2, 35.5. LRMS (FI) calculated for C10H11I [M]+: 257.9905. Found 257.9900. This data was consistent with literature.30



(E)-Ethyl 3-iodoacrylate, 69




To a stirred suspension of ethyl propiolate (1 mL, 9.9 mmol) and sodium iodide (4.4 g, 29.6 mmol) in acetonitrile (100 mL) was added cerium(III) chloride heptahydrate (5.5 g, 14.8 mmol) in one portion. The reaction mixture was then stirred at reflux until the disappearance of the alkyne. The reaction mixture was then diluted with Et2O (50 mL) and washed with 0.5 N aqueous hydrochloric acid (100 mL). The organic layer was separated and the aqueous layer extracted with Et2O (4 × 20 mL). The combined organic layers are washed with 10% aqueous sodium bicarbonate (2 × 50 mL), 10% aqueous sodium thiosulfate (50 mL) and brine (50 mL), dried (MgSO4), filtered and concentrated. The product was purified by column chromatography (hexane) to give the title compound as a pink oil (2.1g, 9.2 mmol, 93%). δH (400 MHz, CDCl3): 7.44 (1H, d, J 9.0, CH=CH), 6.89 (1H, d, J 9.0, CH=CH), 4.26 (2H, q, J 7.0, CH2CH3), 1.33 (3H, t, J 7.0, CH2CH3). δC (100 MHz, CDCl3): 164.5, 129.9, 94.6, 60.7, 14.1. LRMS (FI) calculated for C5H7O2I [M]+: 225.9491. Found 225.9495. This data is consistent with literature.94





(Z)-(4-Iodobut-3-en-1-yl)benzene, 70




To a suspension of (iodomethyl)triphenylphosphonium iodide (20.0 g, 37.7 mmol) in THF (160 mL) at rt was added sodium bis(trimethylsilyl)amide (1 M in THF, 35.2 mL, 35.2 mmol). After near complete dissolution of the solid, the orange reaction mixture was cooled to -78 °C and DMPU (22.8 mL, 188.6 mmol) was added and the reaction mixture left to stir for 10 mins. Hydrocinnamaldehyde (3.3 mL, 25.2 mmol) in THF (64 mL) was added dropwise via cannula. This was washed through with additional THF (24 mL) and the reaction mixture stirred at -78 °C for 30 mins and at rt for a further 30 mins. The reaction mixture was then poured into stirred hexanes (500 mL), filtered through celite (filter pad washed with hexanes (3 × 70 mL)) and concentrated. The product was purified by column chromatography (hexane) to give the title compound as a colourless oil (5.8 g, 22.4 mmol, 89%). δH (400 MHz, CDCl3) 7.38 - 7.33 (2H, m, Ar-H), 7.29 - 7.23 (3H, m, Ar-H), 7.03 (1H, app. t, J 7.0, CH=CHI), 6.29 - 6.24 (1H, m, CH=CHI), 2.79 (2H, t, J 8.0, ArCH2), 2.32 - 2.28 (2H, m, CHCH2CH2). δC (100 MHz, CDCl3) 151.9, 140.5, 140.3, 128.5, 128.2, 126.3, 83.3, 41.3, 36.4, 34.1. LRMS (FI) calculated for C10H11I [M]+: 257.9906. Found 257.9914. This data was consistent with literature.95



Phosphoric acid cyclohex-1-enyl ester diphenyl ester, 76
 



To a solution of cyclohexanone (1.1 mL, 10.2 mmol) in THF (10 mL) at -78 ºC was added lithium diisopropyl amide (1.8 M in THF, 6.2 mL, 11.2 mmol). The reaction mixture was stirred for 30 min before a solution of diphenyl phosphate (3.2 mL, 15.3 mmol) in THF (10 mL). The reaction mixture was stirred at -78 °C for 30 mins and a further 1 h at rt. The reaction was quenched with aqueous ammonium chloride (10 mL) and extracted with Et2O (3 × 50 mL). The combined organic layers were washed with brine (50 mL) and dried (MgSO4), filtered and concentrated. The crude product was purified using Combiflash (0 – 20% EtOAc/iso-hexane) to yield the vinyl phosphate as colourless oil (2.8 g, 8.6 mmol, 88%). δH (400 MHz, CDCl3) 7.15 - 7.38 (10H, m, Ar-H) 5.57 (1H, m, CHCH2), 2.17 - 2.22 (2H, m, CHCH2), 2.05 - 2.11 (2H, m, CH2), 1.65 - 1.75 (2H, m, CH2), 1.50 - 1.59 (2H, m, CH2). δC (100 MHz, CDCl3) 150.6 (d, 3JC-P 7.5), 147.8 (d, 3JC-P 10.4), 129.8, 125.3, 120.1 (d, 3JC-P 4.8), 111.9 (d, 3JC-P 5.6), 27.6 (d, 3JC-P 4.0)  23.6, 22.6, 21.4. max (liquid film)/cm-1: 3072, 2932, 2843, 1683, 1589, 1488, 1297, 1187, 1161, 1111, 1008, 956, 754, 688. HRMS calculated for C18H19O4P [M+]: 353.0913. Found 353.0907. This data was consistant with literature.88

1-Iodocyclohexene, 77




Iodotrimethylsilane (3.8 mL, 26.7 mmol) was added dropwise to a solution of phosphoric acid cyclohex-1-enyl ester diphenyl ester (2.8 g, 8.9 mmol) in DCM (20 mL) while monitoring the internal temperature. The reaction mixture was stirred for 30 min and then quenched with aqueous ammonium chloride (5 mL). The reaction was extracted with DCM (3 × 10 mL) and the combined organic layers were washed with brine (10 mL), dried (MgSO4), filtered and concentrated. The crude product was purified using a Combiflash Rf (0 – 20% EtOAc/iso-hexane) to give the title compound as pale pink oil (1.3 g, 6.1 mmol, 69%). δH (400 MHz, CDCl3): 6.46 (1H, sept, J 1.8, CHCH2), 2.43 - 2.51 (2H, m, CHCH2), 2.05 - 2.11 (2H, m, CH2), 1.60 - 1.75 (4H, m, 2 × CH2). δC (100 MHz, CDCl3) 137.4, 54.7, 39.3, 28.9, 26.8, 25.3, 20.8. max (liquid film)/cm-1: 2957, 2855, 1443, 1327, 1242, 1113, 990. 727, 674. HRMS calculated for C6H9I [M]+: 207.9749. Found 207.9749. This data was consistant with literature.88






(E)-1,2,4,5-Tetrafluoro-3-(13-methoxytridec-1-enyl)benzene, 78




A solution of 1,2,4,5-tetrafluorobenzene (0.10 mL, 0.90 mmol), (E)-1-iodo-13-methoxytridec-1-ene (100.0 mg, 0.30 mmol), copper(I) chloride (3.0 mg, 0.03 mmol), 1,10-phenanthroline (5.4 mg, 0.03 mmol) and cesium carbonate (244 mg, 0.75 mmol) in DMA (0.25 mL) was heated in a microwave reactor at 130 °C for 30 mins under a nitrogen atmosphere. The reaction mixture is diluted with EtOAc (20 mL), washed with brine (3 × 20 mL), dried (MgSO4), filtered and concentrated. The product was purified by column chromatography (5% Et2O/petrol) to give the title compound as a colourless oil (84 mg, 0.23 mmol, 78%). δH (400 MHz, CDCl3): 6.92 - 6.82 (1H, m, Ar-H), 6.62 (1H, dt, J 16.0, 7.0, ArCH=CH), 6.35 (1H, d, J 16.0, ArCH=CH), 3.37 (2H, t, J 6.5, CH2OCH3), 3.33 (3H, s, CH2OCH3), 2.27 (2H, q, J 7.5, CH2CH=CHAr), 1.61 - 1.52 (2H, m, CH2), 1.52 - 1.43 (2H, m, CH2), 1.42 - 1.16 (14H, m, 7  CH2). δC (100 MHz, CDCl3): 141.6 (t, JC-F 7.5), 115.2, 103.0 (t, JC-F 23.0), 73.0, 58.5, 34.3, 29.7, 29.6, 29.6, 29.5, 29.5, 29.4, 29.3, 29.2, 28.9, 26.1 (not enough material obtained to see carbons directly attached to fluorine). max (thin film)/cm-1: 2927, 2855, 1743, 1641, 1453, 1387, 1280, 1251, 1171, 1144, 1120. LRMS (FI) calculated for C20H28F4O [M]+: 360.2076. Found 360.2080.


1,2,4,5-Tetrafluoro-3,6-bis((E)-13-methoxytridec-1-enyl)benzene, 79




A solution of 1,2,4,5-tetrafluorobenzene (0.11 mL, 1.1 mmol), (E)-1-bromo-13-methoxytridec-1-ene (100.0 mg, 0.34 mmol), copper(I) iodide (6.5 mg, 0.03 mmol), 1,10-phenanthroline (6.0 mg, 0.03 mmol) and cesium carbonate (277 mg, 0.85 mmol) in DMA (0.25 mL) is heated in a microwave reactor at 130 °C for 1 h under a nitrogen atmosphere. The reaction mixture is diluted with EtOAc (20 mL), washed with brine (3 × 20 mL), dried (MgSO4), filtered and concentrated. The product was purified by column chromatography (5% Et2O/petrol) to give the title compound as a colourless oil (86 mg, 0.30 mmol, 89%). δH (400 MHz, CDCl3): 6.64 - 6.53 (2H, m, 2 × ArCH=CH), 6.33 (2H, d, J 16.0, 2 × ArCH=CH), 3.37 (4H, t, J 6.5, 2 × CH2OCH3), 3.33 (6H, s, 2 × CH2OCH3), 2.26 (4H, q, J 7.0, 2 × CH=CHCH2), 1.61 - 1.52 (4H, m, 2 × CH2), 1.52 - 1.43 (4H, m, 2 × CH2), 1.39 - 1.22 (28H, m, 14 × CH2). δC (100 MHz, CDCl3): 140.7 (t, JC-F 3.0), 115.3, 109.7, 73.0, 58.5, 34.4, 29.6, 29.6, 29.5, 29.5, 29.4, 29.2, 29.1, 29.0, 26.1(not enough material obtained to see carbons directly attached to fluorine). max (thin film)/cm-1: 2921, 2850, 1729, 1647, 1481, 1464, 1261, 1216, 1122, 1017, 973, 800, 759, 667. HRMS (FI) calculated for C34H54F4O2 [M]+: 570.4060. Found 570.4075.



General Coupling Procedure

An oven dried microwave vial was cooled under vacuum and then charged with tetrakis(acetonitrile)copper(I) tetrafluoroborate (0.1 eq.), 1,10-phenanthroline (0.1 eq.) and potassium phosphate tribasic (2.5 eq.). The reaction vial was then vacuum cycled three times and charged with arene (3 eq.), DMA (1.5 M) and alkenyl iodide (1 eq.). The reaction was heated in an oil bath at 130 °C until the vinyl iodide has been consumed (TLC analysis). The reaction mixture was diluted with Et2O or EtOAc and filtered through a pad of silica (eluted with Et2O or EtOAc) and concentrated. The crude product was purified by column chromatography (hexane).

(E)-1,2,4,5-Tetrafluoro-3-(4-phenylbut-1-en-1-yl)benzene, 80




Synthesised via the general coupling procedure using tetrakis(acetonitrile)copper(I) tetrafluoroborate (24.0 mg, 0.08 mmol), 1,10-phenanthroline (14.0 mg, 0.08 mmol) and potassium phosphate tribasic (411 mg, 1.9 mmol), 1,2,4,5-tetrafluorobenzene (0.26 mL, 2.3 mmol), DMA (0.5 mL) and (E)-(4-iodobut-3-enyl)benzene (200 mg, 0.77 mmol). The title compound was obtained as a white solid (164 mg, 0.59 mmol, 76%). Mp 43 - 47 °C δH (400 MHz, CDCl3): 7.35 - 7.29 (3H, m, Ar-H), 7.23 (2H, d, J 7.5, Ar-H), 6.94 - 6.84 (1H, m, ArF-H), 6.66 (1H, dt, J 16.0, 7.0, CH2CH=CHAr), 6.38 (1H, dt, J 16.5, CH2CH=CHAr), 2.87 - 2.80 (2H, m, CH2CH=CHAr), 2.61 (2H, q, J 7.5, CH2Ph). δC (100 MHz, CDCl3): 146.0 (dm, JC-F 247.0), 144.2 (dm, JC-F 246.5), 141.2, 140.3 (t, JC-F 7.5), 128.5, 128.4, 126.1, 117.7 (t, JC-F 13.0), 115.9, 103.3 (t, JC-F 23.0), 36.1, 35.3. max (thin film)/cm-1: 3066, 3030, 2926, 2851, 1642, 1603, 1492, 1451, 1171, 971, 917, 840, 746, 697.  HRMS (FI) calculated for C16H12F4 [M]+: 280.0875. Found 280.0876. 

((3E,3'E)-(Perfluoro-1,4-phenylene)bis(but-3-ene-4,1-diyl))dibenzene, 80a




Synthesised via the general coupling procedure using tetrakis(acetonitrile)copper(I) tetrafluoroborate (24.0 mg, 0.08 mmol), 1,10-phenanthroline (14.0 mg, 0.08 mmol) and potassium phosphate tribasic (411 mg, 1.9 mmol), 1,2,4,5-tetrafluorobenzene (0.26 mL, 2.3 mmol), DMA (0.5 mL) and (E)-(4-iodobut-3-enyl)benzene (200 mg, 0.77 mmol). The title compound was obtained as a colourless oil (30 mg, 0.07 mmol, 19%). δH (400 MHz, CDCl3): 7.43 - 7.34 (4H, m, Ar-H), 7.34 - 7.26 (6H, m, Ar-H), 6.71 (2H, dt, J 16.0, 7.0, 2 × CH2CH=CHAr), 6.44 (2H, d, J 16.5, 2 × CH2CH=CHAr), 2.90 (4H, app. dd, J 8.0, 7.5, 2 × CH2CH2CH), 2.67 (4H, q, J 7.5, 2 × CH2CH2CH). δC (100 MHz, CDCl3): 143.2 (dm, JC-F 251.5), 141.3, 139.6 (t, JC-F 3.0), 128.5, 128.5, 126.1, 116.1, 114.6, 36.3, 35.5. max (thin film)/cm-1: 3026, 2939, 2857, 1734, 1646, 1602, 1480, 1453, 972, 745, 696. HRMS (FI) calculated for C26H22F4 [M]+: 410.1658. Found 410.1646.

(Z)-1,2,4,5-Tetrafluoro-3-(4-phenylbut-1-en-1-yl)benzene, 81



Synthesised via the general coupling procedure using tetrakis(acetonitrile)copper(I) tetrafluoroborate (24.0 mg, 0.08 mmol), 1,10-phenanthroline (14.0 mg, 0.08 mmol) and potassium phosphate tribasic (411 mg, 1.9 mmol), 1,2,4,5,-tetrafluorobenzene (0.26 mL, 2.3 mmol), DMA (0.5 mL) and (Z)-(4-iodobut-3-enyl)benzene (200 mg, 0.77 mmol). The title compound was obtained as a pale yellow oil (147 mg, 0.52 mmol, 68%). δH (400 MHz, CDCl3): 7.34 - 7.13 (5H, m, Ar-H), 6.98 (1H, tt, J 10.0, 7.5, ArF-H), 6.20 - 6.03 (2H, m, CH=CH), 2.76 (2H, t, J 8.0, CH2CH2Ar), 2.38 (2H, q, J 7.0, CH2CH2Ar). δC (100 MHz, CDCl3): 146.1 (dm, JC-F 246.5), 145.2 (dm, JC-F 252.0), 141.1, 139.0, 128.4, 126.0, 114.1, 104.4 (t, JC-F 22.0), 34.9, 31.7. max (thin film)/cm‑1: 3066, 3028, 2928, 2858, 1641, 1604, 1494, 1452, 1252, 1171, 971, 921, 835, 748, 697. HRMS (FI) calculated for C16H12F4 [M]+: 280.0875. Found 280.0876.
(E)-1,2,3,4,5-Pentafluoro-6-(4-phenylbut-1-en-1-yl)benzene, 82b (entry 1, table 2.12)




Synthesised via the general coupling procedure using tetrakis(acetonitrile)copper(I) tetrafluoroborate (24.0 mg, 0.08 mmol), 1,10-phenanthroline (14.0 mg, 0.08 mmol) and potassium phosphate tribasic (411 mg, 1.9 mmol), pentafluorobenzene (0.26 mL, 2.3 mmol), DMA (0.5 mL) and (E)-(4-iodobut-3-enyl)benzene (200 mg, 0.77 mmol). The title compound was obtained as a pale yellow oil (206 mg, 0.69 mmol, 90%). δH (400 MHz, CDCl3): 7.28 - 7.39 (2H, m, Ar-H), 7.18 - 7.26 (3H, m, Ar-H), 6.59 (1H, dt, J 16.5, 7.0, HC=CHCH2CH2), 6.30 (1H, dt, J 16.5, 1.5, HC=CHCH2CH2), 2.83 (2H, t, J 8.0, HC=CHCH2CH2), 2.61 (2H, q, J 7.5, HC=CHCH2CH2). δC (100 MHz, CDCl3): 144.6 (dm, JC-F 249.5), 141.1, 140.0 (td, JC-F 5.0, 2.5), 139.4 (dm, JC-F 253.0), 137.7 (dm, JC-F 251.0), 128.4, 126.1, 114.7, 112.4 (td, JC-F 10.5, 4.0), 36.1, 35.3. max (thin film)/cm-1: 3064, 3029, 2929, 2859, 1652, 1605, 1519, 1494, 1131, 1000, 984, 972, 945, 747, 698. HRMS (FI) calculated for C16H11F5 [M]+: 298.0781. Found 298.0784.



(E)-1,2,3,5-Tetrafluoro-4-(4-phenylbut-1-en-1-yl)benzene, 83b (entry 3, table 2.12)




Synthesised via the general coupling procedure using tetrakis(acetonitrile)copper(I) tetrafluoroborate (24.0 mg, 0.08 mmol), 1,10-phenanthroline (14.0 mg, 0.08 mmol) and potassium phosphate tribasic (411 mg, 1.9 mmol), 1,2,3,5-tetrafluorobenzene (0.25 mL, 2.3 mmol), DMA (0.5 mL) and (E)-(4-iodobut-3-enyl)benzene (200 mg, 0.77 mmol). The title compound was obtained as a pale yellow oil (183 mg, 0.65 mmol, 85%). δH (400 MHz, CDCl3): 7.34 (2H, t, J 7.5, Ar-H), 7.23 (3H, q, J 7.5, Ar-H), 6.70 - 6.81 (1H, m, ArF-H), 6.68 - 6.56 (1H, m, CH=CHCH2), 6.33 (1H, d, J 16.0, CH=CHCH2), 2.84 (2H, app. t, J 7.5, CH2CH=CH), 2.61 (2H, app. q, J 7.0, CH2Ph). δC (100 MHz, CDCl3): 154.7 (dm, JC-F 247.0), 149.4 (dm, JC-F 252.5), 148.7 (dm, JC-F 249.5), 141.4, 138.6 (t, JC-F 7.0), 136.4 - 135.9 (m), 128.5, 128.4, 126.0, 115.6, 115.4, 100.6 (ddd, JC-F 18.5, 17.0, 3.0), 36.1, 35.4. max (thin film)/cm-1: 3064, 3029, 2929, 2858, 1643, 1606, 1509, 1455, 1162, 1124, 1044, 970, 837, 747, 698. HRMS (FI) calculated for C16H12F4 [M]+: 280.0875. Found 280.0872.



(E)-1,2,3,4-Tetrafluoro-5-(4-phenylbut-1-en-1-yl)benzene, 84b (entry 4, table 2.12)




Synthesised via the general coupling procedure using tetrakis(acetonitrile)copper(I) tetrafluoroborate (24.0 mg, 0.08 mmol), 1,10-phenanthroline (14.0 mg, 0.08 mmol) and potassium phosphate tribasic (411 mg, 1.9 mmol), 1,2,3,4-tetrafluorobenzene (0.25 mL, 2.3 mmol), DMA (0.5 mL) and (E)-(4-iodobut-3-enyl)benzene (200 mg, 0.77 mmol). The title compound was obtained as a pale yellow oil (117 mg, 0.42 mmol, 54%). δH (400 MHz, CDCl3): 7.29 - 7.36 (2H, m, Ar-H), 7.20 - 7.28 (3H, m, Ar-H), 6.75 (1H, app. tdd, J 10.0, 6.0, 2.5, ArF-H), 6.49 - 6.62 (1H, m, CH=CHAr), 6.31 (1H, d, J 16.5, CH=CHAr), 2.82 (2H, d, J 8.5, CH2CH2Ar), 2.60 (2H, q, J 7.5, CH2CH2Ar). δC (100 MHz, CDCl3): 141.3, 138.5 - 138.3 (m), 128.5, 128.4, 126.0, 115.5, 101.0 - 100.3 (m), 36.1, 35.6, the ArF carbons cannot be seen due to fluorine splitting. max (thin film)/cm-1: 3062, 3026, 2924, 2855, 1604, 1525, 1496, 1481, 1238, 940, 750, 698. HRMS (FI) calculated for C16H12F4 [M]+: 280.0875. Found 280.0875.



(E)-1,2,4,5-Tetrafluoro-3-(oct-1-en-1-yl)benzene, 60b (entry 2, table 2.14)




Synthesised via the general coupling procedure using tetrakis(acetonitrile)copper(I) tetrafluoroborate (26.0 mg, 0.08 mmol), 1,10-phenanthroline (15.0 mg, 0.08 mmol) and potassium phosphate tribasic (446 mg, 2.1 mmol), 1,2,4,5,-tetrafluorobenzene (0.28 mL, 2.5 mmol), DMA (0.55 mL) and (E)-1-iodooct-1-ene (200 mg, 0.84 mmol). The title compound was obtained as a colourless oil (188 mg, 0.72 mmol, 86%). δH (400 MHz, CDCl3): 6.87 (1H, tt, J 10.0, 7.5, ArF-H), 6.69 - 6.57 (1H, m, CH2CH=CH), 6.40 - 6.30 (1H, m, CH2CH=CH), 2.28 (2H, q, J 7.0, CH=CHCH2), 1.56 - 1.45 (2H, m, CH=CHCH2CH2), 1.43 - 1.23 (6H, m, CH2CH2CH2CH3), 0.91 (3H, t, J 6.5, CH2CH3). δC (100 MHz, CDCl3): 146.4 (dm, JC-F 247.0), 142.9 (dm, JC-F 242.0), 141.6 (t, JC-F 7.5), 117.9 (t, JC-F 13.5), 115.2, 103.0 (t, JC-F 22.5), 34.3, 31.6, 28.8 (2C), 22.6, 14.0. max (thin film)/cm-1: 3082, 2958, 2928, 2858, 1642, 1603, 1501, 1452, 1251, 1170, 970, 918, 833. HRMS (FI) calculated for C14H16F4 [M]+: 260.1188. Found 260.1184.



(E)-1,2,4,5-Tetrafluoro-3-(oct-4-en-4-yl)benzene, 62b (entry 3, table 2.14)




Synthesised via the general coupling procedure using tetrakis(acetonitrile)copper(I) tetrafluoroborate (26.0 mg, 0.08 mmol), 1,10-phenanthroline (15.0 mg, 0.08 mmol) and potassium phosphate tribasic (446 mg, 2.1 mmol), 1,2,4,5,-tetrafluorobenzene (0.28 mL, 2.5 mmol), DMA (0.55 mL) and (E)-4-iodooct-4-ene (200 mg, 0.84 mmol). The title compound was obtained as a mixture with starting material (171 mg, 74% conversion). The peaks consistent with the product are: δH (400 MHz, CDCl3): 6.99 - 6.88 (1H, m, Ar-H), 5.53 (1H, t, J 7.5, C=CH), 2.38 (2H, t, J 8.0, CH=ArCCH2), 2.23 (2H, q, J 7.5, ArC=CHCH2), 1.48 (2H, sxt, J 7.5, ArCH2CH2), 1.31 (2H, sxt, J 7.5, CHCH2CH2), 0.97 (3H, t, J 7.5, CH3), 0.90 (3H, t, J 7.5, CH3). δC (100 MHz, CDCl3): 145.8 (dm, JC-F 247.5), 145.1 (dm, JC-F 231.5), 135.8, 127.5, 124.2 (t, JC-F 18.5), 103.7 (t, JC-F 23.0), 32.5, 30.1, 22.5, 21.4, 13.68, 13.65. LRMS (FI) calculated for C14H16F4 [M]+ 260.1188. Found 260.1191. This data was consistent with literature.96



1,2,4,5-Tetrafluoro-3-(4-phenylbut-1-en-2-yl)benzene, 68b (entry 5, table 2.14)




Synthesised via the general coupling procedure using tetrakis(acetonitrile)copper(I) tetrafluoroborate (24.0 mg, 0.08 mmol), 1,10-phenanthroline (14.0 mg, 0.08 mmol) and potassium phosphate tribasic (411 mg, 1.9 mmol), 1,2,4,5-tetrafluorobenzene (0.26 mL, 2.3 mmol), DMA (0.5 mL) and (3-iodobut-3-en-1-yl)benzene (200 mg, 0.77 mmol). The title compound was obtained as a pale yellow oil (120 mg, 0.43 mmol, 56%). δH (400 MHz, CDCl3): 7.32 - 7.26 (2H, m, Ar-H), 7.24 - 7.16 (3H, m, Ar-H), 6.99 (1H, tt, J 10.0, 7.5, ArF-H), 5.54 (1H, s, C=CHaHb), 5.24 (1H, s, C=CHaHb), 2.77 (4H, s, CH2CH2). δC (100 MHz, CDCl3): 146.4 (dm, JC-F 237.5), 143.7 (dm, JC-F 250.0), 140.9, 136.1, 128.3, 126.1, 122.3 (t, JC-F 18.0), 120.2, 104.5 (t, JC-F 23.0), 38.0, 34.3. max (thin film)/cm-1: 3064, 3028, 2928, 2860, 1638, 1605, 1491, 1454, 1173, 936, 844, 747, 698. HRMS (FI) calculated for C16H12F4 [M]+: 280.0875. Found 280.0872.



(E)-1,2,4,5-Tetrafluoro-3-styrylbenzene, 64b (entry 6, table 2.14)




Synthesised via the general coupling procedure using tetrakis(acetonitrile)copper(I) tetrafluoroborate (27.0 mg, 0.09 mmol), 1,10-phenanthroline (16.0 mg, 0.09 mmol) and potassium phosphate tribasic (460 mg, 2.2 mmol), 1,2,4,5,-tetrafluorobenzene (0.49 mL, 4.4 mmol), DMA (0.56 mL) and (E)-(2-iodovinyl)benzene (200 mg, 0.87 mmol). The title compound was obtained as a pale yellow solid (198 mg, 0.79 mmol, 90%). Mp 97 - 100 °C. δH (400 MHz, CDCl3): 7.56 (2H, d, J 7.0, Ar-H), 7.51 (1H, d, J 17.0, ArFCH=CHAr), 7.31 - 7.45 (3H, m, Ar-H), 7.09 (1H, d, J 17.0, ArFCH=CHAr), 6.95 (1 H, tt, J 9.5, 7.5, ArF-H). δC (100 MHz, CDCl3): 146.1 (dm, JC-F 247.0), 143.3 (dm, JC-F 243.5), 137.5 (t, JC-F 8.5), 136.6, 128.9, 128.8, 127.0, 117.6 (t, JC-F 13.5), 113.9, 103.8 (t, JC-F 23.0). max (thin film)/cm-1: 3085, 3032, 2927, 1631, 1599, 1495, 1452, 1246, 1170, 1000, 965, 929, 830, 754, 710, 688. HRMS (FI) calculated for C14H8F4 [M]+: 252.0562. Found 252.0560.



(E)-1,2,4,5-Tetrafluoro-3-(4-methoxystyryl)benzene, 65b (entry 7, table 2.14)




Synthesised via the general coupling procedure using tetrakis(acetonitrile)copper(I) tetrafluoroborate (24.0 mg, 0.08 mmol), 1,10-phenanthroline (14.0 mg, 0.08 mmol) and potassium phosphate tribasic (410 mg, 1.9 mmol), 1,2,4,5,-tetrafluorobenzene (0.43 mL, 3.9 mmol), DMA (0.5 mL) and (E)-1-(2-iodovinyl)-4-methoxybenzene (200 mg, 0.77 mmol). The title compound was obtained as a white solid (155 mg, 0.55 mmol, 71%). Mp 134 - 137 °C. δH (400 MHz, CDCl3): 7.53 - 7.41 (3H, m, Ar-H and CH=CH), 6.98 - 6.86 (4H, m, ArF-H, Ar-H and CH=CH), 3.86 (3H, s, OCH3). δC (100 MHz, CDCl3): 160.3, 145.9 (dm, JC-F 246.0), 144.5 (dm, JC-F 263.5), 137.0 (t, JC-F 8.5), 129.4, 128.3, 118.0 (t, JC-F 13.5), 114.3, 111.6, 103.2 (t, JC-F 22.5), 55.3. max (thin film)/cm-1: 3071, 3022, 2967, 2940, 2842, 1642, 1632, 1599, 1575, 1494, 1448, 1235, 1171, 1111, 1031, 962, 928, 854, 820, 808, 770. HRMS (FI) calculated for C15H10F4O [M]+: 282.0668. Found 282.0667.



(E)-1,2,4,5-Tetrafluoro-3-(4-(trifluoromethyl)styryl)benzene, 66b (entry 8, table 2.14)




Synthesised via the general coupling procedure using tetrakis(acetonitrile)copper(I) tetrafluoroborate (21.0 mg, 0.07 mmol), 1,10-phenanthroline (12.0 mg, 0.07 mmol) and potassium phosphate tribasic (360 mg, 1.7 mmol), 1,2,4,5-tetrafluorobenzene (0.37 mL, 3.4 mmol), DMA (0.44 mL) and (E)-1-(2-iodovinyl)-4-(trifluoromethyl)benzene (200 mg, 0.67 mmol). The title compound was obtained as a white solid (148 mg, 0.46 mmol, 69%). Mp 130 – 133 °C. δH (500 MHz, CDCl3): 7.66 (4H, s, Ar-H), 7.52 (1H, d, J 16.5, CH=CH), 7.17 (1H, d, J 16.5, CH=CH), 7.00 (1H, app. tt, J 9.5, 7.5, ArF-H). δC (125 MHz, CDCl3): 146.1 (dm, JC-F 248.0), 144.6 (dm, JC-F 251.0), 140.0, 135.8 (t, JC-F 9.0), 130.5 (q, JC-F 32.5), 127.1, 125.8 (q, JC-F 4.0), 124.0 (q, JC-F 272.0) 117.0 (t, JC-F 13.0), 116.4, 104.6 (t, JC-F 23.0). max (thin film)/cm-1: 3107, 2924, 2851, 1630, 1614, 1600, 1491, 1323, 1245, 1171, 1149, 1111, 1069, 1041, 1015, 970, 929, 845, 824, 698, 660. HRMS (FI) calculated for C15H7F7 [M]+: 320.0436. Found 320.0432.



2',3',5',6'-Tetrafluoro-2,3,4,5-tetrahydro-1,1'-biphenyl, 77b (entry 9, table 2.14)




Synthesised via the general coupling procedure using tetrakis(acetonitrile)copper(I) tetrafluoroborate (30.0 mg, 0.096 mmol), 1,10-phenanthroline (17.0 mg, 0.096 mmol) and potassium phosphate tribasic (509 mg, 2.4 mmol), 1,2,4,5,-tetrafluorobenzene (0.32 mL, 2.9 mmol), DMA (0.62 mL) and 1-iodocyclohexene (200 mg, 0.96 mmol). The title compound was obtained as a mixture with starting material (115 mg, 82% conversion). The peaks consistent with the product are: δH (400 MHz, CDCl3): 6.92 (1H, tt, J 10.0, 7.5, ArF-H), 5.88 (1H, br. s, C=CH), 2.32 - 2.18 (4H, m, CHCH2 and CCH2), 1.84 - 1.62 (4H, m, CH2CH2). δC (100 MHz, CDCl3): 145.8 (dm, JC-F 247.0), 143.7 (dm, JC-F 253.0), 132.3, 123.9 (t, JC-F 18.5), 103.7 (t, JC-F 22.5), 28.5 (t, JC-F 2.0), 25.5, 22.6, 21.6. max (thin film)/cm-1: 2934, 2862, 2840, 1643, 1606, 1487, 1451, 1280, 1261, 1171, 1113, 943, 914, 840, 811, 801, 701. HRMS (FI) calculated for C12H10F4 [M]+: 230.0719. Found 230.0712.



1,2,4,5-Tetrafluoro-3-(4-phenylbutyl)benzene, 101




(Z)-1,2,4,5-Tetrafluoro-3-(4-phenylbut-1-enyl)benzene (1.1 g, 3.9 mmol) and palladium on carbon 5% JM Type87L (0.22 g, 0.05 mmol) in ethanol (50 mL) were stirred under an atmosphere at 1 bar and 25 °C for 16 h. The reaction mixture was filtered over Celite, concentrated, purified by column chromatography (0-20% EtOAc/hexane) and the title product was obtained as a colourless oil (0.82 g, 2.9 mmol, 74%). δH (400 MHz, CDCl3): 7.34 - 7.26 (2H, m, Ar-H), 7.24 - 7.16 (3H, m, Ar-H), 6.91 (1H, tt, J 10.0, 7.5, ArF-H), 2.78 (2H, tt, J 7.0, 1.5, ArFCH2CH2), 2.67 (2H, t, J 7.5, CH2CH2Ar), 1.76 - 1.62 (4H, m, CH2CH2CH2CH2). δC (100 MHz, CDCl3): 145.2 (dm, JC-F 246.0), 144.7 (dm, JC-F 254.0), 142.1, 128.4, 128.4, 125.8, 121.4 (t, JC-F 18.5), 103.4 (t, JC-F 22.5), 35.5, 30.9, 28.8, 22.8. max (thin film)/cm-1: 3067, 3028, 2936, 2862, 1648, 1605, 1498, 1455, 1250, 1171, 921, 837, 748, 713, 698. HRMS (FI) calculated for C16H14F4 [M]+: 282.1032. Found 282.1030.



((Perfluoro-1,4-phenylene)bis(butane-4,1-diyl))dibenzene, 102




(3E, 3’E)-4,4’-(Perfluoro-1,4-phenylene)bis(but-3-ene-4,1-diyl)dibenzene (0.58 g, 1.4 mmol) and palladium on carbon 5% JM Type87L (4.1 g, 0.04 mmol) in ethanol (50 mL) were stirred under a hydrogen atmosphere at 1 bar at 40 °C for 16 h. The reaction mixture was filtered over celite, concentrated, purified by column chromatography (0-20% EtOAc\hexane) and the title product was obtained as a colourless oil (0.39 g, 0.94 mmol, 67%). δH (400 MHz, CDCl3): 7.32 - 7.25 (4H, m, Ar-H), 7.22 - 7.14 (6H, m, Ar-H), 2.73 (4H, app. t, J 7.0, 2 × ArFCH2CH2), 2.65 (4H, app. t, J 7.0, 2 × CH2CH2Ar), 1.58 - 1.74 (8H, m, 2 × CH2CH2CH2CH2 and 2 × CH2CH2CH2CH2). δC (100 MHz, CDCl3): 144.1 (dm, JC-F 247.0), 142.2, 128.4, 128.3, 125.8, 118.1 - 117.6 (m), 35.5, 30.9, 28.9, 22.5. max (thin film)/cm-1: 3083, 30223, 2923, 2855, 1602, 1496, 1480, 1464, 1453, 1268, 1136, 948, 932, 869, 748, 697. HRMS (FI) calculated for C26H26F4 [M]+: 414.1971. Found 414.1975.



Tetrabutylammonium acetate




Prepared according to literature method.35  δH (400 MHz, CDCl3): 3.17 - 3.00 (8H, m, 4 × NCH2), 1.79 (3H, s, CO2CH3), 1.62 - 1.45 (8H, m, 4 × NCH2CH2), 1.24 (8H, sxt, J 7.0, 4 × CH2CH2CH3), 0.83 (12H, t, J 7.5, 4 × CH2CH3). δC (100 MHz, CDCl3): 181.7, 58.5, 49.2, 23.5, 19.5, 13.2. This data was consistent with literature.35

Tetrabutylammonium hydrogen carbonate




Prepared according to literature method.35 δH (400 MHz, CDCl3): 3.14 - 2.95 (8H, m, 4 × NCH2), 1.61 - 1.42 (8H, m, 4 × NCH2CH2), 1.22 (8H, sxt, J 7.0, 4 × CH2CH2CH3), 0.81 (12H, t, J 7.5, CH2CH3). δC (100 MHz, CDCl3): 58.4, 23.5, 19.5, 13.2. This data was consistent with the literature.35

Iodomethyltriphenylphosphonium iodide




Prepared according to literature method97 using diiodomethane (8 mL, 99.1 mmol), triphenylphosphine (20.0 g, 76.3 mmol) and toluene (20 mL) to give the title compound as a white solid (19.0 g, 35.8 mmol, 47%).  δH (400 MHz, CDCl3): 7.98 - 7.75 (15H, m, Ar-H), 5.06 (2H, d, JP-H 9.0, CH2).  δC (100 MHz, CDCl3): 135.6 (d, JP-C 2.5), 134.3 (d, JP-C 10.5), 130.6 (d, JP-C 12.5), 118.9 (d, JP-C 88.0), -15.1 (d, JP-C 52.5). δP (162 MHZ, CDCl3): 23.5. This data was consistent with literature.97



[bookmark: _Toc343630610]Chapter 4 Compounds

Benzyl (2,2-dimethoxyethyl)carbamate, 200




To a solution of 2,2-dimethoxyethylamine (1.6 mL, 15.0 mmol) in Et2O (75 mL) was added potassium carbonate (6.20 g, 44.9 mmol) and water (75 mL). The reaction mixture was then cooled to 0 °C and benzyl chloroformate (2.1 mL, 15.0 mmol) was added. The reaction mixture was left to warm to rt and stir for 16 h. The two layers are separated and the aqueous layer was extracted with Et2O (2 × 50 mL). The combined organic layers were washed with 5% aqueous citric acid (3 × 80 mL) and brine (2 × 80 mL), dried (MgSO4), filtered and concentrated. The title product is obtained as a white crystalline solid (3.56 g, 14.9 mmol, 99%). δH (400 MHz, CDCl3): 7.40 - 7.29 (5H, m, Ar-H), 5.11 (2H, s, ArCH2O), 4.99 (1H, br. s, NH), 4.39 (1H, t, J 5.0, CH(OCH3)2), 3.39 (6H, s, 2 × OCH3), 3.34 (2H, t, J 5.5, NCH2CH).  δC (100 MHz, CDCl3): 156.4, 136.5, 128.5, 128.2, 128.1, 102.8, 66.8, 54.4, 42.4. LRMS (ESI) calculated for C12H17NNaO4 [M+Na]+: 262.1. Found 262.1. This data is consistent with literature.98



Benzyl (2,2-dimethoxyethyl)((methylthio)methyl)carbamate, 201




To a solution of benzyl (2,2-dimethoxyethyl)carbamate (0.5 g, 2.1 mmol) and sodium iodide (142 mg, 0.95 mmol) in DMF (4 mL) was added sodium bis(trimethylsilyl)amide (2 M in THF, 1.4 mL, 2.9 mmol) and the reaction mixture was stirred for 30 mins at rt. Then methylthiomethyl chloride (0.16 mL, 1.9 mmol) was added and the reaction was stirred for 2 h. The reaction mixture was dilute with EtOAc (10 mL) and washed with 1 N aqueous hydrochloric acid (10 mL), 5% aqueous lithium chloride (10 mL) and brine (10 mL), dried (MgSO4), filtered and concentrated. The title compound was purified by column chromatrography (20% EtOAc/petrol) and was isolated as a pale yellow oil (0.54 g, 1.8 mmol, 95%). Data recorded on a 1:1 mixture of rotamers. δH (400 MHz, CDCl3): 7.38 - 7.28 (5H, m, Ar-H), 5.16 (1H, br. s, ArCH2), 5.15 (1H, br. s, ArCH2), 4.59 (1H, s, CH3SCH2), 5.15 (1H, s, CH3SCH2), 4.54 (0.5H, t, J 5.5, CH(OCH3)2), 4.43 (0.5H, t, J 5.5, CH(OCH3)2), 3.53 - 3.45 (2H, m, NCH2CH), 3.39 (3H, s, 2 × OCH3), 3.31 (3H, s, 2 × OCH3), 2.09 (1.5H, s, SCH3), 1.98 (1.5H, s, SCH3). δC (100 MHz, CDCl3): 156.3, 155.9, 136.3, 136.1, 128.5, 128.2, 127.9, 103.6, 103.2, 67.7, 67.6, 54.5, 54.4, 52.0, 51.5, 46.7, 46.3, 15.3, 14.0. max (neat)/cm-1: 2943, 1699, 1454, 1413, 1365, 1221, 1115, 1072, 965, 734, 698. HRMS (ESI) calculated for C14H21NNaO4S [M+Na]+: 322.1083. Found 322.1073.

Benzyl ((methylthio)methyl)(2-oxoethyl)carbamate, 202




To a solution of benzyl (2,2-dimethoxyethyl)((methylthio)methyl)carbamate (100 mg, 0.33 mmol) in acetone (3.3 mL) was added 1 N aqueous hydrochloric acid (3.3 mL) and stirred for 16 h at rt. The organic and aqueous layers were separated and the aqueous layer was extracted with Et2O (2 × 10 mL). The organic layers were combined and washed with aqueous sodium bicarbonate (10 mL) and brine (10 mL), dried (MgSO4), filtered and concentrated. The title compound was purified by column chromatography (20% EtOAc/petrol) and isolated as a pale yellow oil (62 mg, 0.24 mmol, 74%). δH (500 MHz, d8-toluene, 90 °C): 9.20 (1H, s, CHO), 7.19 - 7.03 (5H, m, Ar-H), 4.98 (2H, s, ArCH2), 4.24 (2H, br. s, NCH2), 3.64 (2H, br. s, CH3SCH2), 1.81 (3H, s, SCH3). δC (125 MHz, d8-toluene, 90 °C): 196.0, 155.8, 137.5, 136.8, 128.3, 128.2, 67.9, 55.6, 52.6, 13.7. max (neat)/cm-1: 2975, 1699, 1417, 1223, 1181, 1116, 1029, 963, 735, 697. HRMS (ESI) calculated for C13H19NNaO4S [M+Na+MeOH]+: 308.0927. Found 308.0924.
N-Benzyl carbamate (2,2-dimethoxyethyl) S-methyl carbonodithioate, 203




A solution of benzyl (2,2-dimethoxyethyl)carbamate (120 mg, 0.5 mmol) in THF (3.3 mL) was added to a solution of sodium hydride (60% in mineral oil, 50 mg, 1.25 mmol) and imidazole (1.7 mg, 0.025 mmol) in THF (5 mL) at 0 °C. The reaction mixture was stirred at rt for 30 mins and carbon disulfide (0.075 mL, 1.25 mmol) was added dropwise at rt. The reaction mixture was stirred for 30 mins at rt and methyl iodide (0.078 mL, 1.25 mmol) was added dropwise at rt. The reaction mixture was stirred at rt for 30 mins and then quenched with 0.1 M aqueous acetic acid. The aqueous layer was extracted with EtOAc (3 × 10 mL) and the combined organic layers washed with brine (20 mL), dried (MgSO4), filtered, concentrated and purified by column chromatography (20% EtOAc/petrol). The title compound was obtained as a fibrous yellow solid (165 mg, 0.5 mmol, quant.). δH (400 MHz, CDCl3): 7.38 - 7.25 (5H, m, Ar-H), 5.23 (2H, s, ArCH2), 4.67 - 4.64 (1H, m, CH(OCH3)2), 4.57 (2H, d, J 5.5, NCH2), 3.25 (6H, s, 2 × OCH3), 2.52 (3H, s, SCH3). δC (100 MHz, CDCl3): 207.6, 154.2, 134.7, 128.7, 128.6 (2C), 101.9, 69.5, 55.1, 52.6, 22.7. max (neat)/cm-1: 2909, 1728, 1446, 1425, 1373, 1331, 1241, 1191, 1120, 1065, 1031, 976, 937, 839, 764, 745, 692. HRMS (ESI) calculated for C14H19NNaO4S2 [M+Na]+: 352.0648. Found 352.0634.

Benzyl (2-oxoethyl)carbamate, 208




To a solution of benzyl (2,2-dimethoxyethyl)carbamate (1.0 g, 4.2 mmol) in acetone (40 mL) was added 1 N aqueous hydrochloric acid (40 mL) and stirred for 16 h at rt. The organic and aqueous layers were separated and extracted with Et2O (2 × 60 mL). The organic layers were combined and washed with aqueous sodium bicarbonate (60 mL) and brine (60 mL), dried (MgSO4), filtered and concentrated. The title compound was purified by recrystallisation (DCM/petrol) and isolated as a white crystalline solid (94 mg, 0.49 mmol, 12%).  Mp 91 - 93 °C. δH (400 MHz, CDCl3): 9.51 (1H, s, CHO), 7.43 - 7.37 (5H, m, Ar-H), 5.07 (2H, s, ArCH2), 3.88 (2H, d, J 5.5, NCH2). δC (100 MHz, CDCl3): 207.4, 156.4, 137.2, 128.8, 128.2 (2C), 66.1, 51.1. max (neat)/cm-1: 3338, 2949, 1702, 1526, 1455, 1346, 1251, 1157, 1089, 1009, 744, 698. HRMS (ESI) calculated for C11H15NNaO4 [M+Na]+: 248.0893. Found 248.0894. This data is consistent with literature.99

General Hydroacylation Procedure 1

Rh(nbd)2BF4 (0.05 eq) and dcpm (0.05 eq) were added to a microwave vial equipped with a stirrer bar and the vial was sealed. The vial was put under vacuum and then flushed with nitrogen three times. Acetone (0.3 M) was added and hydrogen gas was bubbled through the solution until the solution turned yellow. The mixture was purged with nitrogen for 30 seconds. The aldehyde (1.0 eq) and alkyne (1.5 eq) were added and the reaction was heated to 55 °C until complete consumption of aldehyde or for 16 hours, whichever occurred first. The reaction mixture was diluted with Et2O, filtered through silica; the filtrate was concentrated and purified by column chromatography (10 - 20% EtOAc/petrol).   

General Hydroacylation Procedure 2

Rh(nbd)2BF4 (0.05 eq) and dcpm (0.05 eq) were added to a microwave vial equipped with a stirrer bar and the vial was sealed. The vial was put under vacuum and then flushed with nitrogen three times. Acetone (0.3 M) was added and hydrogen gas was bubbled through the solution until the solution turned yellow. The mixture was purged with nitrogen for 30 seconds. The aldehyde (1.0 eq) and alkyne (1.5 eq) were added to a separate microwave vial and put under vacuum and then flushed with nitrogen three times. The catalyst solution was then added to the vial and the reaction mixture was heated to 55 °C until complete comsumption of the aldehyde or for 16 hours, whichever occurred first. The reaction mixture was diluted with Et2O, filtered through silica; the filtrate was concentrated and purified by column chromatography (10 - 20% EtOAc/petrol).



(E)-Benzyl ((methylthio)methyl)(2-oxodec-3-en-1-yl)carbamate, 206




Synthesised via general hydroacylation procedure 1 using benzyl ((methylthio)methyl)(2-oxoethyl)carbamate (0.5 g, 2.0 mmol), 1-octyne (0.44 mL, 3.0 mmol), Rh(nbd)2BF4 (37 mg, 0.1 mmol), dcpm (40.0 mg, 0.1 mmol) and acetone (6.6 mL). The title compound was obtained as a brown oil (0.66 g, 1.8 mmol, 92%). δH (500 MHz, d8-toluene, 90 °C): 7.22 - 6.98 (5H, m, Ar-H), 6.77 - 6.67 (1H, m, COCH=CH), 5.95 (1H, d, J 16.0 COCH=CH), 5.03 (2H, s, ArCH2), 4.50 (2H, br. s, NCH2), 4.17 (2H, br. s, CH3SCH2), 2.12 (1H, dt, J 4.0, 2.0, CH=CHCHaHb), 1.99 - 1.83 (4H, m, CH=CHCHaHb and SCH3), 1.29 - 1.13 (8H, m, 4 × CH2), 0.88 (3H, t, J 7.0, CH2CH3). δC (125 MHz, d8-toluene, 90 °C): 193.0, 156.1, 147.3, 137.2, 128.5, 128.2, 128.0, 67.7, 52.7, 32.5, 31.8, 29.0, 28.2, 22.7, 13.9. max (neat)/cm-1: 2926, 1702, 1632, 1449, 1361, 1222, 1112, 978, 942, 875, 766, 734, 697. HRMS (ESI) calculated for C20H29NNaO3S [M+Na]+: 386.1760. Found 386.1748.



(E)-Benzyl (7-methyl-2-oxooct-3-en-1-yl)((methylthio)methyl)carbamate, 209b (entry 2, table 4.9)




Synthesised via general hydroacylation procedure 1 using benzyl ((methylthio)methyl)(2-oxoethyl)carbamate (50 mg, 0.2 mmol), 5-methyl-1-hexyne (39 μL, 0.3 mmol), Rh(nbd)2BF4 (3.7 mg, 0.01 mmol), dcpm (4.0 mg, 0.01 mmol) and acetone (0.65 mL). The title compound was obtained as a yellow oil (64 mg, 0.19 mmol, 94%). Data recorded on a 1:1 mixture of rotamers. δH (400 MHz, CDCl3): 7.33 - 7.15 (5H, m, Ar-H), 6.03 - 6.79 (1H, m, COCH=CH), 6.08 (0.5H, d, J 13.0, COCH=CH), 6.04 (0.5H, d, J 13.0, COCH=CH), 5.09 (1H, s, ArCH2), 5.04 (1H, s, ArCH2), 4.48 (1H, s, NCH2), 4.45 (1H, s, NCH2), 4.34 (1H, s, CH3SCH2), 4.25 (1H, s, CH3SCH2), 2.20 - 2.09 (2H, m, CH=CHCH2), 2.05 (1.5H, s, SCH3), 1.93 (1.5H, s, SCH3), 1.49 (1H, app. non, J 6.5, CH(Me)2), 1.32 - 1.20 (2H, m, CH2CH2CH), 0.83 (3H, app. d, J 2.0, CH(CH3)a(CH3)b), 0.82 (3H, app. d, J 2.0, CH(CH3)a(CH3)b). δC (100 MHz, CDCl3): 194.1, 193.9, 156.3, 155.9, 149.31, 149.27, 136.3, 136.0, 128.6, 128.5, 128.3, 128.2, 128.0, 127.8, 127.3, 126.9, 67.9, 67.7, 52.21, 52.16, 52.0, 51.4, 37.0, 30.61, 30.59, 27.6, 22.4, 14.0, 13.8. max (neat)/cm-1: 2955, 1702, 1633, 1450, 1365, 1224, 1113, 984, 944, 767, 736, 698. HRMS (ESI) calculated for C19H27NNaO3S [M+Na]+: 372.1604. Found 372.1601.

(E)-Benzyl ((methylthio)methyl)(2-oxo-6-phenylhex-3-en-1-yl)carbamate, 210b (entry 3, table 4.9)




Synthesised via general hydroacylation procedure 1 using benzyl ((methylthio)methyl)(2-oxoethyl)carbamate (50 mg, 0.2 mmol), 4-phenyl-1-butyne (42 μL, 0.3 mmol), Rh(nbd)2BF4 (3.7 mg, 0.01 mmol), dcpm (4.0 mg, 0.01 mmol) and acetone (0.65 mL). The title compound was obtained as a brown oil (55 mg, 0.14 mmol, 73%). Data recorded on a 1:1 mixture of rotamers. δH (400 MHz, CDCl3): 7.33 - 7.17 (7H, m, Ar-H), 7.17 - 7.05 (3H, m, Ar-H), 6.96 - 6.80 (1H, m, COCH=CH), 6.10 (0.5H, d, J16.5, COCH=CH), 6.05 (0.5H, d, J16.5, COCH=CH), 5.09 (1H, s, ArCH2), 5.03 (1H, s, ArCH2), 4.47 (1H, s, NCH2), 4.44 (1H, s, NCH2), 4.32 (1H, s, CH3SCH2), 4.22 (1H, s, CH3SCH2), 2.75 - 2.65 (2H, m, ArCH2CH2), 2.47 (2H, app. sxt, J 7.0, ArCH2CH2), 2.05 (1.5H, s, SCH3), 1.93 (1.5H, s, SCH3). δC (100 MHz, CDCl3): 194.0, 193.9, 156.3, 153.0, 147.63, 147.56, 140.6, 140.5, 136.3, 136.0, 128.6, 128.5, 128.3, 128.2, 128.1, 127.8, 127.5, 126.3, 68.0, 67.8, 52.3, 52.2, 52.1, 51.4, 34.4, 34.34, 34.25, 14.0, 13.9. max (neat)/cm-1: 2922, 1699, 1633, 1497, 1452, 1361, 1288, 1224, 1113, 979, 943, 746, 698. HRMS (ESI) calculated for C22H25NNaO3S [M+Na]+: 406.1447. Found 406.1436.


(E)-Benzyl (6-hydroxy-2-oxohept-3-en-1-yl)((methylthio)methyl)carbamate, 211b (entry 4, table 4.9)




Synthesised via general hydroacylation procedure 1 using benzyl ((methylthio)methyl)(2-oxoethyl)carbamate (50 mg, 0.2 mmol), 4-pentyn-1-ol (28 μL, 0.3 mmol), Rh(nbd)2BF4 (3.7 mg, 0.01 mmol), dcpm (4.0 mg, 0.01 mmol) and acetone (0.65 mL). The title compound was obtained as a colourless oil (47 mg, 0.14 mmol, 71%). Data recorded on a 1:1 mixture of rotamers. δH (400 MHz, CDCl3): 7.33 - 7.17 (5H, m, Ar-H), 6.96 - 6.81 (1H, m, COCH=CH), 6.16 (0.5H, d, J 14.5, COCH=CH), 6.12 (0.5H, d, J 14.5, COCH=CH), 5.09 (1H, s, ArCH2), 5.04 (1H, s, ArCH2), 4.48 (1H, s, NCH2), 4.45 (1H, s, NCH2), 4.35 (1H, s, CH3SCH2), 4.28 (1H, s, CH3SCH2), 3.95 - 3.84 (1H, m, CHOH), 2.48 - 2.12 (2H, m, CH=CHCH2), 2.05 (1.5H, s, SCH3), 1.94 (1.5H, s, SCH3), 1.87 (1H, br. s, OH), 1.16 - 1.10 (3H, m, CH(OH)CH3). δC (100 MHz, CDCl3): 194.0, 193.8, 156.3, 156.0, 144.9, 144.7, 136.2, 136.0, 129.7, 129.2, 128.6, 128.5, 128.3, 128.2, 128.1, 127.6, 68.0, 67.7, 67.1, 66.7, 66.5, 66.4, 52.3, 52.2, 52.1, 51.4, 42.3, 42.2, 23.5, 23.4, 14.0, 13.8. max (neat)/cm-1: 3422, 2969, 2924, 1692, 1633, 1452, 1420, 1365, 1291, 1228, 1116, 982, 941, 735, 698. HRMS (ESI) calculated for C17H23NNaO4S [M+Na]+: 360.1240. Found 360.1226.

(E)-Benzyl (8-iodo-2-oxooct-3-en-1-yl)((methylthio)methyl)carbamate, 212b (entry 5, table 4.9)




Synthesised via general hydroacylation procedure 1 using benzyl ((methylthio)methyl)(2-oxoethyl)carbamate (50 mg, 0.2 mmol), 6-iodo-1-hexyne (39 μL, 0.3 mmol), Rh(nbd)2BF4 (3.7 mg, 0.01 mmol), dcpm (4.0 mg, 0.01 mmol) and acetone (0.65 mL). The title compound was obtained as a brown oil (78 mg, 0.17 mmol, 78%). Data recorded on a 1:1 mixture of rotamers. δH (400 MHz, CDCl3): 7.25 - 7.09 (5H, m, Ar-H), 6.83 - 6.68 (1H, m, COCH=CH), 6.02 (0.5H, d, J 14.5, COCH=CH), 5.98 (0.5H, d, J 14.5, COCH=CH), 5.01 (1H, s, ArCH2), 4.96 (1H, s, ArCH2), 4.40 (1H, s, NCH2), 4.37 (1H, s, NCH2), 4.26 (1H, s, CH3SCH2), 4.17 (1H, s, CH3SCH2), 3.04 (1H, t, J 6.5, CH2I), 3.03 (1H, t, J 6.5, CH2I), 2.10 (2H, app. sxt, J 7.0, CH=CHCH2), 1.97 (1.5H, s, SCH3), 1.85 (1.5H, s, SCH3), 1.74 - 1.63 (2H, m, CH2CH2I), 1.49 - 1.38 (2H, m, CHCH2CH2). δC (100 MHz, CDCl3): 194.0, 193.9, 156.3, 155.9, 147.8, 147.7, 136.2, 136.0, 128.6, 128.5, 128.3, 128.2, 128.1, 127.81, 127.79, 127.4, 68.0, 67.7, 52.3, 52.2, 52.1, 51.4, 32.7, 31.5, 28.8, 14.0, 13.8. max (neat)/cm-1: 2922, 1699, 1633, 1450, 1420, 1288, 1223, 1114, 979, 943, 767, 737, 698. HRMS (ESI) calculated for C18H24INNaO3S [M+Na]+: 484.0414. Found 484.0403.

Benzyl ((methylthio)methyl)(2-oxo-3-(tetrahydrofuran-2-yl)propyl)carbamate, 220




Synthesised via general hydroacylation procedure 1 using benzyl ((methylthio)methyl)(2-oxoethyl)carbamate (50 mg, 0.2 mmol), 5-hydroxy-1-pentyne (28 μL, 0.3 mmol), Rh(nbd)2BF4 (3.7 mg, 0.01 mmol), dcpm (4.0 mg, 0.01 mmol) and acetone (0.65 mL). The title compound was obtained as a yellow oil (47 mg, 0.13 mmol, 66%). Data recorded on a 1:1 mix of rotamers. δH (400 MHz, CDCl3): 7.33 - 7.18 (5H, m, Ar-H), 5.08 (1H, s, ArCH2), 5.03 (1H, s, ArCH2), 4.53 - 4.33 (2H, m, NCH2), 4.27 - 4.01 (3H, m, CH3SCH2 and CH2CHO), 3.85 - 3.54 (2H, m, COCH2CH), 2.71 - 2.36 (2H, m, OCH2), 2.03 (1.5H, s, SCH3), 1.92 (1.5H, s, SCH3), 1.87 - 1.28 (4H, m, CH2CH2 and CH2CH2). δC (100 MHz, CDCl3): 203.9, 203.7, 156.2, 155.9, 136.2, 136.0, 128.6, 128.5, 128.3, 128.2, 128.1, 127.9, 75.0, 74.9, 68.0, 67.9, 67.8, 54.73, 54.65, 52.2, 51.5, 46.1, 45.8, 31.5, 31.4, 25.6, 25.5, 14.0, 13.9. max (neat)/cm-1: 2923, 2873, 1700, 1448, 1419, 1364, 1290, 1224, 1178, 1118, 1058, 963, 767, 737, 699. HRMS (ESI) calculated for C17H23NNaO4S [M+Na]+: 360.1240. Found 360.1224.



(E)-Benzyl (5-methyl-2-oxooct-3-en-1-yl)((methylthio)methyl)carbamate, 221b (entry 1, table 4.10)




Synthesised via general hydroacylation procedure 1 using benzyl ((methylthio)methyl)(2-oxoethyl)carbamate (50 mg, 0.2 mmol), 3-methyl-1-hexyne (40 μL, 0.3 mmol), Rh(nbd)2BF4 (3.7 mg, 0.01 mmol), dcpm (4.0 mg, 0.01 mmol) and acetone (0.65 mL). The title compound was obtained as a pale yellow oil (55 mg, 0.16 mmol, 80%). Data recorded on a 1:1 mixture of rotamers. δH (400 MHz, CDCl3): 7.34 - 7.15 (5H, m, Ar-H), 6.76 (0.5H, dd, J 16.0, 8.0, COCH=CH), 6.74 (0.5H, dd, J 16.0, 8.0, COCH=CH), 6.02 (0.5H, dd, J 16.0, 1.0, COCH=CH), 6.02 (0.5H, dd, J 16.0, 1.0, COCH=CH), (there are two signals both at 6.02 with the same coupling), 5.09 (1H, s, ArCH2), 5.04 (1H, s, ArCH2), 4.49 (1H, s, NCH2), 4.46 (1H, s, NCH2), 4.35 (1H, s, CH3SCH2), 4.26 (1H, s, CH3SCH2), 2.31 - 2.18 (1H, m, CH=CHCH), 2.06 (1.5H, s, SCH3), 1.94 (1.5H, s, SCH3), 1.35 - 1.15 (4H, m, 2 × CH2), 0.97 (3H, t, J 7.0, CHCH3), 0.86 - 0.78 (3H, m, CH2CH3). δC (100 MHz, CDCl3): 194.2, 194.1, 156.3, 156.0, 154.3, 136.3, 136.0, 128.6, 128.5, 128.3, 128.2, 128.0, 127.7, 125.7, 125.2, 67.9, 67.7, 52.3, 52.2, 52.0, 51.4, 38.1, 36.7, 20.4, 19.3, 14.1, 14.0, 13.8. max (neat)/cm-1: 2958, 1701, 1451, 1362, 1286, 1222, 1177, 1113, 983, 943, 767, 737, 697. HRMS (ESI) calculated for C19H27NNaO3S [M+Na]+: 372.1604. Found 372.1594.

(E)-Benzyl (5,5-dimethyl-2-oxohex-3-en-1-yl)((methylthio)methyl)carbamate, 222b, (entry 2, table 4.10)




Synthesised via general hydroacylation procedure 1 using benzyl ((methylthio)methyl)(2-oxoethyl)carbamate (50 mg, 0.2 mmol), 3,3-dimethylbutyne (36 μL, 0.3 mmol), Rh(nbd)2BF4 (3.7 mg, 0.01 mmol), dcpm (4.0 mg, 0.01 mmol) and acetone (0.65 mL). The title compound was obtained as a pale brown oil (29 mg, 0.086 mmol, 44%). Data recorded on a 1:1 mixture of rotamers. δH (400 MHz, CDCl3): 7.32 - 7.17 (5H, m, Ar-H), 6.88 (0.5H, d, J 13.5, COCH=CH), 6.84 (0.5H, d, J 13.5, COCH=CH), 6.00 (0.5H, d, J 11.0, COCH=CH), 5.96 (0.5H, d, J 11.0, COCH=CH), 5.10 (1H, s, ArCH2), 5.04 (1H, s, ArCH2), 4.49 (1H, s, NCH2), 4.46 (1H, s, NCH2), 4.36 (1H, s, CH3SCH2), 4.27 (1H, s, CH3SCH2), 2.06 (1.5H, s, SCH3), 1.94 (1.5H, s, SCH3), 1.02 (4.5H, s, C(CH3)3), 1.00 (4.5H, s, C(CH3)3). δC (100 MHz, CDCl3): 194.6, 194.5, 158.4, 156.3, 156.0, 136.3, 136.0, 128.6, 128.5, 128.3, 128.2, 128.0, 127.7, 122.6, 122.2, 67.9, 67.6, 52.4, 52.21, 52.17, 51.4, 34.0, 28.6, 14.0, 13.8. max (neat)/cm-1: 2962, 1703, 1628, 1451, 1364, 1289, 1225, 1114, 986, 944, 737, 698. HRMS (ESI) calculated for C18H25NNaO3S [M+Na]+: 358.1447. Found 358.1432.

(E)-Benzyl (4-cyclopropyl-2-oxobut-3-en-1-yl)((methylthio)methyl)carbamate, 223b, (entry 3, table 4.10)




Synthesised via general hydroacylation procedure 1 using benzyl ((methylthio)methyl)(2-oxoethyl)carbamate (50 mg, 0.2 mmol), cyclopropylacetylene (25 μL, 0.3 mmol), Rh(nbd)2BF4 (3.7 mg, 0.01 mmol), dcpm (4.0 mg, 0.01 mmol) and acetone (0.65 mL). The title compound was obtained as a yellow amorphous solid (55 mg, 0.17 mmol, 87%). Data recorded on a 1:1 mixture of rotamers. δH (400 MHz, CDCl3):  7.34 - 7.16 (5H, m, Ar-H), 6.35 (0.5H, dd, J 16.0, 10.0, COCH=CH), 6.32 (0.5H, dd, J 16.0, 10.0, COCH=CH), 6.19 (0.5H, d, J 16.0, COCH=CH), 6.16 (0.5H, d, J 16.0, COCH=CH), 5.09 (1H, s, ArCH2), 5.04 (1H, s, ArCH2), 4.49 (1H, s, NCH2), 4.45 (1H, s, NCH2), 4.29 (1H, s, CH3SCH2), 4.21 (1H, s, CH3SCH2), 2.05 (1.5H, s, SCH3), 1.93 (1.5H, s, SCH3), 1.56 - 1.44 (1H, m, CH=CHCH), 0.97 - 0.89 (2H, m, CHCH2), 0.65 - 0.57 (2H, m, CHCH2). δC (100 MHz, CDCl3): 193.2, 193.1, 156.3, 156.0, 154.3, 154.2, 136.3, 136.0, 128.6, 128.5, 128.3, 128.2, 128.0, 127.8, 124.1, 123.7, 67.9, 67.6, 52.3, 52.2, 52.1, 51.4, 15.1, 14.0, 13.8, 9.31, 9.30. max (neat)/cm-1: 2921, 1698, 1619, 1451, 1365, 1223, 1177, 1113, 982, 941, 874, 767, 737, 698. HRMS (ESI) calculated for C17H21NO3S [M+Na]+: 342.1134. Found 342.1125.

(E)-Benzyl (4-cyclohexyl-2-oxobut-3-en-1-yl)((methylthio)methyl)carbamate, 224b, (entry 4, table 4.10)




Synthesised via general hydroacylation procedure 1 using benzyl ((methylthio)methyl)(2-oxoethyl)carbamate (50 mg, 0.2 mmol), cyclohexylacetylene (38 μL, 0.3 mmol), Rh(nbd)2BF4 (3.7 mg, 0.01 mmol), dcpm (4.0 mg, 0.01 mmol) and acetone (0.65 mL). The title compound was obtained as a pale brown oil (53 mg, 0.15 mmol, 75%). Data recorded on a 1:1 mixture of rotamers. δH (400 MHz, CDCl3): 7.33 - 7.16 (5H, m, Ar-H), 6.80 (0.5H, dd, J 15.5, 6.5, COCH=CH), 6.79 (0.5H, dd, J 15.5, 6.5, COCH=CH), 6.03 (0.5H, dd, J 10.5, 1.0, COCH=CH), 5.99 (0.5H, dd, J 10.5, 1.0, COCH=CH), 5.09 (1H, s, ArCH2), 5.04 (1H, s, ArCH2), 4.48 (1H, s, NCH2), 4.45 (1H, s, NCH2), 4.35 (1H, s, CH3SCH2), 4.26 (1H, s, CH3SCH2), 2.13 - 2.02 (1H, m, CH=CHCH), 2.05 (1.5H, s, SCH3), 1.93 (1.5H, s, SCH3), 1.75 - 1.56 (5H, m, 5 × CH2), 1.30 - 0.97 (5H, m, 5 × CH2). δC (100 MHz, CDCl3): 194.4, 194.3, 156.3, 155.9, 153.78, 153.76, 136.3, 136.0, 128.6, 128.5, 128.3, 128.2, 128.0, 127.7, 125.0, 124.6, 67.9, 67.6, 52.24, 52.21, 52.0, 51.4, 40.83, 40.79, 31.6, 25.9, 25.7, 14.0, 13.8. max (neat)/cm-1: 2924, 2852, 1700, 1627, 1448, 1362, 1223, 1113, 983, 943, 734, 698. HRMS (ESI) calculated for C20H27NNaO3S [M+Na]+: 384.1604. Found 384.1598.

(E)-Benzyl (4-(cyclohex-1-en-1-yl)-2-oxobut-3-en-1-yl)((methylthio)methyl)carbamate, 225b, (entry 5, table 4.10)




Synthesised via general hydroacylation procedure 1 using benzyl ((methylthio)methyl)(2-oxoethyl)carbamate (50 mg, 0.2 mmol), 1-ethynylcyclohexene (35 μL, 0.3 mmol), Rh(nbd)2BF4 (3.7 mg, 0.01 mmol), dcpm (4.0 mg, 0.01 mmol) and acetone (0.65 mL). The title compound was obtained as a pale yellow oil (53 mg, 0.15 mmol, 75%). Data recorded on a 1:1 mixture of rotamers. δH (400 MHz, CDCl3): 7.34 - 7.18 (5H, m, Ar-H), 7.16 (1H, d, J 15.0, COCH=CH), 6.21 - 6.16 (1H, m, C=CH), 6.04 (0.5H, d, J 15.0, COCH=CH), 6.00 (0.5H, d, J 15.0, COCH=CH), 5.10 (1H, s, ArCH2), 5.05 (1H, s, ArCH2), 4.49 (1H, s, NCH2), 4.47 (1H, s, NCH2), 4.37 (1H, s, CH3SCH2), 4.29 (1H, s, CH3SCH2),  2.19 - 2.13 (2H, m, CH2C=CH), 2.06 (1.5H, s, SCH3), 2.05 - 1.99 (2H, m, C=CHCH2), 1.94 (1.5H, s, SCH3), 1.67 - 1.59 (2H, m, CCH2CH2), 1.59 - 1.51 (2H, m, CHCH2CH2). δC (100 MHz, CDCl3): 194.5, 194.4, 156.4, 156.0, 147.30, 147.26, 141.4, 141.3, 136.3, 136.1, 135.18, 135.15, 128.6, 128.5, 128.3, 128.2, 128.0, 127.8, 120.1, 119.6, 67.9, 67.6, 52.6, 52.31, 52.25, 51.4, 26.7, 24.1, 22.0, 14.1, 13.9. max (neat)/cm-1: 2925, 1704, 1622, 1596, 1449, 1360, 1282, 1223, 1113, 1087, 984, 942, 766, 698. HRMS (ESI) calculated for C20H25NNaO3S [M+Na]+: 382.1447. Found 382.1433.

1-Bromo-cyclooctene, 230




Made according to literature procedure80, using cyclooctene (13 mL, 100 mmol), bromine (5.1 mL, 100 mmol), DCM (35 mL), potassium tert-butoxide (16.8 g, 150 mmol), THF (15 mL) and Et2O (40 mL) to give the title compound (14.2 g, 75 mmol, 75%). δH (400 MHz, CDCl3): 6.03 (1H, t, J 8.5, BrC=CH), 2.61 (2H, t, J 6.0 (CBrCH2), 2.15 - 2.06 (2H, m, CHCH2), 1.68 - 1.60 (2H, m, CBrCH2CH2), 1.59 - 1.47 (6H, m, 3 × CH2). δC (100 MHz, CDCl3): 131.7, 124.8, 35.1, 29.8, 28.6, 27.5, 26.4, 25.4. LRMS (FI) calculated for C8H13Br [M]+: 188.0201. Found 188.0203. This data is consistant with literature.80 



(E)-Benzyl ((methylthio)methyl)(2-oxo-4-phenylbut-3-en-1-yl)carbamate, 232b, (entry 1, table 4.11)




Synthesised via general hydroacylation procedure using 1 benzyl ((methylthio)methyl)(2-oxoethyl)carbamate (50 mg, 0.2 mmol), phenylacetylene (33 μL, 0.3 mmol), Rh(nbd)2BF4 (3.7 mg, 0.01 mmol), dcpm (4.0 mg, 0.01 mmol) and acetone (0.65 mL). The title compound was obtained as a brown oil (69 mg, 0.195 mmol, 99%). Data recorded on a 1:1 mixture of rotamers. δH (400 MHz, CDCl3): 7.59 (0.5H, d, J 17.0, COCH=CH), 7.53 (0.5H, d, J 17.0, COCH=CH), 7.49 - 7.41 (2H, m, Ar-H), 7.36 - 7.15 (8H, m, Ar-H), 6.70 (0.5H, d, J 13.0, COCH=CH), 6.66 (0.5H, d, J 13.0, COCH=CH), 5.10 (1H, s, ArCH2), 5.05 (1H, s, ArCH2), 4.52 (1H, s, NCH2), 4.49 (1H, s, NCH2), 4.45 (1H, s, CH3SCH2), 4.36 (1H, s, CH3SCH2), 2.07 (1.5H, s, SCH3), 195 (1.5H, s, SCH3). δC (100 MHz, CDCl3): 194.2, 194.0, 156.3, 156.0, 143.8, 136.2, 136.0, 134.2, 134.1, 130.94, 130.86, 129.0, 128.6, 128.50, 128.47, 128.3, 128.2, 128.1, 127.9, 123.1, 122.6, 68.0, 67.8, 53.5, 53.0, 52.8, 52.3, 14.1, 13.9. max (neat)/cm-1: 2921, 1696, 1613, 1576, 1496, 1449, 1418, 1359, 1289, 1222, 1112, 1084, 980, 941, 911, 731, 690, 648. HRMS (ESI) calculated for C20H21NNaO3S [M+Na]+: 378.1134. Found 378.1130.

(E)-Benzyl (4-(4-methoxyphenyl)-2-oxobut-3-en-1-yl)((methylthio)methyl)carbamate, 233b, (entry 2, table 4.11)




Synthesised via general hydroacylation procedure 2 using benzyl ((methylthio)methyl)(2-oxoethyl)carbamate (50 mg, 0.2 mmol), 4-ethynylanisole (39 mg, 0.3 mmol), Rh(nbd)2BF4 (3.7 mg, 0.01 mmol), dcpm (4.0 mg, 0.01 mmol) and acetone (0.65 mL). The title compound was obtained as a dark brown oil (75 mg, 0.2 mmol, 99%). Data recorded on a 1:1 mixture of rotamers. δH (400 MHz, CDCl3): 7.57 (0.5H, d, J 16.0, CH=CHAr), 7.53 (0.5H, d, J 16.0, CH=CHAr), 7.43 (1H, d, J 9.0, Ar-H), 7.40 (1H, d J 9.0, Ar-H), 7.35 - 7.16 (5H, m, Ar-H), 6.85 (1H, br. s, Ar-H), 6.83 (1H, br. s, Ar-H), 6.60 (0.5H, d, J 14.0, CH=CHAr), 6.56 (0.5H, d, 14.0, CH=CHAr), 5.11 (1H, s, ArCH2), 5.06 (1H, s, ArCH2), 4.53 (1H, s, NCH2) 4.50 (1H, s, NCH2), 4.44 (1H, s, CH3SCH2), 4.35 (1H, s, CH3SCH2), 3.78 (3H, s, OCH3), 2.08 (1.5H, s, SCH3), 1.96 (1.5H, s, SCH3). δC (100 MHz, CDCl3): 194.7, 193.9, 161.94, 161.88, 156.4, 156.0, 143.6, 136.3, 136.1, 130.3, 128.6, 128.5, 128.3, 128.2 128.1, 127.8, 126.9, 126.8, 120.8, 120.3, 114.5, 68.0, 67.7, 55.4, 52.8, 52.6, 52.3, 51.5, 14.1, 13.9. max (neat)/cm-1: 2921, 1703, 1597, 1573, 1512, 1453, 1422, 1362, 1285, 1253, 1224, 1172, 1113, 1085, 1029, 984, 698. HRMS (ESI) calculated for C21H23NO4S [M+Na]+: 408.1240. Found 408.1226.
(E)-Benzyl ((methylthio)methyl)(2-oxo-4-(4-(trifluoromethyl)phenyl)but-3-en-1-yl)carbamate, 234b, (entry 3, table 4.11)




Synthesised via general hydroacylation procedure 1 using benzyl ((methylthio)methyl)(2-oxoethyl)carbamate (50 mg, 0.2 mmol), 4-ethynyl-α,α,α-trifluorotoluene (48 μL, 0.3 mmol), Rh(nbd)2BF4 (3.7 mg, 0.01 mmol), dcpm (4.0 mg, 0.01 mmol) and acetone (0.65 mL). The title compound was obtained as a brown oil (26 mg, 0.061 mmol, 31%). Data recorded on a 1:1 mixture of rotamers. δH (400 MHz, CDCl3): 7.66 - 7.50 (5H, m, CH=CH and Ar-H), 7.35 - 7.16 (5H, m, Ar-H), 6.77 (0.5H, d, J 16.5, CH=CH), 6.73 (0.5H, d, J 16.5, CH=CH), 5.12 (1H, s, ArCH2), 5.07 (1H, s, ArCH2), 4.53 (1H, s, NCH2), 4.50 (1H, s, NCH2), 4,46 (1H, s, CH3SCH2), 4.37 (1H, s, CH3SCH2), 2.08 (1.5H, s, SCH3), 1.96 (1.5H, s, SCH3). δC (100 MHz, CDCl3): 194.0, 193.8, 156.2, 156.0, 141.8, 136.1, 135.9, 128.6, 128.5, 128.4, 128.3, 128.2, 127.9, 126.1 - 125.9 (m), 125.1, 124.6, 68.1, 67.8, 53.4, 53.2, 53.0, 52.3, 51.5, 14.1, 13.9, further signals are missing due to significant splitting resulting from C-F coupling as well as rotamers. max (neat)/cm-1: 2923, 1700.0, 1618, 1452, 1416, 1361, 1323, 1227, 1169, 1123, 1065, 698. HRMS (ESI) calculated for C21H20F3NNaO3S [M+Na]+: 446.1008. Found 446.1001.

(E)-Benzyl ((methylthio)methyl)(2-oxo-4-(thiophen-3-yl)but-3-en-1-yl)carbamate, 238b, (entry 7, table 4.11)




Synthesised via general hydroacylation procedure 1 using benzyl ((methylthio)methyl)(2-oxoethyl)carbamate (50 mg, 0.2 mmol), 3-ethynylthiophene (29 μL, 0.3 mmol), Rh(nbd)2BF4 (3.7 mg, 0.01 mmol), dcpm (4.0 mg, 0.01 mmol) and acetone (0.65 mL). The title compound was obtained as a brown oil (54 mg, 0.15 mmol, 76%). Data recorded on a 1:1 mixture of rotamers. δH (400 MHz, CDCl3): 7.58 (0.5H, d, J 16.5, COCH=CH), 7.54 (0.5H, d, J 16.5, COCH=CH), 7.49 - 7.44 (1H, m, Ar-H), 7.33 - 7.15 (7H, m, Ar-H), 6.52 (0.5H, d, J 14.0, COCH=CH), 6.48 (0.5H, d, J 14.0, COCH=CH), 5.10 (1H, s, ArCH2), 5.05 (1H, s, ArCH2), 4.52 (1H, s, NCH2), 4.48 (1H, s, NCH2), 4.42 (1H, s, CH3SCH2), 4.33 (1H, s, CH3SCH2), 2.07 (1.5H, s, SCH3), 1.95 (1.5H, s, SCH3). δC (100 MHz, CDCl3): 193.3, 193.1, 155.3, 154.9, 136.5, 136.4, 136.1, 136.0, 135.2, 135.0, 128.5, 128.4, 127.5, 127.4, 127.3, 127.2, 127.0, 126.8, 126.20, 126.15, 124.1, 124.0, 121.8, 121.3, 66.9, 66.7, 51.8, 51.6, 51.3, 50.5, 13.0, 12.8. max (neat)/cm-1: 2921, 1698, 1608, 1450, 1364, 1225, 1116, 1083, 981, 769, 736, 698. HRMS (ESI) calculated for C18H19NNaO3S2 [M+Na]+: 384.0699. Found 384.0691.

 (E)-Benzyl ((methylthio)methyl)(2-oxo-4-(ferrocenyl)but-3-en-1-yl)carbamate, 239b, (entry 8, table 4.11)




Synthesised via general hydroacylation procedure 2 using benzyl ((methylthio)methyl)(2-oxoethyl)carbamate (50 mg, 0.2 mmol), ethynylferrocene (62 mg, 0.3 mmol), Rh(nbd)2BF4 (3.7 mg, 0.01 mmol), dcpm (4.0 mg, 0.01 mmol) and acetone (0.65 mL). The title compound was obtained as a red oil (85 mg, 0.18 mmol, 93%). Data recorded on a 1:1 mixture of rotamers. δH (400 MHz, CDCl3): 7.53 (0.5H, d, J 14.0, COCH=CH), 7.49 (0.5H, d, J 14.0, COCH=CH), 7.35 - 7.17 (5H, m, Ar-H), 6.31 (0.5H, d, J 12.5, COCH=CH), 6.27 (0.5H, d, J 12.5, COCH=CH), 5.11 (1H, s, ArCH2), 5.06 (1H, s, ArCH2), 4.53 (1H, s, NCH2), 4.49 (1H, s, NCH2), 4.44 (1H, br. s, Cp-H2), 4.42 (1H, br. s, Cp-H2), 4.41 - 4.39 (2H, m, Cp-H3), 4.36 (1H, s, CH3SCH2), 4.28 (1H, s, CH3SCH2), 4.11 (2.5H, s, Cp-H4), 4.06 (2.5H, s, Cp-H4), 2.08 (1.5H, s, SCH3), 1.95 (1.5H, s, SCH3). δC (100 MHz, CDCl3): 193.3, 193.1, 156.4, 156.0, 145.7, 136.3, 136.1, 128.6, 128.5, 128.3, 128.2, 128.1, 127.8, 120.4, 119.8, 78.4, 78.3, 71.6, 71.5, 69.9, 69.0, 68.0, 67.7, 53.5, 52.5, 52.30, 52.25, 51.5, 14.1, 13.9. max (neat)/cm-1: 3090, 3033, 1921, 1702, 1599, 1450, 1414, 1362, 1284, 1224, 1163, 1107, 1088, 980, 942, 915, 823, 768, 735, 698. HRMS (ESI) calculated for C24H25FeNNaO3S [M+Na]+: 486.0797. Found 486.0778.

N-(2,2-Dimethoxyethyl)-4-methylbenzenesulfonamide, 247




Made according to a literature procedure,100 using 2,2-dimethoxyethylamine (1 mL, 9.2 mmol), triethylamine (3.8 mL, 27.5 mmol), tosyl chloride (1.75 g, 9.2 mmol) and DCM (18 mL) to give the title compound as a white solid (2.28 g, 8.79 mmol, 96%). δH (400 MHz, CDCl3): 7.71 - 7.64 (2H, m, Ar-H), 7.24 - 7.17 (2H, m, Ar-H), 5.35 (1H, br. s, NH), 4.24 (1H, t, J 5.5, CH(OCH3)2), 3.19 (6H, s, 2 × OCH3), 2.94 (2H, t, J 5.5, CH2CH), 2.30 (3H, s, Ar-CH3). δC (100 MHz, CDCl3): 143.3, 136.9, 129.7, 128.9, 102.4, 54.2, 44.3, 21.4. LRMS (ESI) calculated for C11H17NNaO4S [M+Na]+: 282.1. Found 282.1.  This data is consistent with literature.100 






N-Benzyl-2,2-dimethoxyethanamine, 248




Made according to a literature procedure,98 using 2,2-dimethoxyethylamine (1 mL, 9.2 mmol), benzaldehyde (0.93 mL, 9.2 mmol), toluene (14 mL), sodium borohydride (0.35 g, 9.4 mmol) and methanol (11 mL) to give the title compound as a colourless oil (1.66 g, 8.5 mmol, 92%). δH (400 MHz, CDCl3): 7.28 - 7.14 (5H, m, Ar-H), 4.42 (1H, t, J 5.5, CH(OCH3)2), 3.74 (2H, s, ArCH2), 3.29 (6H, s, 2 × OCH3), 2.68 (2H, d, J 5.5, NCH2). δC (100 MHz, CDCl3): 140.2, 128.3, 128.1, 126.9, 103.8, 53.84, 53.78, 50.5. LRMS (ESI) calculated for C11H18NO2 [M+H]+ 196.1. Found 196.2. This data is consistent with literature.98

N-(2,2-Dimethoxyethyl)acetamide, 249




Made according to a literature procedure,101 using 2,2-dimethoxyethylamine (1 mL, 9.2 mmol), acetic anhydride (1.0 mL, 11.0 mmol), triethylamine (1.5 mL, 11.0 mmol) and THF (15 mL) to give the title compound as a colourless oil (893 mg, 6.1 mmol, 66%). δH (400 MHz, CDCl3): 6.34 (1H, br. s, NH), 4.27 (1H, t, J 5.5, CH(OCH3)2), 3.27 – 3.22 (8H, m, CH2CH and 2 × OCH3), 1.87 (3H, s, COCH3). δC (100 MHz, CDCl3): 170.4, 103.4, 54.1, 40.9, 22.9. LRMS (ESI) calculated for C6H13NNaO3 [M+Na]+: 170.1. Found 170.1. This data is consistent with literature.101

tert-Butyl (2,2-dimethoxyethyl)carbamate, 250




Made according to a modified literature procedure,102 using 2,2-dimethoxyethylamine (1 mL, 9.2 mmol), di-tert-butyl dicarbonate (2.20 g, 10.1 mmol) and water (9.2 mL) to give the title compound as a white solid (1.42 g, 6.9 mmol, 75%). δH (400 MHz, CDCl3): 4.67 (1H, br. s, NH), 4.30 (1H, t, J 5.5, CH(OCH3)2), 3.32 (6H, s, 2 × OCH3), 3.19 (2H, t, J 5.5, NCH2), 1.38 (9H, s, C(CH3)3). δC (100 MHz, CDCl3): 155.9, 102.9, 79.5, 54.3, 42.1, 28.4. LRMS (ESI) calculated for C9H19NNaO4 [M+Na]+: 228.1. Found 228.2. This data is consistent with literature.102



N-(2,2-Dimethoxyethyl)-4-methyl-N-((methylthio)methyl)benzenesulfonamide, 251




To a solution of N-(2,2-dimethoxyethyl)-4-methylbenzenesulfonamide (1.88 g, 7.3 mmol) and sodium iodide (0.54 g, 3.6 mmol) in DMF (15 mL) was added sodium bis(trimethylsilyl)amide (20% in toluene, 5.45 mL, 10.9 mmol) and the reaction mixture was stirred for 30 mins at rt. Methylthiomethyl chloride (0.73 mL, 8.7 mmol) was added and the reaction was stirred for 2 h. The reaction mixture was diluted with EtOAc (50 mL) and washed with 1 N aqueous hydrochloric acid (50 mL), 5% aqueous lithium chloride (50 mL) and brine (50 mL), dried (MgSO4), filtered and concentrated. The title compound was purified by column chromatography (20% EtOAc/petrol) and was isolated as a white amorphous solid (2.01 g, 6.3 mmol, 87%). δH (400 MHz, CDCl3): 7.67 - 7.60 (2H, m, Ar-H), 7.25 - 7.18 (2H, m, Ar-H), 4.48 (2H, s, CH3SCH2), 4.34 - 4.27 (1H, m, CH(OCH3)2), 3.41 - 3.32 (2H, m, NCH2CH), 3.19 (6H, br. s, 2 × OCH3), 2.32 (3H, br. s, Ar-CH3), 1.97 (3H, s, SCH3). δC (100 MHz, CDCl3): 143.5, 137.3, 129.6, 127.1, 103.3, 54.3, 53.4, 46.3, 21.4, 14.7. max (neat)/cm-1: 2925, 1598, 1437, 1340, 1156, 1121, 1088, 1066, 959, 815, 750, 654. HRMS (ESI) calculated for C13H21NNaO4S2 [M+Na]+: 342.0804. Found 342.0807.
4-Methyl-N-((methylthio)methyl)-N-(2-oxoethyl)benzenesulfonamide, 252




To a solution of N-(2,2-dimethoxyethyl)-4-methyl-N-((methylthio)methyl)benzenesulfonamide (2 g, 6.29 mmol) in acetone (60 mL) was added 1 N aqueous hydrochloric acid (60 mL) and the reaction was stirred for 16 h at rt. The organic and aqueous layers were separated and the aqueous layer was extracted with Et2O (2 × 50 mL). The organic layers were combined and washed with NaHCO3 (50 mL) and brine (50 mL), dried (MgSO4), filtered and concentrated. The title compound was purified by column chromatography (20% EtOAc/petrol) and isolated as a fiberous white solid (0. 87 g, 3.18 mmol, 51%). Mp 56 - 59 °C (CHCl3). δH (400 MHz, CDCl3): 9.59 (1H, s, CHO), 7.68 (2H, d, J 8.5, Ar-H), 7.33 (2H, d, J 8.0, Ar-H), 4.34 (2H, s, CH3SCH2), 3.96 (2H, d, J 1.0, CH2CHO), 2.44 (3H, s, ArCH3), 2.17 (3H, s, SCH3). δC (100 MHz, CDCl3): 197.5, 144.3, 135.5, 130.0, 127.2, 55.1, 54.0, 21.6, 14.1. max (neat)/cm-1: 2926, 1730, 1337, 1259, 1153, 1100, 978, 923, 850, 816, 802, 783, 674. HRMS (ESI) calculated for C11H15NNaO3S2 [M+Na]+: 328.0648. Found 328.0649.


(E)-4-Methyl-N-((methylthio)methyl)-N-(2-oxodec-3-en-1-yl)benzenesulfonamide, 253




Synthesised via general hydroacylation procedure 2 using 4-methyl-N-((methylthio)methyl)-N-(2-oxoethyl)benzenesulfonamide (50 mg, 0.2 mmol), 1-octyne (40 μL, 0.3 mmol), Rh(nbd)2BF4 (3.4 mg, 0.009 mmol), dcpm (3.7 mg, 0.009 mmol) and acetone (0.61 mL). The title compound was obtained as a brown oil (53 mg, 0.14 mmol, 70%). δH (400 MHz, CDCl3): 7.61 (2H, d, J 8.5, Ar-H), 7.22 (2H, d, J 8.5, Ar-H), 6.84 (1H, dt, J 16.0, 7.0, COCH=CH), 6.03 (1H, dt, J 16.0, 1.5, COCH=CH), 4.39 (2H, s, NCH2), 4.35 (2H, s, CH3SCH2), 2.35 (3H, s, Ar-CH3), 2.18 - 2.10 (2H, m, CH=CHCH2), 2.04 (3H, s, SCH3), 1.42 - 1.33 (2H, m, CHCH2CH2), 1.29 - 1.15 (6H, m, CH2CH2CH2CH3), 0.85 - 0.78 (3H, m, CH2CH3). δC (100 MHz, CDCl3): 193.5, 149.5, 143.6, 136.8, 129.6, 127.3, 126.9, 52.7, 51.3, 32.7, 31.6, 28.9, 27.9, 22.5, 21.6, 14.3, 14.1. max (neat)/cm-1: 2925, 1688, 1630, 1431, 1341, 1157, 1091, 1059, 983, 925, 814, 766, 653. HRMS (ESI) calculated for C19H29NNaO3S2 [M+Na]+: 406.1481. Found 406.1473.



(S)-Methyl 2-(((benzyloxy)carbonyl)amino)propanoate, L-255




To a solution of L-alanine methyl ester hydrochloride (2.0 g, 14.3 mmol) in Et2O (72 mL) was added potassium carbonate (5.90 g, 43.0 mmol) and water (72 mL). The reaction mixture was then cooled to 0 °C and benzyl chloroformate (2.0 mL, 14.3 mmol) was added. The reaction mixture was left to warm to rt and stirred for 16 h. The two layers were separated and the aqueous layer was extracted with Et2O (2 × 100 mL). The combined organic layers were washed with 5% aqueous citric acid (3 × 100 mL) and brine (2 × 100 mL), dried (MgSO4), filtered and concentrated. The title product was obtained as a white crystalline solid (3.1 g, 13.0 mmol, 91%). [][image: ]-31.8 (c 1.0, MeOH). δH (400 MHz, CDCl3): 7.42 - 7.29 (5H, m, Ar-H), 5.32 (1H, br. s, NH), 5.12 (2H, s, ArCH2), 4.40 (1H, app. quin, J 7.5, NCH), 3.76 (3H, s, OCH3), 1.42 (2H, d, J 7.5, CHCH3). δC (100 MHz, CDCl3):  173.5, 155.6, 136.2, 128.5, 128.2, 128.1, 66.9, 52.5, 49.6, 18.7. LRMS (ESI) calculated for C12H15NNaO4 [M+Na]+: 260.1. Found 260.1 This data is consistent with literature.103,104


(R)-Methyl 2-(((benzyloxy)carbonyl)amino)propanoate, D-255




To a solution of D-alanine methyl ester hydrochloride (2.6 g, 18.7 mmol) in Et2O (94 mL) was added potassium carbonate (7.75 g, 56.1 mmol) and water (94 mL). The reaction mixture was then cooled to 0 °C and benzyl chloroformate (2.7 mL, 18.7 mmol) was added. The reaction mixture was left to warm to rt and stirred for 16 h. The two layers were separated and the aqueous layer was extracted with Et2O (2 × 100 mL). The combined organic layers were washed with 5% aqueous citric acid (3 × 100 mL) and brine (2 × 100 mL), dried (MgSO4), filtered and concentrated. The title product was obtained as a white crystalline solid (3.95 g, 16.7 mmol, 89%). [][image: ]+31.8 (c 1.0, MeOH). δH (400 MHz, CDCl3): 7.39 - 7.29 (5H, m, Ar-H), 5.35 (1H, br. s, NH), 5.12 (2H, s, ArCH2), 4.40 (1H, app. quin, J 7.5, NCH), 3.76 (3H, s, OCH3), 1.42 (2H, d, J 7.5, CHCH3). δC (100 MHz, CDCl3):  173.5, 155.6, 136.2, 128.5, 128.2, 128.1, 66.9, 52.5, 49.6, 18.7. LRMS (ESI) calculated for C12H15NNaO4 [M+Na]+: 260.1. Found 260.1. This data is consistent with the L isomer.



Methyl 2-(((benzyloxy)carbonyl)((methylthio)methyl)amino)propanoate, 256




To a solution of methyl 2-(((benzyloxy)carbonyl)amino)propanoate (100 mg, 0.42 mmol) and sodium iodide (32 mg, 0.21 mmol) in DMF (0.84 mL) was added sodium bis(trimethylsilyl)amide (2 M in THF, 0.32 mL, 0.63 mmol) and the reaction mixture was stirred for 30 mins at rt. Methylthiomethyl chloride (42 μL, 0.51 mmol) was added and the reaction was stirred for 2 h. The reaction mixture was diluted with EtOAc (5 mL) and washed with 1 N aqueous hydrochloric acid (5 mL), 5% aqueous lithium chloride (5 mL) and brine (5 mL), dried (MgSO4), filtered and concentrated. The title compound was purified by column chromatrography (20% EtOAc/petrol) and was isolated as a pale yellow oil (52 mg, 0.17 mmol, 42%). Data was gathered as a 1:1 mixture of rotamers. δH (400 MHz, CDCl3): 7.34 - 7.14 (5H, m, Ar-H), 5.16 - 4.97 (2H, m, ArCH2), 4.56 - 4.37 (2H, m, CH3SCH2), 4.35 - 4.15 (1H, m, NCH), 3.64 (1.5H, s, OCH3), 3.43 (1.5H, s, OCH3), 2.10 (1.5H, s, SCH3), 1.98 (1.5H, s, SCH3), 1.51 - 1.38 (3H, m, CHCH3). δC (100 MHz, CDCl3): 172.1, 155.9, 155.1, 136.0, 128.5, 128.2 (br. s), 127.1, 127.0, 67.8, 54.5, 54.1, 52.3, 52.1, 51.5, 50.4, 15.7, 15.3, 14.9, 14.1. max (neat)/cm-1: 2951, 1743, 1700, 1435, 1320, 1222, 1143, 1068, 1022, 910, 770, 732, 698. HRMS (ESI) calculated for C14H19NNaO4S [M+Na]+: 320.0927. Found 320.0920.

Benzyl ((methylthio)methyl)(1-oxopropan-2-yl)carbamate, 257




To a solution of methyl 2-(((benzyloxy)carbonyl)((methylthio)methyl)amino)propanoate (0.5 g, 1.7 mmol) in Et2O (9 mL) at -78 °C was added DIBAL-H (1.2 M in toluene, 2.9 mL, 3.5 mmol). The reaction mixture was stirred at -78 °C for 30 mins and then EtOAc (10 mL) was added and stirred at -78 °C for 10 mins and warmed to rt. Water (10 mL) and Et2O (10 mL) were added and the crude mixture filtered through celite, the aqueous layer was separated and extracted with ether (2 × 20 mL), dried (MgSO4), filtered and concentrated. The title product was purified by column chromatography (20% EtOAc/petrol) and isolated as an oil (222 mg, 0.83 mmol, 72%). δH (500 MHz, d8-toluene, 90 °C): 9.41 (1H, s, CHO), 7.17 - 6.95 (5H, m, Ar-H), 4.98 (1H, d, J 12.5, ArCHaHb), 4.95 (1H, d, J 12.5, ArCHaHb), 4.28 (1H, d, J 14.5, CH3SCHaHb), 4.18 (1H, d, J 14.0, CH3SCHaHb), 3.56 (1H, q, J 7.0, NCH), 1.85 (3H, br. s, SCH3), 1.23 (3H, d, J 7.5, CHCH3). δC (125 MHz, d8-toluene, 90 °C): 197.5, 155.5, 137.5, 128.5, 128.3, 128.1, 68.0, 61.4, 51.8, 13.8, 12.5. max (neat)/cm-1: 2987, 2921, 1736, 1692, 1435, 1414, 1318, 1228, 1141, 1026, 916, 735. HRMS (ESI) calculated for C14H121NNaO4S [M+Na+MeOH]+:322.1083. Found 322.1077.


Methyl 2-amino-3-(1-methyl-1H-indol-3-yl)propanoate, 259




Made according to a literature procedure,85 using 1-methyl tryptophan (1 g, 4.6 mmol), thionyl chloride (0.66 mL, 9.2 mmol) and methanol (5 mL) to give the title compound as a white solid (711 mg, 3.06 mL, 67%). δH (400 MHz, CDCl3): 7.52 - 7.49 (1H, m, Ar-H), 7.20 - 7.17 (1H, m, Ar-H), 7.13 (1H, td, J 7.5, 1.0, Ar-H), 7.02 (1H, ddd, J 8.0, 7.0, 1.0, Ar-H), 6.81 (1H, s, CH3NCH=C), 3.71 (1H, dd, J 7.5, 5.0, CHCO2CH3), 3.62 (3H, s, NCH3), 6.61 (3H, s, OCH3), 3.17 (1H, dd, J 14.5, 4.5, CHaHbCH), 2.94 (1H, dd, J 14.5, 7.5, CHaHbCH). δC (100 MHz, CDCl3): 175.8, 137.1, 128.0, 127.8, 121.7, 119.0, 118.9, 109.6, 109.3, 55.1, 52.0, 32.7, 30.7. LRMS (ESI) calculated for C13H17N2O2 [M+H]+: 233.1. Found 233.1. This data is consistent with literature.85







Methyl 1-aminocyclohexanecarboxylate, 261




Made according to a literature procedure,86 using 1-aminocyclohexanecarboxylic acid (2 g, 14.0 mmol), thionyl chloride (3.65 mL, 50.3 mmol) and methanol (14 mL) to give the title compound as a white solid (2.0 g, 12.9 mmol, 92%). δH (400 MHz, CDCl3): 3.65 (3H, s, OCH3), 1.91 - 1.81 (2H, m, NH2), 1.66 - 1.53 (4H, m, 2 × CH2), 1.47 - 1.34 (6H, m, 3 × CH2). δC (100 MHz, CDCl3): 177.8, 57.3, 52.0, 35.3, 25.4 (2C), 21.8. LRMS (ESI) calculated for C8H16NO2 [M+H]+: 158.1. Found 158.2. This data is consistent with literature.86

Methyl 2-(4-methylphenylsulfonamido)propanoate, 268




Made according to a literature procedure,105 using alanine methyl ester hydrochloride (2.0 g, 14.3 mmol), tosyl chloride (3 g, 15.8 mmol), triethylamine (4.4 mL, 31.5 mmol) and DCM (30 mL) to give the title compound as a white solid (3.36 g, 13.1 mmol, 91%). δH (400 MHz, CDCl3): 7.66 (2H, app. dt, J 8.5, 2.0, Ar-H), 7.23 (2H, d, J 8.0, Ar-H), 5.24 (1H, d, J 8.5, NH), 3.96 - 3.87 (1H, m, NCH), 3.47 (3H, s, OCH3), 2.35 (3H, s, Ar-CH3), 1.31 (3H, d, J 7.0, CH(CH3)). δC (100 MHz, CDCl3): 172.7, 143.7, 136.8, 129.7, 127.2, 52.6, 51.5, 21.5, 19.8. LRMS (ESI) calculated for C11H15NNaO4S [M+Na]+: 280.1. Found 280.1. This data is consistent with literature.105

Methyl 3-methyl-2-(4-methylphenylsulfonamido)butanoate, 269




Made according to a literature procedure,105 using valine methyl ester hydrochloride (2.0 g, 11.9 mmol), tosyl chloride (2.5 g, 13.1 mmol), triethylamine (3.65 mL, 26.2 mmol) and DCM (24 mL) to give the title compound as a white solid (2.46 g, 8.6 mmol, 73%). δH (400 MHz, CDCl3): 7.64 (2H, app. dt, J 8.5, 2.0, Ar-H), 7.21 (2H, d, J 8.5, Ar-H), 5.07 (1H, d, J 10.0, NH), 3.66 (1H, dd, J 10.0, 5.5, NCH), 3.37 (3H, s, OCH3), 2.34, (3H, s, Ar-CH3), 2.00 - 1.90 (1H, m, CH(CH3)2), 0.88 (3H, d, J 7.0, CH(CH3)a(CH3)b), 0.80 (3H, d, J 7.0, CH(CH3)a(CH3)b). δC (100 MHz, CDCl3): 171.8, 143.6, 136.6, 129.5, 127.3, 61.0, 52.2, 31.7, 21.5, 19.0, 17.5. LRMS (ESI) calculated for C13H19NNaO4S [M+Na]+: 308.1. Found 308.1. This data is consistent with literature.105

Methyl 4-methyl-2-(4-methylphenylsulfonamido)pentanoate, 270




Made according to a literature procedure,105 using leucine methyl ester hydrochloride (2.0 g, 11.0 mmol), tosyl chloride (2.3 g, 12.1 mmol), triethylamine (3.37 mL, 24.2 mmol) and DCM (22 mL) to give the title compound as a white solid (2.96 g, 9.9 mmol, 90%). δH (400 MHz, CDCl3): 7.73 (2H, app. dt, J 8.5, 1.5, Ar-H), 7.30 (2H, d, J 8.0, Ar-H), 5.14 (1H, d, J 9.0, NH), 3.95 (1H, ddd, J 10.0, 8.5, 6.0, NCH), 3.45 (3H, s, OCH3), 2.43 (3H, s, Ar-CH3), 1.87 - 1.72 (1H, m, CH(CH3)2), 1.55 - 1.43 (2H, m, CHCH2CH), 0.91 (3H, d, J 7.0, CH(CH3)a(CH3)b), 0.89 (3H, d, J 6.5, CH(CH3)a(CH3)b). δC (100 MHz, CDCl3): 172.8, 143.7, 136.7, 129.6, 127.4, 54.3, 52.3, 42.4, 24.3, 22.7, 21.6, 21.4. LRMS (ESI) calculated for C14H21NNaO4S [M+Na]+: 322.1. Found 322.1. This data is consistent with literature.105







Methyl 2-(4-methylphenylsulfonamido)-3-phenylpropanoate, 271


 

Made according to a literature procedure,105 using phenylalanine methyl ester hydrochloride (2.0 g, 9.3 mmol), tosyl chloride (1.9 g, 10.2 mmol), triethylamine (2.8 mL, 20.4 mmol) and DCM (18 mL) to give the title compound as white solid (2.20 g, 6.6 mmol, 71%). δH (400 MHz, CDCl3): 7.66 (2H, app. dt, J 8.5, 2.0, Ar-H), 7.29 - 7.24 (5H, m, Ar-H), 7.11 - 7.07 (2H, m, Ar-H), 5.11 (1H, br. s, NH), 4.23 (1H, dt, J 9.0, 6.0, NCH), 3.51 (3H, s, OCH3), 3.05 (2H, d, J 6.0, ArCH2CH), 2.43 (3H, s, Ar-CH3). δC (100 MHz, CDCl3): 171.2, 143.6, 136.5, 134.9, 129.6, 129.4, 128.6, 127.3, 127.2, 56.6, 52.4, 39.4, 21.6. LRMS (ESI) calculated for C17H19NNaO4S [M+Na]+: 356.1. Found 356.1. This data is consistent with literature.105



Methyl 3-(4-hydroxyphenyl)-2-(4-methylphenylsulfonamido)propanoate, 272




Made according to an adapted literature procedure,105 using tyrosine methyl ester hydrochloride (2.0 g, 10.2 mmol), tosyl chloride (2.15 g, 11.3 mmol), triethylamine (3.1 mL, 22.4 mmol) and DCM (20 mL) to give the title compound as a white solid (0.72 g, 2.1 mmol, 20%). δH (400 MHz, CDCl3): 7.60 (2H, dt, J 8.5, 2.0, Ar-H), 7.26 (2H, d, J 8.0, Ar-H), 6.94 (2H, dt, J 8.5, 2.5, Ar-H), 6.79 (2H, dt, J 8.5, 2.5, Ar-H), 4.98 (1H, d, J 9.0, NH), 4.10 - 4.02 (1H, m, NCH), 3.41 (3H, s, OCH3), 2.96 (1H, dd, J 13.5, 5.5, ArCHaCHb), 2.88 (1H, dd, J 14.0, 6.5, ArCHaCHb), 2.38 (3H, s, Ar-CH3). δC (100 MHz, CDCl3): 170.6, 148.8, 143.9, 136.4, 134.2, 130.4, 129.7, 128.5, 122.5, 56.5, 52.5, 38.7, 21.8. LRMS (FI) calculated for C17H19NO5S [M]+:349.1, Found 349.1. This data is consistent with literature.106



5-tert-Butyl 1-methyl 2-(4-methylphenylsulfonamido)pentanedioate, 273




Made according to an adapted literature procedure,105 using glutamic acid 5-tert-butyl 1-methyl ester hydrochloride (1.0 g, 3.9 mmol), tosyl chloride (0.83 g, 4.3 mmol), triethylamine (1.2 mL, 8.7 mmol) and DCM (8 mL) to give the title compound as a white solid (1.36 g, 3.7 mmol, 93%). Mp 63 - 64 °C δH (400 MHz, CDCl3): 7.72 (2H, d, J 8.5, Ar-H), 7.30 (2H, d, J 8.5, Ar-H), 5.29 (1H, d, J 9.5, NH), 3.98 (1H, td, J 9.0, 5.0, NCH), 3.51 (3H, s, OCH3), 2.47 - 2.30 (5H, m, Ar-CH3 and CH2CO2tBu), 2.11 - 2.01 (1H, m, CH2CHaHbCH), 1.88 - 1.78 (1H, m, CH2CHaHbCH), 1.46 (9H, s, C(CH3)3). δC (100 MHz, CDCl3): 171.9, 171.8, 143.7, 136.5, 129.7, 127.3, 80.9, 55.0, 53.6, 30.7, 28.3, 28.0, 21.5. max (thin film)/cm-1: 3288, 1746, 1483, 1445, 1416, 1338, 1270, 1215, 1163, 1089, 936, 808, 740, 687, 667. HRMS (ESI) calculated for C17H25NNaO6S [M+Na]+: 394.1295. Found 394.1279. 



Methyl 3-(1-methyl-1H-indol-3-yl)-2-(4-methylphenylsulfonamido)propanoate, 274




Made according to an adapted literature procedure,105 using methyl 2-amino-3-(1-methyl-1H-indol-3-yl)propanoate (500 mg, 2.2 mmol), tosyl chloride (0.45 g, 2.4 mmol), triethylamine (0.66 mL, 4.7 mmol) and DCM (5 mL) to give the title compound as a white amorphous solid (0.85 g, 2.3 mmol, 100%). Mp 79 - 82 °C δH (400 MHz, CDCl3): 7.52 (2H, d, J 8.5, Ar-H), 7.32 (1H, d, J 8.0, Ar-H), 7.17 (1H, d, J 8.5, Ar-H), 7.14 - 7.07 (3H, m, Ar-H), 6.98 (1H, td, J 7.5, 1.0, Ar-H), 6.79 (1H, s, NCH=C), 5.10 - 5.04 (1H, m, NH), 4.16 (1H, dt, J 9.0, 5.5, NCH), 3.64 (3H, s, OCH3), 3.36 (3H, s, NCH3), 3.15 (2H, d, J 5.5, CH2CH), 2.30 (3H,s, Ar-CH3). δC (100 MHz, CDCl3): 171.7, 143.4, 136.9, 136.6, 129.5, 128.1, 127.7, 127.1, 121.7, 119.2, 118.6, 109.3, 107.3, 56.1, 52.4, 32.7, 29.2, 21.5. max (thin film)/cm-1: 3288, 1746, 1483, 1445, 1416, 1338, 1270, 1215, 1163, 1089, 936, 808, 740, 687, 667. HRMS (FI) calculated C20H22N2O4S [M]+: 386.1300. Found 386.1310.


Methyl 1-(4-methylphenylsulfonamido)cyclohexanecarboxylate, 275




Made according to an adapted literature procedure,105 using methyl 1-aminocyclohexanecarboxylate (1.8 g, 11.5 mmol), tosyl chloride (2.4 g, 12.6 mmol), triethylamine (3.5 mL, 25.2 mmol) and DCM (23 mL) to give the title compound as white solid (3.1 g, 10.0 mmol, 87%). δH (400 MHz, CDCl3): 7.68 (2H, dt, J 8.5, 2.0, Ar-H), 7.22 (2H, d, J 8.0, Ar-H), 4.91 (1H, br. s, NH), 3.45 (3H, s, OCH3), 2.35 (3H, s, Ar-CH3), 1.84 - 1.70 (5H, m, 2 × CH2 and CHaCHb), 1.39 - 1.27 (5H, m, 2 × CH2 and CHaCHb). δC (100 MHz, CDCl3): 174.1, 143.4, 138.5, 129.4, 127.4, 61.5, 52.2, 33.3 (2C), 25.0, 21.5, 21.1. LRMS (ESI) calaculated for C15H21NNaO4S [M+Na]+: 334.1. Found 334.1. This data is consistent with literature.107



Methyl 2-(4-methyl-N-((methylthio)methyl)phenylsulfonamido)propanoate, 278




To a solution of methyl 2-(4-methylphenylsulfonamido)propanoate (3.2 g, 12.4 mmol) and sodium iodide (0.93 g, 6.2 mmol) in DMF (25 mL) was added sodium bis(trimethylsilyl)amide (2 M in THF, 9.3 mL, 18.7 mmol) and the reaction mixture was stirred for 30 mins at rt. Then methylthiomethyl chloride (1.25 mL, 14.9 mmol) was added and the reaction was stirred for 2 h. The reaction mixture was diluted with EtOAc (50 mL) and washed with 1 N aqueous hydrochloric acid (50 mL), 5% aqueous lithium chloride (50 mL) and brine (50 mL), dried (MgSO4), filtered and concentrated. The title compound was purified by column chromatography (20% EtOAc/petrol) and then recrystallised from DCM/petrol to give the title compound as a white crystalline solid (1.76 g, 5.5 mmol, 44%). Mp 63 - 65 °C. δH (400 MHz, CDCl3): 7.77 - 7.72 (2H, m, Ar-H), 7.33 (2H, d, J 8.0, Ar-H), 4.63 (1H, q, J 7.5, NCH), 4.55 (1H, d, J 14.5, CH3SCHaHb), 4.38 (1H, d, J 14.5, CH3SCHaHb), 3.66 (3H, s, OCH3), 2.45 (3H, s, Ar-CH3), 2.15 (3H, s, SCH3), 1.44 (3H, d, J 7.5, CHCH3). δC (100 MHz, CDCl3): 172.1, 143.8, 137.0, 129.7 (2C), 127.3 (2C), 53.8, 52.3, 50.0, 21.6, 15.4, 14.5. max (neat)/cm-1: 2951, 1741, 1598, 1436, 1342, 1226, 1158, 1091, 971, 817. HRMS (ESI) calculated for C13H19NNaO4S2 [M+Na]+: 340.0648. Found 340.0640.

4-Methyl-N-((methylthio)methyl)-N-(1-oxopropan-2-yl)benzenesulfonamide, 279




To a solution of methyl 2-(((benzyloxy)carbonyl)((methylthio)methyl)amino)propanoate (1 g, 3.2 mmol) in diethyl ether (18 mL) at -78 °C was added DIBAL-H (1.2 M in toluene, 5.5 mL, 6.6 mmol). The reaction mixture was stirred at -78 °C for 30 mins and then EtOAc (10 mL) was added and stirred at -78 °C for 10 mins and warmed to rt. Water (10 mL) and Et2O (10 mL) were added and the crude mixture filtered through celite, the aqueous layer was separated and extracted with ether (2 × 50 mL), dried (MgSO4), filtered and concentrated. The title product was purified by column chromatography (30% Et2O/petrol) and isolated as an pale yellow oil (135 mg, 0.47 mmol, 15%). δH (400 MHz, CDCl3): 9.66 (1H, s, CHO), 7.67 - 7.58 (2H, m, Ar-H), 7.30 - 7.19 (2H, m, Ar-H), 4.64 (1H, d, J 14.0, CH3SCHaHb), 4.23 (1H, q, J 7.0, NCH), 3.99 (1H, d, J 14.0, CH3SCHaHb), 2.37 (3H, s, Ar-CH3), 2.14 (3H, s, SCH3), 1.02 (3H, d, J 7.0, CHCH3). δC (100 MHz, CDCl3): 200.2, 144.2, 136.7, 130.1, 127.0, 60.1, 49.4, 21.5, 14.1, 10.9. max (neat)/cm-1: 2989, 2923, 1735, 1598, 1495, 1433, 1384, 1340, 1306, 1159, 1092, 1011, 937, 818, 730, 658. HRMS (ESI) calculated for C13H21NNaO4S2 [M+Na+MeOH]+: 342.0804. Found 342.0796.

Methyl 2-(4-methyl-N-((methylthio)methyl)phenylsulfonamido)-3-phenylpropanoate, 280


 

To a solution of methyl 2-(4-methylphenylsulfonamido)-3-phenylpropanoate (2 g, 6.0 mmol) and sodium iodide (0.45 g, 3.0 mmol) in DMF (12 mL) was added sodium bis(trimethylsilyl)amide (2 M in THF, 4.5 mL, 9.0 mmol) and the reaction mixture was stirred for 30 mins at rt. Methylthiomethyl chloride (0.6 mL, 7.2 mmol) was added and the reaction was stirred for 2 h. The reaction mixture was diluted with EtOAc (50 mL) and washed with 1 N aqueous hydrochloric acid (50 mL), 5% aqueous lithium chloride (50 mL) and brine (50 mL), dried (MgSO4), filtered and concentrated. The title compound was purified by column chromatography (20% EtOAc/petrol) and then recrystallised from DCM/petrol to give the title compound as a white solid (1.20 g, 3.1 mmol, 51%). Mp 60 - 63 °C. δH (400 MHz, CDCl3): 7.53 (2H, d, J 8.5, Ar-H), 7.21 - 7.08 (7H, m, Ar-H), 4.71 (1H, t, J 7.5, NCH), 4.37 (1H, d, J 14.5, CH3SCHaHb), 4.33 (1H, d, J 14.5, CH3SCHaHb), 3.47 (3H, s, OCH3), 3.38 (1H, dd, J 14.0, 7.5, CHCHaHb), 2.98 (1H, dd, J 14.0, 7.5, CHCHaHb), 2.33 (3H, s, Ar-CH3), 1.98 (3H, s, SCH3). δC (100 MHz, CDCl3): 170.9, 143.7, 137.1, 136.9, 129.5, 129.3, 128.5, 127.6, 126.8, 59.9, 52.2, 50.9, 36.2, 21.6, 14.6. max (neat)/cm-1: 2957, 1739, 1598, 1496, 1435, 1342, 1223, 1157, 1091, 1034, 950, 816, 721, 670, 658. HRMS (ESI) calculated for C19H23NNaO4S2 [M+Na]+: 416.0961. Found 416.0946.

4-Methyl-N-((methylthio)methyl)-N-(1-oxo-3-phenylpropan-2-yl)benzenesulfonamide, 281




To a solution of methyl 2-(4-methyl-N-((methylthio)methyl)phenylsulfonamido)-3-phenylpropanoate (1 g, 2.6 mmol) in Et2O (14 mL) at -78 °C was added DIBAL-H (1.2 M in toluene, 4.5 mL, 5.4 mmol). The reaction mixture was stirred at -78 °C for 2 h and then EtOAc (10 mL) was added and stirred at -78 °C for 10 mins and warmed to rt. Water (10 mL) and Et2O (10 mL) were added and the crude mixture filtered through celite, the aqueous layer was separated and extracted with ether (2 × 50 mL), dried (MgSO4), filtered and concentrated. The title product was purified by column chromatography (30% Et2O/petrol) and isolated as a pale yellow amorphous solid (93 mg, 0.26 mmol, 10%). Mp 84 - 87 °C δH (400 MHz, CDCl3): 9.73 (1H, s, CHO), 7.34 (2H, d, J 8.5, Ar-H), 7.09 - 6.96 (5H, m, Ar-H), 6.80 (2H, d, J 7.0, Ar-H), 4.50 (1H, d, J 14.0, CH3SCHaHb), 4.40 (1H, dd, J 9.5, 5.0, NCH), 4.19 (1H, d, J 14.5, CH3SCHaHb), 3.40 (1H, dd, J 15.0, 5.0, ArCHaHb), 2.57 (1H, dd, J 15.0, 9.5, ArCHaHb), 2.32 (3H, s, Ar-CH3), 2.11 (3H, s, SCH3). δC (100 MHz, CDCl3): 199.5, 143.8, 136.8, 136.7, 129.8, 128.64, 128.61, 127.1, 126.6, 65.8, 50.4, 32.4, 21.5, 14.3. max (neat)/cm-1: 3029, 2923, 2850, 1732, 1598, 1496, 1455, 1338, 1159, 1092, 961, 836, 815, 700, 660. HRMS (ESI) calculated for C19H25NNaO4S2 [M+Na+MeOH]+: 418.1117. Found 418.1098.

Methyl 3-methyl-2-(4-methyl-N-((methylthio)methyl)phenylsulfonamido)butanoate, 282




To a solution of methyl 3-methyl-2-(4-methylphenylsulfonamido)butanoate (2.3 g, 8.1 mmol) and sodium iodide (0.60 g, 4.0 mmol) in DMF (16 mL) was added sodium bis(trimethylsilyl)amide (2 M in THF, 6.1 mL, 12.1 mmol) and the reaction mixture was stirred for 30 mins at rt. Methylthiomethyl chloride (0.81 mL, 9.7 mmol) was added and the reaction was stirred for 2 h. The reaction mixture was diluted with EtOAc (50 mL) and washed with 1 N aqueous hydrochloric acid (50 mL), 5% aqueous lithium chloride (50 mL) and brine (50 mL), dried (MgSO4), filtered and concentrated. The title compound was purified by column chromatography (20% EtOAc/petrol) and then recrystallised from DCM/petrol to give the title compound as a white solid (1.23 g, 3.6 mmol, 44%). Mp 42 - 44 °C. δH (400 MHz, CDCl3): 7.77 - 7.73 (2H, m, Ar-H), 7.33 - 7.28 (2H, m, Ar-H), 4.83 (1H, d, J 15.0, CH3SCHaHb), 4.62 (1H, d, J 14.5,CH3SCHaHb), 4.03 (1H, d, J 11.0, NCH), 3.41 (3H, s, OCH3), 2.44 (3H, s, Ar-CH3), 2.41 - 2.30 (1H, m, CH(CH3)2), 2.24 (3H, s, SCH3), 1.08 (3H, d, J 6.5, CH(CH3)a(CH3)b), 0.92 (3H, d, J 6.5, CH(CH3)a(CH3)b). δC (100 MHz, CDCl3): 171.0, 143.6, 137.0, 129.3, 127.7, 65.3, 51.5, 50.3, 28.6, 21.6, 20.0, 19.5, 15.8. max (neat)/cm-1: 2966, 1737, 1598, 1435, 1342, 1294, 1203, 1160, 1090, 1029, 967, 810, 745. HRMS (ESI) calculated for C15H23NNaO4S2 [M+Na]+: 368.0961. Found 368.0965.

4-Methyl-N-(3-methyl-1-oxobutan-2-yl)-N-((methylthio)methyl)benzenesulfonamide, 284




To a solution of methyl 4-methyl-2-(4-methyl-N-((methylthio)methyl)phenylsulfonamido)pentanoate (1 g, 2.9 mmol) in toluene (16 mL) at -78 °C was added DIBAL-H (1.2 M in toluene, 5.1 mL, 6.1 mmol). The reaction mixture was stirred at -78 °C for 2 h and then EtOAc (10 mL) was added and stirred at -78 °C for 10 mins and warmed to rt. Water (10 mL) and Et2O (10 mL) were added and the crude mixture filtered through celite, the aqueous layer was separated and extracted with ether (2 × 50 mL), dried (MgSO4) and concentrated. The crude reaction mixture was then dissolved in DCM (10 mL) and pyridine (2.5 mL) and added to Dess Martin periodane (1.5 g, 3.5 mmol) and stirred at rt for 2.5 h. Aqueous sodium thiosulfate solution (2 mL) was added and the aqueous layer extracted with EtOAc (20 mL). The combined organic layers were washed with water (20 mL), aqueous sodium bicarbonate (20 mL) and brine (20mL) and then concentrated. The residue was dissolved in DCM (10 mL) and washed with aqueous copper sulphate (10 mL), dried (MgSO4), filtered and concentrated. The title product was purified by column chromatography (30% Et2O/petrol) and isolated as a colourless oil (277 mg, 0.88 mmol, 30%). δH (400 MHz, CDCl3): 9.69 (1H, s, CHO), 7.67 (2H, d, J 8.0, Ar-H), 7.24 (2H, d, J 8.0, Ar-H), 4.62 (1H, d, J 14.5, CH3SCHaHb), 4.10 (1H, d, J 14.5, CH3SCHaHb), 3.73 (1H, d, J 10.5, NCH), 2.35 (3H, s, Ar-CH3), 2.18 - 2.07 (1H, m, CH(CH3)2), 1.97 (3H, s, SCH3), 1.00 (3H, d, J 6.5, CH(CH3)a(CH3)b), 0.61 (3H, d, J 6.5, CH(CH3)a(CH3)b). δC (100 MHz, CDCl3): 198.8, 144.0, 137.2, 129.8, 127.4, 69.6, 50.4, 26.4, 21.5, 20.1, 20.0, 14.8. max (neat)/cm-1: 2964, 2923, 1731, 1598, 1467, 1341, 1160, 1091, 1028, 977. HRMS (ESI) calculated for C15H25NNaO4S2 [M+Na+MeOH]+: 370.1117. Found 370.1116.



Methyl 4-methyl-2-(4-methyl-N-((methylthio)methyl)phenylsulfonamido)pentanoate, 285




To a solution of methyl 4-methyl-2-(4-methylphenylsulfonamido)pentanoate (2.8 g, 9.4 mmol) and sodium iodide (0.70 g, 4.7 mmol) in DMF (19 mL) was added sodium bis(trimethylsilyl)amide (2 M in THF, 7.2 mL, 14.0 mmol) and the reaction mixture was stirred for 30 mins at rt. Then methylthiomethyl chloride (0.94 mL, 11.2 mmol) was added and the reaction was stirred for 2 h. The reaction mixture was diluted with EtOAc (50 mL) and washed with 1 N aqueous hydrochloric acid (50 mL), 5% aqueous lithium chloride (50 mL) and brine (50 mL), dried (MgSO4), filtered and concentrated. The title compound was purified by column chromatography (20% EtOAc/petrol) and then recrystallised from DCM/petrol to give the title compound as a white solid (1.70 g, 4.7 mmol, 50%). Mp 45 - 48 °C. δH (400 MHz, CDCl3): 7.73 (2H, dt, J 8.5, 2.0, Ar-H), 7.30 (2H, d, J 8.5, Ar-H), 4.61 - 4.50 (3H, m, NCH and CH3SCH2), 3.52 (3H, s, OCH3), 2.43 (3H, s, Ar-CH3), 2.18 (3H, s, SCH3), 1.76 - 1.64 (3H, m, CHCH2CH(CH3)2 and CHCH2CH(CH3)2), 0.91 (6H, t, J 6.0, CH(CH3)2). δC (100 MHz, CDCl3): 171.9, 143.7, 136.8, 129.5, 127.6, 56.9, 52.0, 50.2, 38.7, 24.5, 22.6, 21.58, 21.55, 15.1. max (neat)/cm-1: 2956, 1739, 1598, 1435, 1342, 1154, 1090, 1043, 944, 905, 815. HRMS (ESI) calculated for C16H25NNaO4S2 [M+Na]+: 382.1117. Found 382.1112.

Methyl 1-(4-methyl-N-((methylthio)methyl)phenylsulfonamido)cyclohexanecarboxylate, 288




To a solution of methyl 1-(4-methylphenylsulfonamido)cyclohexanecarboxylate (2.9 g, 9.3 mmol) and sodium iodide (0.70 g, 4.7 mmol) in DMF (19 mL) was added sodium bis(trimethylsilyl)amide (2 M in THF, 7.0 mL, 14.0 mmol) and the reaction mixture was stirred for 30 mins at rt. Then methylthiomethyl chloride (0.94 mL, 11.2 mmol) was added and the reaction was stirred for 2 h. The reaction mixture was diluted with EtOAc (50 mL) and washed with 1 N aqueous hydrochloric acid (50 mL), 5% aqueous lithium chloride (50 mL) and brine (50 mL), dried (MgSO4), filtered and concentrated. The title compound was purified by column chromatography (20% EtOAc/petrol) and then recrystallised from DCM/petrol to give the title compound as a white solid (2.21 g, 6.0 mmol, 64%). Mp 80 - 82 °C. δH (400 MHz, CDCl3): 7.77 (2H, d, J 8.5, Ar-H), 7.22 (2H,  d, J 8.0, Ar-H), 4.52 (2H, s, CH3SCH2), 3.66 (3H, s, OCH3), 2.35 (3H,s, Ar-CH3), 2.31 (2H, d, J 13.0, Cy-CH2), 2.10 (3H, s, SCH3), 1.86 (2H, td, J 12.5, 4.0, Cy-CH2) 1.60 - 1.32 (6H, m, 3 × Cy-CH2). δC (100 MHz, CDCl3): 173.3, 143.5, 138.7, 129.5, 127.8, 67.8, 52.2, 50.7, 34.1, 24.9, 23.1, 21.6, 15.9. max (neat)/cm-1: 3275, 2946, 2862, 1738, 1599, 1451, 1328, 1278, 1244, 1207, 1164, 1094, 1061, 1007, 896, 816. HRMS (ESI) calculated for C17H25NNaO4S2 [M+Na]+:394.1117. Found 394.1101.

(S)-N-(1-Hydroxy-3-phenylpropan-2-yl)-4-methylbenzenesulfonamide, L-292




Made according to literature procedure108, using (L)-phenylalaninol (1 g, 6.6 mmol), tosyl chloride (1.3 g, 6.9 mmol), DMAP (81 mg, 0.66 mmol), triethylamine (1.8 mL, 13.2 mmol) and DCM (24.5 mL) to give the title compound as a colourless oil (1.68 g, 5.5 mmol, 83%). [][image: ] -25.5 (c 1.3, CHCl3). δH (400 MHz, CDCl3): 7.61 (2H, dt, J 8.5, 1.5, Ar-H), 7.25 - 7.17 (5H, m, Ar-H), 7.03 - 6.97 (2H, m, Ar-H), 5.10 (1H, br. s, NH), 3.67 (1H, dd, J 11.0, 3.5, HOCHaHb), 3.55 (1H, dd, J 11.0, 5.0, HOCHaHb), 3.51 - 3.44 (1H, m, NCH) 2.80 (1H, dd, J 14.0, 7.0, ArCHaHb), 2.70 (1H, dd, J 14.0, 7.0, ArCHaHb), 2.44 (3H, s , Ar-CH3), 2.29 (1H, br. s, OH). δC (100 MHz, CDCl3): 143.4, 136.84, 136.76, 129.7, 129.2, 128.7, 127.0, 126.7, 64.0, 56.7, 37.8, 21.6. LRMS (ESI) calculated for C16H19NNaO3S [M+Na]+: 328.1. Found 328.1. This data is consistant with literature. 108


(R)-N-(1-Hydroxy-3-phenylpropan-2-yl)-4-methylbenzenesulfonamide, D-292




Made according to literature procedure108 using (D)-phenylalaninol (1 g, 6.6 mmol), tosyl chloride (1.3 g, 6.9 mmol), DMAP (81 mg, 0.66 mmol), triethylamine (1.8 mL, 13.2 mmol) and DCM (24.5 mL) to give the title compound as a colourless oil (2.0 g, 6.6 mmol, 100%). [][image: ] +16.7 (c 1.3, CHCl3). δH (400 MHz, CDCl3): 7.61 (2H, dt, J 8.5, 1.5, Ar-H), 7.25 - 7.17 (5H, m, Ar-H), 7.03 - 6.97 (2H, m, Ar-H), 5.10 (1H, br. s, NH), 3.67 (1H, dd, J 11.0, 3.5, HOCHaHb), 3.55 (1H, dd, J 11.0, 5.0, HOCHaHb), 3.51 - 3.44 (1H, m, NCH), 2.80 (1H, dd, J 14.0, 7.0, ArCHaHb), 2.70 (1H, dd, J 14.0, 7.0, ArCHaHb), 2.44 (3H, s, Ar-CH3), 2.29 (1H, br. s, OH). δC (100 MHz, CDCl3): 143.4, 136.84, 136.76, 129.7, 129.2, 128.7, 127.0, 126.7, 64.0, 56.7, 37.8, 21.6. LRMS (ESI) calculated for C16H19NNaO3S [M+Na]+: 328.1. Found 328.1. This data is consistent with the L isomer.



(S)-4-Methyl-N-(1-phenyl-3-((triethylsilyl)oxy)propan-2-yl)benzenesulfonamide, L‑293




Made according to a modified literature procedure108, using (S)-N-(1-hydroxy-3-phenylpropan-2-yl)-4-methylbenzenesulfonamide (1 g, 3.3 mmol), chlorotriethylsilane (0.66 mL, 3.9 mmol), imidazole (0.58 g, 8.5 mmol) and DMF (6 mL) to give the title compound as a colourless oil (1.33 g, 3.2 mmol, 97%). [][image: ] -10.9 (c 1.0, CHCl3). δH (400 MHz, CDCl3): 7.66 (2H, d, J 8.5, Ar-H), 7.26 - 7.15 (5H, m, Ar-H), 7.09 - 7.05 (2H, m, Ar-H), 4.93 (1H, br. s, NH), 3.53 - 3.34 (3H, m, NCH and OCH2), 2.91 - 2.74 (2H, m, ArCH2), 2.42 (3H, s, Ar-CH3), 0.94 (9H, t, J 8.0, 3 × SiCH2CH3), 0.56 (6H, q, J 8.0, 3 × SiCH2CH3). δC (100 MHz, CDCl3): 143.1, 137.7, 137.4, 129.6, 129.4, 128.5, 127.0, 126.5, 62.9, 56.2, 38.0, 21.5, 6.7, 4.3. max (neat)/cm-1: 3284, 2954, 2876, 1739, 1599, 1496, 1456, 1414, 1330, 1241, 1159, 1083, 1048, 1005, 973, 811, 741, 700, 663. HRMS (ESI) calculated for C22H33NNaO3SSi [M+Na]+: 442.1843. Found 442.1834.



(R)-4-Methyl-N-(1-phenyl-3-((triethylsilyl)oxy)propan-2-yl)benzenesulfonamide, D‑293




Made according to a modified literature procedure108, using (R)-N-(1-hydroxy-3-phenylpropan-2-yl)-4-methylbenzenesulfonamide (1 g, 3.3 mmol), chlorotriethylsilane (0.66 mL, 3.9 mmol), imidazole (0.58 g, 8.5 mmol) and DMF (6 mL) to give the title compound as a colourless oil (1.34 g, 3.2 mmol, 98%). [][image: ] +12.1 (c 1.0, CHCl3). δH (400 MHz, CDCl3): 7.66 (2H, d, J 8.5, Ar-H), 7.26 - 7.16 (5H, m, Ar-H), 7.10 - 7.05 (2H, m, Ar-H), 4.88 (1H, d, J 7.5, NH), 3.51 - 3.35 (3H, m, NCH and OCH2), 2.90 - 2.76 (2H, m, ArCH2), 2.43 (3H, s, Ar-CH3), 0.94 (9H, t, J 8.0, 3 × SiCH2CH3), 0.56 (6H, q, J 8.0, 3 × SiCH2CH3). δC (100 MHz, CDCl3): 143.2, 137.7, 137.4, 129.6, 129.4, 128.5, 127.0, 126.5, 62.9, 56.2, 38.0, 21.5, 6.7, 4.3. LRMS (ESI) calculated for C22H33NNaO3SSi [M+Na]+: 442.2. Found 442.2. This data was in accordance with the L isomer.



(S)-4-Methyl-N-((methylthio)methyl)-N-(1-phenyl-3-((triethylsilyl)oxy)propan-2-yl)benzenesulfonamide, L-294




To a solution of (S)-4-methyl-N-(1-phenyl-3-((triethylsilyl)oxy)propan-2-yl)benzenesulfonamide (1 g, 2.4 mmol) and sodium iodide (0.18 g, 1.2 mmol) in DMF (4.8 mL) was added sodium bis(trimethylsilyl)amide (2 M in THF, 1.8 mL, 3.6 mmol) and the reaction mixture was stirred for 30 mins at rt. Then methylthiomethyl chloride (0.24 mL, 2.9 mmol) was added and the reaction was stirred for 2 h. The reaction mixture was diluted with EtOAc (25 mL) and washed with 1 N aqueous hydrochloric acid (25 mL), 5% aqueous lithium chloride (25 mL) and brine (25 mL), dried (MgSO4), filtered and concentrated. The title compound was purified by column chromatography (20% EtOAc/petrol) to give the title compound as a colourless oil (460 mg, 0.96 mmol, 40%). [][image: ] +0.7 (c 1.0, CHCl3). δH (400 MHz, CDCl3): 7.58 (2H, d, J 8.5, Ar-H), 7.18 - 7.02 (7H, m, Ar-H), 4.58 (1H, d, J 14.5, CH3SCHaHb), 4.46 (1H, d, J 14.0, CH3SCHaHb), 3.90 - 3.80 (1H, m, NCH), 3.69 (1H, dd, J 11.0, 7.0, OCHaHb), 3.57 (1H, dd, J 11.0, 5.0, OCHaHb), 3.09 (1H, dd, J 13.5, 9.0, ArCHaHb), 2.99 (1H, dd, J 13.5, 6.0, ArCHaHb), 2.32 (3H, s, Ar-CH3), 2.16 (3H, s, SCH3), 0.74 (9H, t, J 8.0, 3 × SiCH2CH3), 0.35 (6H, q, J 8.0, 3 × SiCH2CH3). δC (100 MHz, CDCl3): 143.1, 138.7, 137.6, 129.5, 129.0, 128.4, 127.2, 126.3, 62.0, 61.9, 49.8, 37.7, 21.5, 14.6, 6.7, 4.2. max (neat)/cm-1: 2954, 2876, 1599, 1495, 1455, 1341, 1158, 1091, 1003, 956, 812, 745, 701, 656. HRMS (ESI) calculated for C24H37NO3S2Si [M]+: 502.1876. Found 502.1872.

(R)-4-Methyl-N-((methylthio)methyl)-N-(1-phenyl-3-((triethylsilyl)oxy)propan-2-yl)benzenesulfonamide, D-294




To a solution of (R)-4-methyl-N-(1-phenyl-3-((triethylsilyl)oxy)propan-2-yl)benzenesulfonamide (1 g, 2.4 mmol) and sodium iodide (0.18 g, 1.2 mmol) in DMF (4.8 mL) was added sodium bis(trimethylsilyl)amide (2 M in THF, 1.8 mL, 3.6 mmol) and the reaction mixture was stirred for 30 mins at rt. Then methylthiomethyl chloride (0.24 mL, 2.9 mmol) was added and the reaction was stirred for 2 h. The reaction mixture was diluted with EtOAc (25 mL) and washed with 1 N aqueous hydrochloric acid (25 mL), 5% aqueous lithium chloride (25 mL) and brine (25 mL), dried (MgSO4), filtered and concentrated. The title compound was purified by column chromatography (20% EtOAc/petrol) to give the title compound as a colourless oil (644 mg, 1.3 mmol, 56%). [][image: ] -10.6 (c 1.0, CHCl3). δH (400 MHz, CDCl3): 7.72 (2H, d, J 8.5, Ar-H), 7.31 - 7.16 (7H, m, Ar-H), 4.72 (1H, d, J 14.0, CH3SCHaHb), 4.60 (1H, d, J 14.5, CH3SCHaHb), 4.04 - 3.95 (1H, m, NCH), 3.83 (1H, dd, J 11.0, 7.0, OCHaHb), 3.71 (1H, dd, J 11.0, 5.0, OCHaHb), 3.23 (1H, dd, J 14.0, 9.0, ArCHaHb), 3.13 (1H, dd, J 13.5, 6.0, ArCHaHb), 2.46 (3H, s, Ar-CH3), 2.30 (3H, s, SCH3), 0.88 (9H, t, J 8.0, 3 × SiCH2CH3), 0.49 (6H, q, J 8.0, 3 × SiCH2CH3). δC (100 MHz, CDCl3): 143.1, 138.7, 137.6, 129.5, 129.0, 128.4, 127.2, 126.3, 62.0, 61.9, 49.8, 37.7, 21.5, 14.6, 6.7, 4.2. LRMS (ESI) calculated for C24H37NNaO3S2Si [M+Na]+: 502.2. Found 502.2. This data was in accordance with the L isomer.

(S)-N-(1-Hydroxy-3-phenylpropan-2-yl)-4-methyl-N-((methylthio)methyl)benzenesulfonamide, L-295




Tetrabutylammonium fluoride (1 M in THF, 1.6 mL, 1.6 mmol) was added to a solution of (S)-4-methyl-N-((methylthio)methyl)-N-(1-phenyl-3-((triethylsilyl)oxy)propan-2-yl)benzenesulfonamide (392 mg, 0.82 mmol) in THF (10 mL) at rt and stirred for 1 h. Water (5 mL) and Et2O (5 mL) were added and then the two layers separated. The aqueous layer was extracted with Et2O (3 × 5 mL), dried (MgSO4), filtered, concentrated and purified by column chromatography (20% EtOAc/petrol) to give the title compound as a pale brown oil (296 mg, 0.74 mmol, 90%). [][image: ]-21.8 (c 1.0, CHCl3). δH (400 MHz, CDCl3): 7.61 (2H, d, J 8.5, Ar-H), 7.19 (2H, d, J 7.5, Ar-H), 7.15 - 7.09 (3H, m, Ar-H), 6.94 - 6.89 (2H, m, Ar-H), 4.70 (1H, d, J 14.5, CH3SCHaHb), 4.30 (1H, d, J 14.5, CH3SCHaHb), 3.98 - 3.89 (1H, m, NCH), 3.69 - 3.57 (2H, m, HOCH2), 2.81 (1H, dd, J 13.5, 10.0, ArCHaHb), 2.55 (1H, dd, J 13.5, 5.0, ArCHaHb), 2.35 (3H, s, Ar-CH3), 2.21 (3H, s, SCH3). δC (100 MHz, CDCl3): 143.8, 137.5, 137.2, 129.8, 129.0, 128.6, 127.3, 126.6, 62.3, 61.5, 48.9, 35.7, 21.6, 14.8. max (neat)/cm-1: 3533, 3028, 2923, 1598, 1495, 1333, 1154, 1091, 1042, 956, 814, 756, 726, 701, 656. HRMS (ESI) calculated for C18H23NNaO3S2 [M+Na]+: 388.1012. Found 388.1014.

(R)-N-(1-Hydroxy-3-phenylpropan-2-yl)-4-methyl-N-((methylthio)methyl)benzenesulfonamide, D-295




Tetrabutylammonium fluoride (1 M in THF, 2.7 mL, 2.7 mmol) was added to a solution of (R)-4-methyl-N-((methylthio)methyl)-N-(1-phenyl-3-((triethylsilyl)oxy)propan-2-yl)benzenesulfonamide (644 mg, 1.3 mmol) in THF (13 mL) at rt and stirred for 1 h. Water (5 mL) and Et2O (5 mL) were added and then the two layers separated. The aqueous layer was extracted with Et2O (3 × 5 mL), dried (MgSO4), filtered, concentrated and purified by column chromatography (20% EtOAc/petrol) to give the title compound as a pale brown oil (462 mg, 1.3 mmol, 94%). [][image: ] +24.9 (c 1.0, CHCl3). δH (400 MHz, CDCl3): 7.60 (2H, d, J 8.5, Ar-H), 7.19 (2H, d, J 8.0, Ar-H), 7.15 - 7.08 (3H, m, Ar-H), 6.94 - 6.90 (2H, m, Ar-H), 4.70 (1H, d, J 14.5, CH3SCHaHb), 4.30 (1H, d, J 14.5, CH3SCHaHb), 3.98 - 3.89 (1H, m, NCH), 3.69 - 3.56 (2H, m, HOCH2), 2.80 (1H, dd, J 13.5, 10.0, ArCHaHb), 2.55 (1H, dd, J 13.5, 5.5, ArCHaHb), 2.34 (3H, s, Ar-CH3), 2.21 (3H, s, SCH3). δC (100 MHz, CDCl3): 143.7, 137.5, 137.2, 129.8, 129.0, 128.6, 127.3, 126.6, 62.3, 61.5, 48.9, 35.7, 21.6, 14.8. LRMS (ESI) calculated for C18H23NNaO3S2 [M]+: 388.1. Found 388.1. This data was in accordance with the L isomer.

(R)-4-Methyl-N-((methylthio)methyl)-N-(1-oxo-3-phenylpropan-2-yl)benzenesulfonamide, D-281




A solution of (R)-N-(1-hydroxy-3-phenylpropan-2-yl)-4-methyl-N-((methylthio)methyl)benzenesulfonamide (395 mg, 1.1 mmol) in DCM (4 mL) and pyridine (1 mL) and added to Dess Martin periodane (551 mg, 1.3 mmol) and stirred at rt for 2.5 h. Aqueous sodium thiosulfate solution was added (2 mL) and the aqueous layer extracted with EtOAc (10 mL). The combined organic layers were washed with water (10 mL), aqueous sodium bicarbonate (10 mL) and brine (10 mL) and then concentrated. The residue was dissolved in DCM (5 mL) and washed with aqueous copper sulphate (10 mL), dried (MgSO4), filtered and concentrated. The title product was purified by column chromatography (30% Et2O/petrol) and isolated as a pale yellow oil (128 mg, 0.35 mmol, 32%). [][image: ] +30.5 (c 1.0, CHCl3). δH (400 MHz, CDCl3): 9.73 (1H, s, CHO), 7.34 (2H, d, J 8.5, Ar-H), 7.08 - 6.96 (5H, m, Ar-H), 6.80 (2H, d, J 7.0, Ar-H), 4.50 (1H, d, J 14.0, CH3SCHaHb), 4.39 (1H, dd, J 9.5, 5.0, NCH), 4.19 (1H, d, J 14.5, CH3SCHaHb), 3.40 (1H, dd, J 15.0, 5.0, ArCHaHb), 2.57 (1H, dd, J 15.0, 9.5, ArCHaHb), 2.32 (3H, s, Ar-CH3), 2.11 (3H, s, SCH3). δC (100 MHz, CDCl3): 199.6, 143.8, 136.8, 136.7, 129.8, 128.64, 128.60, 127.1, 126.6, 65.8, 50.4, 32.4, 21.5, 14.3. LRMS (ESI) calculated for C18H21NNaO3S2 [M+Na]+: 386.1. Found 386.1. This data was in accordance with the racemic example.

 General Hydroacylation Procedure 3

Rh(nbd)2BF4 (0.05 eq) and dcpm (0.05 eq) were added to a microwave vial equipped with a stirrer bar and the vial was sealed. The vial was put under vacuum and then flushed with nitrogen three times. 1,2-DCE (0.3 M) was added and hydrogen gas was bubbled through the solution until the solution turned yellow. The mixture was purged with nitrogen for 30 seconds. The aldehyde (1.0 eq) and alkyne (1.5 eq) were added and the reaction heated to 80 °C until complete consumption of aldehyde or for 16 hours, whichever occurs first. The reaction mixture was diluted with Et2O, filtered through silica; the filtrate was concentrated and purified by column chromatography (10 - 20% EtOAc/petrol).   
(E)-Benzyl ((methylthio)methyl)(3-oxoundec-4-en-2-yl)carbamate, 257a (entry 2, table 4.18)




Synthesised via general hydroacylation procedure 3 using benzyl ((methylthio)methyl)(1-oxopropan-2-yl)carbamate (50 mg, 0.19 mmol), 1-octyne (41 μL, 0.28 mmol), Rh(nbd)2BF4 (3.5 mg, 0.009 mmol), dcpm (3.8 mg, 0.009 mmol) and 1,2-DCE (0.62 mL). The title compound was obtained as a pale brown oil (71 mg, 0.19 mmol, 99%). Data recored on a 1:1 mixture of rotamers. δH (400 MHz, CDCl3): 7.35 - 7.15 (5H, m, Ar-H), 7.00 - 6.87 (0.5H, m, COCH=CH), 6.85 - 6.74 (0.5H, m, COCH=CH), 6.23 (0.5H, br. s, COCH=CH), 6.19 (0.5H, br. s, COCH=CH), 5.15 - 4.94 (2H, m, ArCH2), 4.65 (1H, d, J 14.0, CH3SCH2), 4.55 - 4.43 (0.5H, m, NCH), 4.15 - 4.04 (0.5H, m, NCH), 4.41 - 4.26 (1H, m, CH3SCH2), 2.16 (1.5H, s, SCH3), 2.14 - 2.02 (2H, m, CH=CHCH2), 2.00 (1.5H, s, SCH3), 1.43 - 1.12 (11H, m, CHCH3 and CHCH2CH2CH2CH2CH2 and CHCH2CH2CH2CH2CH2 and CHCH2CH2CH2CH2CH2 and CHCH2CH2CH2CH2CH2), 0.82 - 0.76 (3H, m, CH2CH3). δC (100 MHz, CDCl3): 197.0, 196.5, 148.7, 148.6, 136.0, 135.7, 128.54, 128.45, 128.2, 126.0, 125.2, 67.8, 60.2, 59.2, 52.1, 50.2, 32.6, 32.5, 31.6, 28.9, 28.0, 22.6, 15.1, 14.2, 14.1, 13.8. max (neat)/cm-1: 2927, 1699, 1630, 1434, 1319, 1232, 1063, 1002, 912, 768, 733, 698. HRMS (ESI) calculated for C21H31NNaO3S [M+Na]+: 400.1917. Found 400.1903.

(E)-4-Methyl-N-(2-methyl-4-oxododec-5-en-3-yl)-N-((methylthio)methyl)benzenesulfonamide, 284a (entry 5, table 4.18)




Synthesised via general hydroacylation procedure 3 using (50 mg, 0.16 mmol), 1-octyne (35 μL, 0.24 mmol), Rh(nbd)2BF4 (3.0 mg, 0.0080 mmol), dcpm (3.3 mg, 0.0080 mmol) and 1,2-DCE (0.53 mL). The title compound was obtained as a brown oil (27 mg, 0.063 mmol, 40%). δH (400 MHz, CDCl3): 7.68 (2H, d, J 8.5, Ar-H), 7.19 (2H, d, J 8.0, Ar-H), 6.75 (1H, dt, J 15.5, 7.0, COCH=CH), 5.95 (1H, dt, J 15.5, 1.5, COCH=CH), 4.67 (1H, d, J 14.5, CH3SCHaHb), 4.42 (1H, d, J 14.5, MeSCHaHb), 4.12 (1H, d, J 11.0, NCH), 2.36 - 2.30 (1H, m, CH(CH3)2), 2.34 (3H, s, Ar-CH3), 2.10 (3H, s, SCH3), 2.06 - 1.98 (2H, m, CH=CHCH2), 1.36 - 1.06 (8H, m, CHCH2CH2CH2CH2CH2 and CHCH2CH2CH2CH2CH2 and CHCH2CH2CH2CH2CH2 and CHCH2CH2CH2CH2CH2), 0.87 - 0.74 (9H, m, CH2CH3 and CH(CH3)2). δC (100 MHz, CDCl3): 197.2, 149.6, 143.6, 137.6, 129.5, 129.3, 127.8, 67.0, 50.4, 32.5, 31.5, 28.8, 27.8, 27.7, 22.5, 21.5, 20.0, 19.9, 16.2, 14.0. max (neat)/cm-1: 2928, 1694, 1621, 1467, 1342, 1160, 1091, 1026, 974, 909, 814, 732, 664. HRMS (ESI) calculated for C22H35NNaO3S2 [M+Na]+: 448.1951. Found 448.1947.
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Spectral Data

(E)-1,2,4,5-Tetrafluoro-3-(13-methoxytridec-1-enyl)benzene, 78







1,2,4,5-Tetrafluoro-3,6-bis((E)-13-methoxytridec-1-enyl)benzene, 79







(E)-1,2,4,5-Tetrafluoro-3-(4-phenylbut-1-en-1-yl)benzene, 80








((3E,3'E)-(Perfluoro-1,4-phenylene)bis(but-3-ene-4,1-diyl))dibenzene, 80a







(Z)-1,2,4,5-Tetrafluoro-3-(4-phenylbut-1-en-1-yl)benzene, 81







(E)-1,2,3,4,5-Pentafluoro-6-(4-phenylbut-1-en-1-yl)benzene, 82b (entry 1, table 2.12)






(E)-1,2,3,5-Tetrafluoro-4-(4-phenylbut-1-en-1-yl)benzene, 83b (entry 3, table 2.12)







(E)-1,2,3,4-Tetrafluoro-5-(4-phenylbut-1-en-1-yl)benzene, 84b (entry 4, table 2.12)







(E)-1,2,4,5-Tetrafluoro-3-(oct-1-en-1-yl)benzene, 60b (entry 2, table 2.14)








(E)-1,2,4,5-Tetrafluoro-3-(oct-4-en-4-yl)benzene, 62b (entry 3, table 2.14)







1,2,4,5-Tetrafluoro-3-(4-phenylbut-1-en-2-yl)benzene, 68b (entry 5, table 2.14)







(E)-1,2,4,5-Tetrafluoro-3-styrylbenzene, 64b (entry 6, table 2.14)








(E)-1,2,4,5-Tetrafluoro-3-(4-methoxystyryl)benzene, 65b (entry 7, table 2.14)






(E)-1,2,4,5-Tetrafluoro-3-(4-(trifluoromethyl)styryl)benzene, 66b (entry 8, table 2.14)






2',3',5',6'-Tetrafluoro-2,3,4,5-tetrahydro-1,1'-biphenyl, 77b (entry 9, table 2.14)







1,2,4,5-Tetrafluoro-3-(4-phenylbutyl)benzene, 101







((Perfluoro-1,4-phenylene)bis(butane-4,1-diyl))dibenzene, 102







Benzyl (2,2-dimethoxyethyl)((methylthio)methyl)carbamate, 201








Benzyl ((methylthio)methyl)(2-oxoethyl)carbamate, 202








N-Benzyl carbamate (2,2-dimethoxyethyl) S-methyl carbonodithioate, 203








(E)-Benzyl ((methylthio)methyl)(2-oxodec-3-en-1-yl)carbamate, 206







(E)-Benzyl (7-methyl-2-oxooct-3-en-1-yl)((methylthio)methyl)carbamate, 209b (entry 2, table 4.9)







(E)-Benzyl ((methylthio)methyl)(2-oxo-6-phenylhex-3-en-1-yl)carbamate, 210b (entry 3, table 4.9)







(E)-Benzyl (6-hydroxy-2-oxohept-3-en-1-yl)((methylthio)methyl)carbamate, 211b (entry 4, table 4.9)







(E)-Benzyl (8-iodo-2-oxooct-3-en-1-yl)((methylthio)methyl)carbamate, 212b (entry 5, table 4.9)







Benzyl ((methylthio)methyl)(2-oxo-3-(tetrahydrofuran-2-yl)propyl)carbamate, 220








(E)-Benzyl (5-methyl-2-oxooct-3-en-1-yl)((methylthio)methyl)carbamate, 221b (entry 1, table 4.10)







(E)-Benzyl (5,5-dimethyl-2-oxohex-3-en-1-yl)((methylthio)methyl)carbamate, 222b, (entry 2, table 4.10)







(E)-Benzyl (4-cyclopropyl-2-oxobut-3-en-1-yl)((methylthio)methyl)carbamate, 223b, (entry 3, table 4.10)







(E)-Benzyl (4-cyclohexyl-2-oxobut-3-en-1-yl)((methylthio)methyl)carbamate, 224b, (entry 4, table 4.10)







(E)-Benzyl (4-(cyclohex-1-en-1-yl)-2-oxobut-3-en-1-yl)((methylthio)methyl)carbamate, 225b, (entry 5, table 4.10)







(E)-Benzyl ((methylthio)methyl)(2-oxo-4-phenylbut-3-en-1-yl)carbamate, 232b, (entry 1, table 4.11)







(E)-Benzyl (4-(4-methoxyphenyl)-2-oxobut-3-en-1-yl)((methylthio)methyl)carbamate, 233b, (entry 2, table 4.11)







(E)-Benzyl ((methylthio)methyl)(2-oxo-4-(4-(trifluoromethyl)phenyl)but-3-en-1-yl)carbamate, 234b, (entry 3, table 4.11)







(E)-Benzyl ((methylthio)methyl)(2-oxo-4-(thiophen-3-yl)but-3-en-1-yl)carbamate, 238b, (entry 7, table 4.11)







(E)-Benzyl ((methylthio)methyl)(2-oxo-4-(ferrocenyl)but-3-en-1-yl)carbamate, 239b, (entry 8, table 4.11)







N-(2,2-Dimethoxyethyl)-4-methyl-N-((methylthio)methyl)benzenesulfonamide, 251







4-Methyl-N-((methylthio)methyl)-N-(2-oxoethyl)benzenesulfonamide, 252







(E)-4-Methyl-N-((methylthio)methyl)-N-(2-oxodec-3-en-1-yl)benzenesulfonamide, 253







Methyl 2-(((benzyloxy)carbonyl)((methylthio)methyl)amino)propanoate, 256










Benzyl ((methylthio)methyl)(1-oxopropan-2-yl)carbamate, 257








5-tert-Butyl 1-methyl 2-(4-methylphenylsulfonamido)pentanedioate, 273







Methyl 3-(1-methyl-1H-indol-3-yl)-2-(4-methylphenylsulfonamido)propanoate, 274







Methyl 2-(4-methyl-N-((methylthio)methyl)phenylsulfonamido)propanoate, 278








4-Methyl-N-((methylthio)methyl)-N-(1-oxopropan-2-yl)benzenesulfonamide, 279








Methyl 2-(4-methyl-N-((methylthio)methyl)phenylsulfonamido)-3-phenylpropanoate, 280


 





4-Methyl-N-((methylthio)methyl)-N-(1-oxo-3-phenylpropan-2-yl)benzenesulfonamide, 281







Methyl 3-methyl-2-(4-methyl-N-((methylthio)methyl)phenylsulfonamido)butanoate, 282







4-Methyl-N-(3-methyl-1-oxobutan-2-yl)-N-((methylthio)methyl)benzenesulfonamide, 284







Methyl 4-methyl-2-(4-methyl-N-((methylthio)methyl)phenylsulfonamido)pentanoate, 285







Methyl 1-(4-methyl-N-((methylthio)methyl)phenylsulfonamido)cyclohexanecarboxylate, 288







(S)-4-Methyl-N-(1-phenyl-3-((triethylsilyl)oxy)propan-2-yl)benzenesulfonamide, L‑293







(S)-4-Methyl-N-((methylthio)methyl)-N-(1-phenyl-3-((triethylsilyl)oxy)propan-2-yl)benzenesulfonamide, L-294







(S)-N-(1-Hydroxy-3-phenylpropan-2-yl)-4-methyl-N-((methylthio)methyl)benzenesulfonamide, L-295









(R)-4-Methyl-N-((methylthio)methyl)-N-(1-oxo-3-phenylpropan-2-yl)benzenesulfonamide, D-281







(E)-Benzyl ((methylthio)methyl)(3-oxoundec-4-en-2-yl)carbamate, 257a (entry 2, table 4.18)







(E)-4-Methyl-N-(2-methyl-4-oxododec-5-en-3-yl)-N-((methylthio)methyl)benzenesulfonamide, 284a (entry 5, table 4.18)
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