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A new generation of chiral P,N-ligands using enantiopure propargylamines
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List of Abbreviations
Alk

Alkyl

Ar

Aromate

BARF

Borontri(hexafluorophenyl)

Bn

Benzyl

Boc

tert-Butyl-oxycarbonyl, protecting group

BuLi

Butyl Lithium

c-Hex

Cyclohexyl

Cod

Cyclooctadienyl

Cp

Cyclopentyl

DiCl

Dichloro

DiMe

Dimethyl

Dba

Dibenzylideneacetone

Dby

Dibromotyrosine
DiPEA

Diisopropylethylamine

DMAP

Dimethylaminopyridine

DMF

Dimethylformamide

DMS

Dimethylsulfide

DMSO

Dimethylsulfoxide

Ea

Activation Energy

Ee

Enantiomeric excess

E.g.

Exampli Gratia, latin for “for example”
Et al.

Et alii, latin for “and others”

Eq

Equation

Fc

Ferrocene

L

Ligand

LG

Leaving Group

PG

Protecting Group

PMP

para-Methoxyphenyl
P,N-ligands
Ligands containing a phosphorus atom and a nitrogen atom to coordinate with 


the metal
Pybox

Pyridine-2,6-bis(oxazoline)

R.t.

Room temperature
THF

Tetrahydrofuran
Samenvatting
Homogene katalyse heeft vele toepassingen. Vooral asymmetrische homogene katalyse is op dit moment erg populair. Het is belangrijk om toegang te hebben tot enantiozuivere stoffen, bijvoorbeeld bij de synthese van medicijnen. Een belangrijk type katalysatoren zijn de organo-metaal-complexen. Deze complexen bestaan uit een metaal atoom dat coördineert met organische moleculen, liganden. 
Het doel van dit onderzoek is het synthetiseren van een nieuw type P,N-liganden die een triazole ring bevatten. 
De synthese van de liganden A en B, zie figuur 1, is een zes stapssynthese. De eerste vijf stappen van chirale ClickPhine liganden zijn bekend en goed beschreven in de literatuur. Proline acetylene was gevormd uit boc-beschremde L-proline met een opbrengst van 23%.De liganden zijn zeer gevoelig voor water en zuurstof. De opbrengst voor ligand A was maximaal 35% en de reactie van ligand B had een conversie van 99% .
Ligand B was getest in asymmetrische hydrogenering, 44% conversie met een enantioselectiviteit van 8% was er behaald. Met dit resultaat kan er worden geconcludeerd dat het ligand in staat is om asymmetrie te introduceren in een molecuul ofschoon dit nog verder moet worden onderzocht. 
Om een nog breder onderzoeksveld te bestrijken met meer chirale ClickPhine liganden is er een nieuwe methode geitroduceerd voor de synthese van enantiozuivere propargyl amines. De synthesis van propargyl amines met een aromatische zijketen is uitgevoerd in hoge opbrengsten, 62 tot 97% met 74-86% ee. De meeste van deze producten konden worden geherkristalliseerd  wat resulteerde in een van de enantiomeren.
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Figuur 1:  Nieuw type chirale P,N-liganden
Summary

Homogeneous catalysis has many applications. Especially asymmetric homogeneous catalysis is really popular at the moment. It is important to have access to single enantiomers of certain compounds, for example in the synthesis of medicines. An important type of catalysts is organo-metal-complexes. These complexes consist of a metal atom that coordinates to organic molecules, ligands.

The purpose of this investigation is the synthesis of a new type of P,N-ligands containing a triazole ring. 
The ligands, shown in figure 1, were synthesized in six steps. The first five reactions in the synthesis of chiral ClickPhine ligands are well know and good described in literature. Proline acetylene was obtained in 23% yield starting from Boc-protected L-proline. The last step is the coupling reaction of the amine with phosphorchloride. The ligands obtained are highly moisture and oxygen sensitive. For ligand A a maximum of yield 35% was obtained, for ligand B 99% conversion was observed.
Ligand B was tested in asymmetric hydrogenation, 44% conversion with 8% ee was obtained. This result reveals that the ligand is capable to induce asymmetry although further investigation is necessary.
In order to obtain more chiral P,N-ligands a new method to synthesize propargylic amines enantioselectively was developed. Synthesis of propargylic amines bearing aromatic side-chains was performed in high yields, 62-97%, and with high enantiomeric excess, 74-86%. Many of these products could be re-crystallized giving the single enantiomere.
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Figure 1: New type of chiral P,N-ligands
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Equation 1.
In 2006 a new P,N-ligand family, called ClickPhine 2, was reported in literature. This class of ligands is easily accessible using the Cu(I)-catalyzed click reaction (chapter 1.3.2). The borane protected propargyl phosphine 1 reacted with several azides resulting in the corresponding P,N-ligands possessing a triazole ring. 
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Figure 0.1: A new family of P,N-ligands containing a triazole ring.

The ligands were tested in the palladium catalyzed allylic alkylation of cinnamyl acetate (figure 1.4 and Eq 2). Reactions with ligands 2a-2d resulted in a selectivity of 98% of the trans product.  The propargyl phosphine was also coupled to a dendrimer and polystyrene resin bearing azides. The supported ligands were tested in allylic alkylation giving similar results as ligands 2a-2d, 96% selectivity towards the trans product.
Based on this investigation we came to the idea to design a chiral variant of ClickPhine. In order to synthesize these we chose a chiral propargylic amine as simple building block. Remarkably, enantioselective examples of propargylic substitution reactions were rare and an asymmetric amination reaction has not been reported at this moment. When ClickPhine is synthesized a cycloaddition is performed, which can only be achieved using a terminal alkyne. Therefore, we needed to develop a new method to generate chiral propargylic amines with a free acetylenic proton. 

In chapter 1 a theoretical introduction is given with in paragraph 1 an introduction to catalysis. In paragraph 2 P,N-ligands in general followed are discussed by the general ligand synthesis in paragraph 3. The results and discussion of this investigation are given in chapter 2 and the conclusions are written in chapter 3.
1 Theoretical introduction

1.1  Introduction to catalysis
The word catalysis is derived from the Greek noun κατάλυσις related to the verb καταλύειν, meaning to annul, to untie, or to pick up. Berzelius first introduced this term in 1835.
 However, Ostwald defined catalysts as reaction accelerating agents.

Catalysts are defined as species that participate in the chemical reaction providing an alternative reaction pathway with lower Gibbs energy of activation and result unchanged at the end of the transformation.
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Figure 1.1: The presence of a catalyst causes a decrease of the activation energy.

From a physical state point of view, catalysis is divided in homogeneous (catalyst and reagents are present in the same phase) and heterogeneous (catalyst and reagents are present in different phases). Heterogeneous catalyst have the advantage of being easily separated from the reaction mixture, often being stable even under harsh conditions and the processes in which they are involved can be easily scaled up. However, homogeneous catalysts have a broader scope in organic synthesis due to some of their key features, such as:2
· Operational under milder reaction conditions
· Reaction reproducibility
· Accessible mechanistic insight
· Easier modification of the catalyst properties
· Higher selectivity
1.1.1 Homogeneous asymmetric catalysis

Catalysts lower the reaction rate by lowering the Gibbs activation energy. Another crucial property of the reaction that can be influenced by the catalyst is the selectivity to certain products. The following types of selectivity can be distinguished in a chemical reaction:

· Chemoselectivity: discrimination between different functional groups

· Regioselectivity: discrimination between equivalent functional groups or atoms

· Diastereoselectivity: discrimination between the two faces of a prochiral center in a chiral substrate, leading to chiral compound with one more chiral center
· Enantioselectivity: discrimination between the two faces of a prochiral substrate or enantiotropic atoms and groups, leading to a chiral compound
When enantioselectivity is preserved or introduced, the synthesis of the chiral compound is called asymmetric synthesis. Using a catalyst to control the enantioselectivity the reaction is called an asymmetric catalysis reaction.

So catalytic asymmetric synthesis (or asymmetric catalysis) can be defined as an enantioselective transformation controlled by a chiral catalyst (e.g. an organometallic complex with chiral ligands). Control over the absolute stereochemistry of a transformation is one of the most current and most studied aspects in homogeneous catalysis and it has been classified as one of the major challenges in organic synthesis.2
1.1.2 Ligand effect
A large part of homogeneous catalyst involves (organo)metallic complexes. Organometallic complexes consist of a metal center surrounded by organic (and inorganic) ligands. The effects of these ligands on the metal are extremely important to determine the properties of the catalyst. The success of organometallic catalysts lies in the relative ease of catalyst modification by changing the ligand environment. 

One metal can give a variety of products from one single substrate simply by changing the ligands around the metal center: see figure 1.2, showing the product that can be obtained from butadiene with various nickel catalyst (not shown).
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Figure 1.2: Effect of ligands and valance state on the selectivity in the nickel catalyzed reaction of butadiene.

Ligands coordinate to a metal in different ways. Most commonly know are the monodendate ligands that coordinate mostly via a lone pair. In asymmetric catalysis, ligands induce asymmetry in a reaction, not just through steric factors, figure 1.4, but also by generating electronic asymmetry on the metal center through the presence of different coordinating donor atoms. The most important and widely used of these heterobidendate ligands are P,N-ligands.
1.2 P,N-ligands in general

Heterobidendate ligands contain two different donor atoms that lead to specific features. P,N-ligands possesses a phosphorus and a nitrogen atom with both a lone pair to coordinate to the metal. The -acceptor character of the phosphorus can stabilize a metal center in a low oxidation state, while the nitrogen -donor ability makes the metal more susceptible to oxidative addition reactions.
,
 P,N-ligands are used in different reactions, see figure 1.3.




Figure 1.3: Applications of P,N-ligands.
Because P,N-ligands are commonly used in allylic alkylation and hydrogenation reaction, there will be a short introduction to both of the reactions.
1.2.1.1 Asymmetric Allylic alkylation
Largely Trost has developed the allylic alkylation
. The method has been applied in the synthesis of many complex organic molecules. Most commenly used metal in allylic alkylation is palladium. During the reaction, a new carbon-carbon bond was formed and the resulting molecule still contains a double bond that might be used for further derivatisation. The effect of a larger bite angle in heterobidendate P,N-ligands on the regioselectivity has a steric component (leading to more linear product) and an electronic component (leading to more branched product), figure 1.4.
,
 Nowadays most research is performed to the synthesis of the branched product, mainly to obtain a chiral center.
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Figure 1.4: Regioselectivity in palladium-catalyzed allylic alkylation.

1.2.1.2 Hydrogenation
The knowledge of homogeneous catalyzed hydrogenation is for a large part derived from earlier studies.8s Undoubtedly the most famous catalyst for hydrogenation is the Wilkinson’s catalyst, RhCl(PPh3)3, discovered in the sixties. The associated catalytic cycle is shown in figure 1.5.5 Dissociation of one ligand from Wilkinson’s catalyst 3 and occupation of the vacant site by a solvent molecule forms the active catalytic species 4. Rhodium(I)complex 4 is transformed to rhodium(III)complex 5 by the oxidative addition of dihydrogen followed by the substitution of the solvent molecule by ethylene giving structure 6. The next step is the migration of a hydride forming a ethyl group which directly rearranges and after insertion of a solvent molecule complex 7 is obtained. Reductive elimination of ethane completes the cycle by regeneration of rhodium(I)complex 4.
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Figure 1.5: Catalytic cycle of the rhodium-catalyzed hydrogenation.

For the industry, the asymmetric hydrogenation
 is very important. In asymmetric hydrogenation a metal atom is bound to chiral organic ligands which can discriminate between enantiotropic atoms or faces of an achiral molecule.5 An example of asymmetric hydrogenation is shown in figure 1.6.
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Figure 1.6: Asymmetric hydrogenation by  Pfaltz.16
1.2.2 Asymmetric catalysis using P,N-ligands

As mentioned before, in asymmetric catalysis the donating properties of the P,N-ligands are very important. Because of that, the effect of different side chains will be explored.
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Equation 2:  Allylic alkylation of cinnamyl acetate.
1.2.2.1 Steric and electronic influences on phosphorus

One of the most successful ligand classes are the diphenylphosphinoaryloxazolines, which were reported independently by the groups of Pfaltz8d, Helmchen8e and Williams8f. These modular ligands were readily synthesized from commercially available amino acids and have proved to be good ligands for the palladium-catalyzed allylic alkylation of cinnamyl acetate (Eq 2).6 Ligand 8 and 9 show the influence of electronics on phosphorus. Ligand 8 resulted in a yield of 4% of the desired branched product and an enantiomeric excess of 78%. Replacing the two phenyl groups on the phosphorus by two electron-withdrawing pentafluorophenyl groups, ligand 9, resulted in a yield of 41% of the desired branched product and an enantioselectivity of 84%.8g,
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Figure 1.7: P,N-ligands with different substituents on the phosphorus. 
Vasconcelos synthesized compound 10, by changing the side group on the nitrogen different steric environments were created.
  Ligand 10 was tested in a palladium-catalyzed allylic alkylation of cinnamyl acetate (Eq 2) enantioselectivities up to 72% were obtained. Changing the R-group to smaller or more flexible moieties, low enantioselectivities were obtained, 43-44%. However, the more sterically demanding groups such as iso-propyl, ortho-tolyl and benzyl derivatives gave the best enantioselectivities, thus suggesting a strong correlation between the nitrogen substituent and the level of induction in the allylic alkylation reaction.
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Figure 1.8: One nitrogen atom directly bonded to the phosphorus atom.
1.2.2.2 Donating properties of a heteroatom bonded phosphorus
Binding the phosphorus directly to a more electronegative atom, such as nitrogen or oxygen will decrease its electron-donating ability while also enhance its -acceptor capacity. An example of these ligands are P,N-ligands possessing a phosphite moiety, compounds containing three P-O bonds. These phosphites offer a number of considerable advantages. First, they exhibit higher oxidative stability because of the absence of P-C bonds. Second, these compounds possess a pronounced -acceptor ability, which allows the coordinated phosphites to stabilize low oxidation states of metal atoms, thus enchanging the electrophilicity.
 The first oxazolinephosphite ligands, such as ligand 11, were designed by the group of Pfaltz to afford high region- and enantioselectivity in the palladium-catalyzed allylic alkylation of monosubstituted allyl substrates13 and cinnamyl acetate. The allylic alkylation of the cinnamyl acetate resulted in a yield of 65% and an enantiomeric excess of 90%. A recently discovered oxazolinephosphite, ligand 12, found by Gavrilov et al., showed 97% enantioselectivity in the palladium catalyzed allylic alkylation of 1,3-diphenylallyl acetate with dimethyl malonate.16 
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Figure 1.9: Three oxygen atoms directly bonded to the phosphorus atom.
Conclusion, the replacement of carbon atoms by heteroatoms in the first coordination sphere of phosphorus atom appeared to be an efficient tool for controlling the chemical stability of ligands and their donor-acceptor properties and steric features.

1.2.2.3 Metal effects
Studies towards other metals used in allylic alkylation showed promising results. Very good regioselectivity was found by using rhodium
 and iridium
 catalyst precursors. Trost and Hachiya in 1998
 and in 1995 Lloyd-Jones and Pfaltz
 has also managed to reach excellent regioselectivity and enantioselectivity using molybdenum and tungsten catalyst complexes, respectively.

The metal atom and the ligand, as we have discussed so far, do not bind covalently but possess more of a coordination or ionic bond. Bidendate ligands can coordinate to the metal center in different configurations, the most important are:

· Chelated: coordination of the metal atom with two or more atoms of one ligand

· Bridged: coordination of the metal atom with two or more atoms of two ligands while other atoms of the same ligands bind to another metal center.
Richardson and Steel concluded that 1-heteroaryl substituted benzotriazoles (figure 1.10) act as a bridged ligand when palladium(II) and silver(I) complex were formed, structure 13. Using ruthenium(II) as metal, the ligand acts as chelated ligand 14 or monodentate donor, structure 15. The ligand act both chelated and bridged when copper(II) complexes were formed.
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Figure 1.10: Coordination of a metal center with 1-heterodiaryl substituted benzotriazoles.

Fawcett and Howard investigated N-pyrrolylphosphino-N’-arylaldimine ligands (figure 1.11).
 They demonstrated that ligands 16 and 17 form rigid P,N six-membered chelates with ruthenium(I) and palladium(II).
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Figure 1.11: Chelating (6-membered) P-N ligands.
1.3  General ligand synthesis

There are two kinds of approaches for the design of a ligand. First, the reaction that needs to be catalyzed is known and a study towards the best ligand can be performed. Second, with rather available chemistry easy and cheap designing of a new catalyst not knowing which reaction it will catalyze eventually. Knowing which reaction is going to be catalyzed is a more practical way of thinking. The second approach is more adventures because many different ligands can be synthesized but when they have no purpose; the ligands becomes much less interesting. 
Combining the success of the phosphoroxazolines (figure 1.7) and the success of a new synthetic route towards triazole rings, a new class of P,N-ligands was synthesized. In the following paragraph, the literature was depicted showing the effects of triazole based ligands. Afterwards the new synthetic route for the synthesis of a triazole ring, called click chemistry, will be explained more detailed. Finally yet importantly the building block on which the click chemistry will be performed, the propargylic amines, will be clarified.
1.3.1 Triazole coordination

1.3.1.1 Imidazole

Several groups have recently reported the synthesis of phosphinoimidazoline ligands. These ligands possess a chelate structure analogous to the phosphinooxazolines but the additional nitrogen atom provides a further point for electronic tuning of the ligand. These oxazoline based ligands were used in the iridium catalyzed enantioselective hydrogenation of alkene substrates16, figure 1.6, and in the asymmetric intermolecular Heck reaction, figure 1.12.8o
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Figure 1.12: Asymmetric intermolecular Heck reaction using the BIPI ligand containing an imidazole ring.
1.3.1.2 N,N-ligand triazole

Richardson and Steel published in 2003 an article about benzotriazole as a structural component in chelating and bridging heterocyclic ligands.
 The benzotriazole group, figure 1.10, is a relatively electron-rich component. The deprotonated benzotriazole anion can coordinate up to three metal centers via its three nitrogen donors. However, based on each benzotriazole, there are two nitrogen atoms capable of coordination. Richardson chose four metals to form complexes with the ligands and found out that 1-heteroaryl substituted benzotriazoles can act as both chelating and bridging ligands. In palladium(II)- and silver(II)-complexes they act as bridged ligands. In ruthenium(II)-complexes the ligands act as chelated ligands or monodendate donors. While in copper(II)-complexes the ligands acts both chelated and bridged. See also paragraph 1.2.2.3, metal effects. 
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Figure 1.13: Metal coordination in triazole based ligands.
Rheingold performed in 2000 calculations toward N,O-ligands (figure 1.13) containing a triazole ring and their chelation to metals centers. Ligand 18 and 19 showed that these kinds of ligands are able chelate in two different ways. Ligand 18 shows chelation between the two oxygen atoms and ligand 19 shows chelation between the one nitrogen atom of the triazole ring and one oxygen atom. Having perfomed these calculations a research to different metal centers was being performed. Rheingold et al. found that cobalt(II), rhodium(II) and nickel(II) chelate in the N,O-mode so the triazole ring is involved. The metals uranium, lanthanum(III) and magnesium(II) form a seven-membered chelation ring with the two oxygen donor atoms.
 
1.3.1.3 Triazole-based monophosphines

In 2005, Zhang introduced triazole-based monophosphines, which were called ClickPhos. The ligands were used in allylic amination reactions and in the Suzuki-Miyaura coupling reaction resulting in very high yields.
 The advantages of these ligands was that they are readily accessible and can be easily diversified via efficient 1,3-dipolar cycloadditions of various azides and acetylenes (for 1,3-dipolar cycloaddition see paragraph 1.3.2) .
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Figure 1.14: ClickPhos ( by Xumu Zhang).
1.3.1.4 P,N-ligand with triazole nitrogen donor

Detz and van Maarseveen synthesized a new family of P,N-ligands containing a triazole ring as the nitrogen donor and called it ClickPhine (figure 1.15).
 ClickPhine was tested in palladium-catalyzed allylic alkylation of cinnamyl acetate and gave 97-98% yield of the linear trans product was obtained. Further investigation indicated that the ligand with a more electron-rich triazole ring, the one with the benzyl group, was considerably more active in the palladium-catalyzed allylic alkylation.
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Figure 1.15: ClickPhine (by Remko Detz) and ChiraClick (by Franck Dolhem)
The group of Kann obtained the latest results.
 They synthesized a library of P-chirogenic phosphine ligands also possessing a triazole moiety (ChiraClick ligands), figure 1.15. The ligands showed good conversion in the palladium-catalyzed allylic alkylation of 1,3-diphenylprop-2-enyl acetate with dimethylmalonate although low enantioselectivity was obtained, 8-12%. Further application of these ligands is still under investigation.
1.3.2 Click chemistry

Click chemistry
 is a new synthetic approach that greatly facilitates laborious process of lead discovery and optimization, making use of few near-perfect chemical reactions for the synthesis and assembly of specially designed building blocks. Click chemistry serves as a guiding principle in the quest of function: the search must be restricted to molecules that are easy to synthesize. A click reaction must be of wide scope, giving consistently high yields with a variety of starting materials. It must be easy to perform, be insensitive to oxygen or water, and use only readily available reagents. Reaction work-up and product isolation must be simple, without requiring chromatographic purification. 

Examples of already known reactions that can be called click-reactions:

· Cycloaddition reactions: particularly the 1,3-dipolair reactions, but also hetero Diels-Alder reactions

· Nucleophilic ring-opening reactions: especially heterocyclic electrophiles, such as epoxides, aziridines, cyclic sulfonates, aziridinium ions and episulfonium ions

· Carbonyl chemistry of the non-aldol type: such as the formation of oxime ethers, hydrazones and aromatic heterocycles

· Addition to carbon-carbon multiple bonds: particularly oxidation reactions, such as epoxidations, dihydroxylations, azidination and nitrosyl and sulfenyl halide additions, but also certain Michael addition reactions

Huisgen’s 1,3-dipolar cycloaddition
,
,
 of alkynes and azide yielding triazoles is, undoubtedly, the premier example of a click reaction and is usually called the click reaction. However, even then the desired triazole-forming cycloaddition may require elevated temperatures and, usually results in a mixture (1:1) of the 1,4 and 1,5 regioisomers (Eq 3).
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Equation 3: Thermodynamic Huisgen 1,3-dipolar cycloaddition,
1.3.2.1 1,4-Disubstituted 1,2,3-triazoles
The copper(I)-catalyzed cycloaddition reaction regiospecifically unites azides and terminal acetylenes to give only 1,4-disubstituted 1,2,3-triazoles (Eq 4). Variously substituted primary, secondary, tertiary, and aromatic azides readily participate in this transformation.33 No protecting groups were needed and with complete conversion and selectivity for the 1,4-disubstituted 1,2,3-triazole, structural uncertainties do not exists, rending purification unnecessary.
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Equation 4: 1,4-Disubstituted triazole using the click reaction.
Any mechanism put forth for Cu(I)-catalyzed alkyne-azide coupling should explain the body of experimental evidence that makes this transformation so unique. It tolerates most organic functional groups and shows a wide scope with respect to both alkyne and azide reactants. The reaction proceeds in a variety of solvents, tolerates a wide range of pH values, and performs well over a broad temperature range.29 So far researchers proposed a stepwise catalytic cycle which begins with the formation of a Cu(I) acetylide species via -complex 20. After deprotonation complex 21 is formed. Complex 21 and 22 are two of a dynamically changing family of different Cu(I) acetylide species that may exist in solution. While the role of the second copper atom seem to be activation of the azide functionality as shown in dimer 23. This complexation activates the azide towards nucleophilic attack of acetylide carbon C(4) at N(3) of the azide, generating metallocycle 24. Most likely the transformation from metallocycle 24 into triazole-copper derivative 26 is similarly fast. Protonation of triazole-copper derivative 25 followed by dissociation of the product ends the reaction and regenerates the catalyst (figure 1.16).29,
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Figure 1.16: Proposed mechanism of Cu(I)-catalyzed alkyne-azide coupling.
1.3.2.2 1,5-Disubstituted 1,2,3-triazoles
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Equation 5: 1,5-Disubstituted triazole using the click reaction.
1,5-Distubstituted 1,2,3-triazoles are formed using a ruthenium-catalyst during the cycloaddition of alkynes and organic azides  (Eq 5). Zhang and Jia reacted aromatic and aliphatic alkynes with benzyl azide in the presence of a ruthenium catalyst. Variations in the steric environment around the alkyne, had no effect on the regioselectivity of the process. Using higher catalyst loading, 5 mol% instead of 1 mol%, and extended the reaction time resulted in slightly higher yields. Solvent screening revealed that the reaction of the 1,5-disubstituted triazole performed equally well in benzene, toluene, THF, 1,2-dichloroethane and dioxane. The reaction tolerates a wide range of concentration of the azide or alkyne, from 0,01 till 1 M without any noticeable effect on the conversion and regioselectivity. Likewise, the reaction performed well over a broad temperature range, from room temperature till 80 ºC.26
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Figure 1.17: Proposed intermediates of Ru-catalyzed alkyne-azide coupling.
It was suggested that the transformation from an alkyne with an azide to a 1,5-disubstituted triazole ring probably occurs by initial coordination of the alkyne and azide with the Ru-catalyst to afford intermediate 27, which then undergoes cyclotrimerization to afford metallocycle 28 or 29 (figure 1.17). The formation of the former metallocycle 28 seems most likely due to unfavorable steric interactions in isomer 29. Reductive elimination of this intermediate then leads to the 1,2,3-triazole and regenerates the catalyst.
1.3.3 Propargylic amines

In order to synthesize the chiral P,N-ligands the building block, which will be used in the click reaction needs to be synthesized. The building block we are going to use is an enantiopure monosubstituted propargylic amine. 

Propargylic amines are highly useful building blocks for organic synthesis. They have found a broad application as precursors for the synthesis of various nitrogen-containing compounds such as pyrrolidines, oxazolines, pyrroles, pyrimidines and benzoazepine derivatives.
 Furthermore, they were often used as intermediates in preparation of complex natural products.
 In addition to their synthetic utility, some propargylamine derivatives were found to possess interesting biological properties.
,35b,39 
The last decade considerable progress was made in the synthesis of optical active propargylic amines. The most important synthetic access is still offered by the enantioselective addition of terminal alkynes to imines. Classical methodologies for the preparation of propargylic amines have usually exploited the relatively high acidity of the terminal acetylenic C-H bond to form alkynyl-metal reagents by reaction with strong bases.
 The strong basic reagents employed in such reactions are incompatible with sensitive substrates, and therefore the alkyne deprotonation was often carried out in a separated step. In addition, the reactivity of the resulting polar metal-alkynylides was, in general, too high to allow the reaction to proceed in a stereocontrolled manner. An alternative route to synthesize propargylic amines under mild reaction conditions was introduced. This route is capable of performing the direct addition terminal alkynes to imines or enamines, generating in-situ metal-alkynylides from alkynes and suitable metal precursors (figure 1.18). 
,
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Figure 1.18: Direct addition of in-situ generated metal alkynylides to imines.
An alternative route to enantioselectively synthesize propargylic amines is the ring opening reaction of oxazolines, figure 1.19. First Blanchet synthesized the oxazoline in two steps, including a ring-closing step, after which the ring was reopened, using dialkylaluminumium substituted alkyne.
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Figure 1.19: Ring opening reaction of oxazoline to obtain enantiopure propargylic amines.
A fundamental substitution reaction of propargylic alcohol derivatives is the Nicholas reaction using a stoichiometric cobalt-alkyne complex, figure 1.20.
 In 1994, Murahashi found a catalytic method for 
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Figure 1.20: The Nicholas reaction.

the amination of propargyl esters using copper(I). He suggested a mechanism for the copper(I)-catalyzed amination reaction which is shown in figure 1.21. Copper acetylide complex 31 derived from the reaction of 30 with copper(I)chloride in the presence of a base seems to be a key intermediate. Dissociation of the ester group from structure 31 results in zwitterion intermediate 32 or allene intermediate 33. Nucleophilic attack of amines at the C3-position of intermediate 32 or 33 gives propargylamine 34 and copper(I) to complete the catalytic cycle. According to Murahashi a terminal acetylenic proton is essential. Alkynes with substituents on both sides did not undergo the amination even under severe conditions.
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Figure 1.20: Proposed intermediates in the copper(I)-catalyzed amination of propargyl esters.
Nishibayashi reported an enantiopure substitution reaction of propargylic alcohol employing a ruthenium complex. This process tolerated a wide range of nucleophiles such as alcohols, amides, thiols, phosphines and amines, except for highly basic amines like aniline.
 The TiCl4-mediated amination of propargylic esters, published by Mahrwald and Quint, was successful for nucleophiles like alcohols and amide but not for primary and secundairy amines.
 Other metals used in propargylic substitution reactions are rhenium
, gold
, rhodium
 and iron
, all reported for achiral amination. 
2 Results and Discussion
Chiral propargylic amines were used as building blocks in the synthesis of a chiral variant of ClickPhine ligands. The acetylenic moiety of the propargylic amines was converted to a triazole ring during the click reaction. To introduce a phosphorus atom in the molecule, the clickproduct was reacted with a phosphorus chloride. This is the basis for new type of P,N-ligands with a chiral center between the triazole, the nitrogen donor, and the phosphorus donor. Different ligands were obtained by variation of the phosphorus chlorides resulting in phosphoramine and phophoramidites ligands. An important and interesting chiral propargylic amine mimic
 is proline acetylene 37 which was synthesized via a known and established synthetic route.
,

Xu and Gilbertson provide a study toward the influence of proline in phosphoroxazoline based P,N-ligands. They tested their ligands in palladium-catalyzed allylic alkylation of 1,3-diphenylallyl acetate with dimethyl malonate and the palladium-catalyzed allylic amination of 1,3-diphenylallyl acetate using benzylamine and phtalimide as nucleophiles. Ligand 36 lacks the chiral rigid structure of the proline five membered ring as well as the proline chiral center. As can be seen in the selectivity for both reactions it is generally lower for ligand 36 than for the proline containing ligand 35.48
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Figure 2.1: The effect of a 5-membered proline ring.
In this chapter the synthesis of propargylic amines and the synthesis of the first chiral P,N-ligands will be discussed. For a detailed description of the experiments, see the experimental part (chapter 6).

2.1 Propargylic amines
In the first synthesis of chiral ClickPhine ligands proline acetylene 37 was used as building block, see paragraph 2.2. The alkyne can react with many different azides followed by a coupling with different chiral and achiral phosphorchloride compounds. In this way a large library of proline based chiral ClickPhine can be obtained. Nevertheless, this library can be extended when other chiral building blocks are used like propargylic amines 38. The advantage of using chiral propargylic amines in the synthesis of chiral Clickphine P,N-ligands is that the R-group can be varied by many different groups with which the chemical environment close to the chiral center can be changed.
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Figure 2.2: Proline acetylene compared to chiral propargylic amines.

Performing retrosynthetic analysis lead us to the conclusion that the easiest way to start the synthesis of chiral propargylic amines was from an aldehyde and ethynylmagnesiumbromide. The Grignard reaction will result in a racemic mixture of a propargylic alcohol. The alcohol functionality will be converted in a leaving group, the acetate, to make the molecule more accessible for propargylic amination. Because enantioselective propargylic amination has no precedents so far, a new synthetic route needed to be introduced. The Murahashi route in an enantioselective manner could be the key to solve this problem.

[image: image31.emf]R

NH

2

R

LG

R

OH

R

O

+

MgBr

propargylic

amination

grignard

reaction


Figure 2.3: Retrosynthetic analysis of the propargylic amination.

At first, the propargylic acetates were synthesized from different aldehydes. The propargylic acetates were called the substrates for the catalytic amine substitution reaction shown in Eq 8. The aldehyde is converted to the propargylic alcohol via a Grignard reaction with ethynylmagnesium bromide in THF at 0 ºC (Eq 6). After work-up, the alcohol was converted to the acetate, structures 39a-k. Table 1 shows which aldehydes were used and the yield in which the propargylic actetates were obtained. The 2-pyridyl propargylic acetate, table 1 entry 6, was obtained in low yield (18%). During this reaction different side products were formed which were not analyzed any further. 
 
[image: image32.emf]R

OAc

R

O BrMg

R

OH

THF,0°C

Ac

2

O,Et

3

N,

(cat.DMAP)

CH

2

Cl

2

,rt

H


Equation 6
Table 1: Substrate synthesis.

	Entry
	R
	Product
	Yield(%)

	1
	phenyla
	39a
	96

	2
	4-OMe-phenyl
	39b
	82

	3
	4-CF3-phenyl
	39c
	56

	4
	2,4-diMe-phenyl
	39d
	74

	5
	2,4-diCl-phenyl
	39e
	77

	6
	2-pyridyl
	39f
	18

	7
	1-naphtyl
	39g
	67

	8
	2-naphtyl
	39h
	64

	9
	cinnamyl
	39i
	81

	10
	i-propyl
	39j
	49

	11
	pentyl
	39k
	57


a 1-Phenylprop-2-ynyl acetate is directly synthesized from the alcohol.

According to Murahashi et al.41 the copper-catalyzed substitution reaction only occurs with terminal alkynes. To support this statement 1,3-diphenylprop-2-ynyl acetate (39l) was synthesized, Eq 7. During this reaction, phenylacetylene was deprotonated by butyl lithium followed by the addition of benzaldehyde. After work-up, the internal propargylic alcohol was obtained in 79% yield. The alcohol was directly converted to the internal propargylic acetate 39l.
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Equation 7
Having synthesized the substrates, the propargylic amination was performed. The racemic substrates were added to a solution of copper(I)iodide and Pybox ligand in methanol, Eq 8. The mixture was cooled to -20 ºC followed by the addition of a solution of ortho-anisidine and diisopropylethylamine (DiPEA) in methanol. An optimization study of the copper-catalyzed propargylic amination with 1-phenylprop-2-ynyl acetate (39a) was already performed. The conditions varied were copper-salt, ligand, temperature, base and solvent. The best results were obtained with the conditions mentioned in Table 2 footnote a. Ortho-anisidine was chosen as amine because of it function as a capped primary amine. The oxidative removal is well described by Snapper et al. or Verkade et al. yielding the free amine without loss of enantioselectivity.
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Equation 8
Table 2: Copper-catalyzed propargylic amination.a
	Entry
	R1
	R2
	Product
	Yield(%)
	Ee(%)b

	1
	phenyl
	H
	40ac
	97
	85 (99)

	2
	4-OMe-phenyl
	H
	40b
	97
	83

	3
	4-CF3-phenyl
	H
	40c
	84
	80

	4
	2,4-diMe-phenyl
	H
	40d
	91
	88

	5
	2,4-diCl-phenyl
	H
	40e
	88
	79

	6
	2-pyridyl
	H
	40f
	80
	74

	7
	1-naphtyl
	H
	40g
	91
	85 (99)

	8
	2-naphtyl
	H
	40h
	96
	86 (99)

	9
	cinnamyl
	H
	40i
	62d
	57

	10e
	i-propyl
	H
	40j
	27
	40

	11e
	pentyl
	H
	40k
	76
	13

	12
	phenyl
	phenyl
	40l
	No reaction
	


a Substrate (0.20 mmol), o-anisidine (0.40 mmol), DiPEA (0.80 mmol), CuI (0,02 mmol) and Pybox ligand 43 (0.024 
mmol) in methanol (2 mL) at -20 ºC.
b Ee after recrystallyzation between brackets. 

c S-configuration is obtained which was determined by comparison of the optical rotation with literature.
d Accompanied by 24% of (E)-2-methoxy-N-(1-phenylpent-2-en-4-ynyl)aniline.

e Reaction performed at 40 ºC.
The synthesis of enantioselective propargylic amines works well with high enantioselectivity. Direct functionalization of the propargylic acetates containing a aromatic moiety was never performed enantioselective. This means that the enantioselectivity rose from 0 to 88% ee. All substrates containing an aromatic moiety were converted to their amine counterpart in high yield (78-97%). Slightly higher enantiomeric excess was obtained with more electron-rich propargylic acetates as is shown by comparing entry 2 and 3 as well as 4 and 5 in table 2. When cinnamyl derivative 39i was used, the reaction became more complex. Two major products were isolated, one bearing the amine at the expected propargylic position, 40i, and the other one being substituted at the allylic position next to the phenyl moiety, compound 41 in figure 2.4. 
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Figure 2.4: Side reaction when the cinnamyl derivative is used.

Like established by Murahashi, no reaction occurs when an internal acetylene was used (table 2, entry 12) which supports the postulate that an external acetylenic proton was needed. Aliphatic substrates were less reactive and higher temperature was necessary to achieve sufficient conversion (table 2, entry 10 and 11). 

Shown in Eq 8 is a chiral pyridine-2,6-bis(oxazoline) ligand (Pybox), the copper complex of these ligands were chosen to catalyze the propargylic amination reaction because metal complexes of chiral Pybox ligands are well established in asymmetric catalysis.
 The synthesis of these ligands is well described
 and they are easily obtained in only two steps from commercially available compounds (Eq 9). 
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Equation 9
A solution of pyridine-2,6-dicarbonitrile and sodiumhydride in methanol was stirred at room temperature followed by the addition of acetic acid to stop the reaction. Dimethyl pyridine-2,6-dicarboximidate (42) was obtained in 98% yield. From this point, different Pybox ligands were prepared by variation of the aminoalcohol. Six ligands were tested, four are commercially available (45-48) and two homemade (43, 44 and 49) via the synthesis shown in Eq 9, see figure 2.5.
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Figure 2.5: Chiral pyridine-2,6-bis(oxazoline) (Pybox) ligands.

Table 3: Exploring ligand for the propargylic amination.a

	Entry
	Ligand
	Yield(%)
	Ee(%)

	1
	43
	97
	76

	2
	44
	97
	61

	3
	45
	93
	17

	4
	46
	97
	12

	5
	47
	74
	28

	6
	48
	99
	42

	7
	49
	97
	19


a The ligands (0,024 mmol) were tested in the reaction with substrate 39a (0.20 mmol), o-anisidine (0.40 mmol), DiPEA (0.80 mmol) and  CuI (0,02 mmol) in methanol (2 mL) at 25 ºC.
The best performing Pybox ligand in this reaction is ligand 43, the one drawn in Eq 8 and figure 2.5. Because unsatisfactory results were obtained with aliphatic R1-side chains of propargylic acetates, see entry 10 and 11 in table 2, only 13 and 40% enantiomeric excess more Pybox ligands were synthesized 49. In addition, the Pybox ligands mentioned in figure 2.5 were tested again for the aliphatic propargylic amines.
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Equation 10

Table 4: Exploring ligand for the aliphatic propargylic amination.a
	Entry
	Ligand
	Ee(%)

	1
	43
	13

	2
	44
	1

	3b
	45
	22

	4
	46
	56

	5b
	47
	21

	6
	48
	23

	7
	49
	21


a The ligands were tested in the reaction for substrate 39k (0.20 mmol), o-anisidine (0.40 mmol), DiPEA (0.80 mmol) 
and  CuI (0,02 mmol) in methanol (2 mL) at -20 ºC.  No total conversion was shown.
b Reaction performed at 40 ºC. 

Aliphatic substrates were less reactive and higher temperature was necessary to achieve sufficient conversion (table 2, entry 10 and 11). Because Pybox ligand 43 gave unsatisfactory results, all Pybox ligands were tested again in the reaction of pentyl propargylic acetate 39k into its amine counterpart 40k. Pybox ligand 46 showed so far the highest enantioselectivity of 56% (table 4, entry 2). 

2.2 Ligand synthesis

Because proline acetylene 37 is a good mimic for propargylic amine and synthesized from the cheap and easily available Boc-protected amino acid L-proline (50), this chiral acetylene was chosen in the first screening to a chiral variant of ClickPhine.
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Equation 11
The first reaction was a reduction reaction of the Boc-protected L-proline to the alcohol, compound 51 (Eq 11), which was obtained in 90% yield. The reduction reaction was followed by a Swern oxidation. During this reaction, the alcohol was converted to aldehyde 52 in 76% yield. 
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Equation 12
Before aldehyde 52 could be converted to its alkyne counterpart 55, the Bestmann reagent 53 first has to be synthesized starting from dimethyl 2-oxopropylphosphonate. Sodium hydride deprotonated the phosphonate between the phosphorus and the carbonyl group after which the tosylazide was added. Product 53 was obtained in 99% yield.
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Equation 13
Having synthesized the Bestmann reagent 53 aldehyde 52 could be converted to Boc-protected proline acetylene 54 under the influences of the base K2CO3. After column chromatography compound 54 was obtained in 57% yield. Alkyne 54 was then clicked with benzylazide in the presence of Cu(II)SO4 and sodium ascorbate. Compound 55 containing a 1,4-disubstituted triazole ring was obtained in 59% yield after re-crystallization. We decided to use benzylazide for its electron donating ability although many other azides could be used.
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Equation 14
In order to phosphorylate clickproduct 55 it first needed to be Boc-deprotected. Treatment with HCl gave HCl-salt 56 in 99% yield. HCl-salt 56 was treated with triethylamine to obtain the free amine, directly followed by addition of diphenylphosphorus chloride. The first chiral ClickPhine ligand 57, a phosphoramine, was obtained in 35% yield after column chromatography.
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Equation 15
The last step shown in Eq 14, the coupling reaction of an amine with diphenylphosphor-chloride, was also performed using a different phosphorus chloride. In order to obtain a completely different chiral ClickPhine P,N-ligand (R)-binolphosphorchloride was synthesized. (R)-binol was dissolved in an excess of phosphortrichloride. After evaporation of the excess of PCl3 compound 58 was obtained in 71% yield.
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Equation 16
Instead of using binolphosphorchloride 58, dimethylbinolphosphorchloride 59 was used because the wrong bottle was picked out of the refrigerator. HCl-salt 56 was dissolved in toluene and triethylamine. The reaction mixture was warmed to 50 ºC before compound 59 was added. After evaporation of toluene and triethylamine after 3 hours 31P NMR showed total conversion to the second chiral ClickPhine ligand 60.
The synthetic route to compound 54 was already described and high yields were obtained, also clickproduct 55 and the boc-deprotected compound 56 were obtained in high yields. The coupling reaction of diphenylphosphorchloride with HCl-salt 56 was performed under inert conditions using argon gas. The work-up procedure of the reaction mixture started with the addition of aqueous NaHCO3 followed by the evaporation of THF. The remaining water layer was extracted with dichloromethane. Dichloromethane was evaporated and the residue was further purified by column chromatography.
 Resulting product 57, a so-called phosphoramine, was obtained in maximum 35% yield. Unfortunately, compound 57 was still not completely pure, 3% phosphoroxide was present, determined by 31P NMR. Phosphoramines are sensitive to oxygen. To prove this the NMR tube was left open overnight. The next day 31P NMR revealed the formation of more phosphoroxide, namely 24%. After good result was obtained with the work-up procedure used in the synthesis of ligand 60 (described later) this was also tried in the synthesis of ligand 57 to improve the yield. According to 31P NMR ligand 57 was formed (46 ppm) but still some impurity was present, probably the compound shown in figure 2.6. This compound could only be formed when not all diphenylphosphorchloride reacted with HCl-salt 56 but reacted with itself in the presence water.
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Figure 2.6: Impurity during the synthesis of diphenylphosphoramine 57.

In the first attempt the coupling reaction of binolphosphorchloride was accomplished at 0 ºC like the synthesis of diphenylphosphoramine 57. A different work-up procedure was followed because phosphoramidites are highly watersensitive so extraction needs to be avoided. The reaction mixture was filtrated over celite followed by the evaporation of toluene. The product was obtained but unfortunately in such small amounts that further purification was not worthwhile. 31P NMR showed a peak at 137 ppm that indicated the presence of an often-found byproduct in coupling reactions with binolphosphorchlorides, a diphosphite 61, see figure 2.7. To avoid the formation of diphosphite 61 the reaction was performed at 50 ºC. 31P NMR showed 99% conversion to ligand 60. 
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Figure 2.7: Diphosphite of binolphosphorchloride; a byproduct obtained during the synthesis of phosphoramidite, ligand 60.
2.3 Substrate synthesis and asymmetric hydrogenation catalysis
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Figure 2.8: Phosphoroxazoline ligand.

To test the two newly synthesized chiral ClickPhine ligands on activity a catalytic reaction was performed. The ligands show some similarities with the phosphoroxazoline ligands shown in figure 2.8. The ligands in figure 2.8 were synthesized by Pfaltz et al.
 and tested in the iridium-catalyzed asymmetric hydrogenation using unfunctionalized substrates. Pfaltz prepared the iridium-complexes in a separated step in which the chloride counter ion was exchanged by a non-coordinating ion, PF6- or BARF-. Both types of complexes gave high enantioselectivity, up to 98%. However, higher conversions were obtained when a smaller catalyst loading of the BARF--complexes were used. In 2007 de Vries et al.
 published an article in which he mentioned the performance of in-situ formed irdium-complexes with monodentate phosphoramidites. He tested the ligands in asymmetric hydrogenation using functionalized substrates resulting in high enantioselectivity, up to 98%. To see what the effect is of the in-situ formation of the iridium-complex or when it is formed in advance, we tested both complexes using the chiral ClickPhine ligands. We tested the methods using an unfunctionalized substrate, substrate 62, and a functionalized substrate, substrate 64. 
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Equation 16

The synthesis of para-methoxy-(3-methylbut-2-en-2-yl)benzene 62 is a Suzuki-reaction, for the mechanism of a Suzuki-Miyaura coupling see appendix 1. 2-Bromo-3-methylbut-2-ene reacted with para-methoxyphenylboronic acid catalyzed by a palladium(0)-complex, tetrakis-(triphenylphosphine)palladium(0), using potassium carbonate as base.
 After work-up, substrate 62 was obtained in 75% yield. Synthesis of substrate 64 was not necessary because it is commercially available.
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Figure 2.9: Pd(PPh3)4.
The formation of the iridium-complex of ligand 57 before performing catalysis was not successful. Unfortunately, because there was not enough material the reaction could not be performed again. Ligand 60 was obtained in high yields and used in the in-situ formed iridium-complex (because lack of time the complex was not formed in advance). The catalysis reactions were in a first attempt performed in an autoclave at 50 bar H2. Because no conversion was shown at room temperature, table 5 entry 1 and 4, the mixture was heated to 50 ºC. Under these conditions, also no conversion was observed so the reaction was performed for a third time at 50 ºC under 80 bar of H2-pressure. This resulted still in 0% conversion for substrate 62 but 44% conversion was shown for substrate 64 with 8% enantioselectivity, table 5 entry 6. 
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Equation 17
Table 5: Catalysis
	Entry
	Substrate
	Temperature (°C)
	Pressure of H2 (bar)
	Time (hours)
	Conversion (%)
	Ee (%)

	1
	62
	r.t.
	50
	19
	0
	0

	2
	62
	50
	50
	21
	0
	0

	3
	62
	50
	80
	23
	0
	0

	4
	64
	r.t.
	50
	19
	0
	0

	5
	64
	50
	50
	21
	0
	0

	6
	64
	50
	80
	21
	44
	8


When the iridium-complex was formed in-situ the counter ion is a chloride ion that still coordinates to the complex (figure 2.10). It is possible that when the chloride ion is exchanged by a non-coordinating BARF- ion the reactivity will improve. This was established by the results obtained by de Vries and Pfaltz. The phosphorusamidites synthesized by de Vries coordinate in a monodentate fashion to the iridium atom instead of the chiral ClickPhine ligands that we expect to coordinated in a P,N-bidentate fashion, yielding one coordination place less during in-situ formation of the complex. Pfaltz indicated that a non-coordinating anion was necessary to obtain high conversion. A possible explaination for the low ee’s obtained is the a potential mismatch between the proline chirality and (S)-dimetylbinol. The steric and electronic influences of the chirality of the proline moiety on the substrate can be contrary to the influences of the chirality of (S)-dimetylbinol. Changing the chirality of one of these moieties could increase the reaction time and selectivity of the reaction.
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Figure 2.10: Iridiumcomplex of chiral ClickPhine ligands.
3  Conclusion

During this investigation the basis for a large library of a new family of chiral P,N-ligands was revealed. Chiral propargylic amines, which could be used as building block during the synthsis of chiral variants of ClickPhine, were for the first time synthesized via an enantioselective propargylic substitution reaction. For propargylic amines bearing aromatic side-chains Pybox ligand 43 performed well. The aliphatic propargylic amines were obtained in higher enantioselectivity when Pybox ligand 46 was used. Slightly higher enantioselectivity was obtained with more electron-rich aromatic propargylic acetates. When an allylic functionality is present in the molecule, like in cinnamyl derivative 39i, the reaction mixture became a complex mixture of products. Two major products were obtained, shown in figure 2.4. As according to Murahashi’s postulate, the reaction with 1,3-diphenylprop-2-ynyl acetate (39l) established that an terminal alkyne is needed in the copper-catalyzed amination reaction. The reaction mixture was not affected by moisture or water and the procedure followed is highly practical. 

The synthesis of the ligands 57 and 60 started with the synthesis of proline acetylene 54, obtained in a overall yield of 23% from Boc-protected L-proline. Once proline acetylene was prepared, a click reaction was performed in the presence of benzylazide. After deprotection, the formed HCl-salt was reacted with two different phosphorchlorides resulting in the two new chiral P,N-ligands 57 (35% yield) and 60 (99% conversion according to 31P NMR.

So far, no conversion was shown in asymmetric hydrogenation of substrate 62. Substrate 64 showed 44% conversion and 8% ee at 50 ºC and 80 bar H2-pressure. Prelimenary results showed that the catalyst is promising in iridium-catalyzed asymmetric hydrogenation although further investigation is necessary. 
4 Future perspectives
Having synthesized a new type of P,N-ligands a wide range of derivatives could be synthesized. During the synthesis, the azide and phophorchloride could be varied, but also the alkyne can  be varied. Having introduced a good enantioselective procedure for the synthesis of chiral aromatic propargylic amines a wide range of new chiral alkynes could be synthesized. 
Concerning the chiral propargylic amines, the aliphatic ones seemed to be more difficult to synthesize in high yield and enantioselectivity. There is already been indicated that the use of another Pybox ligand improved the ee up to 56%. Nevertheless, different Pybox ligands could be synthesized in order to obtain even higher enantiomeric excess.
The asymmetric hydrogenation of substrate 64 showed that is worthwhile to investigate this reaction more closely. To improve the results a study to the formation of the metal-complex could be performed providing a better insight in the reaction. In addition, the BARF- -complex could be prepared. 
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6 Experimental

General Methods. 

The following general procedures were used in all reactions unless otherwise noted. Oxygen- and moisture-sensitive reactions were carried out using standard Schlenk techniques under a nitrogen or argon atmosphere. Similarly sensitive liquids and solutions were transferred via gas-tight syringe or cannula. Reactions were stirred with a Teflon-covered magnetic stir bar. Removal of solvents was accomplished by evaporation on a Buchi rotary evaporator (water bath 35-40 (C) or using an oil pump. Tetrahydrofuran and diethyl ether were freshly distilled from sodium/benzophenone. Dry CH2Cl2 was freshly distilled from CaH2. All commercially available reagents were used as received, unless indicated otherwise.

Chromatography. 

Analytical TLC chromatography was performed on 250 µm silica gel 60 plates with 254 nm fluorescent indicator. Chromatographic purification refers to flash chromatography
 using the indicated solvent (mixture) and Biosolve silica gel (0.035–0.070 mm). Optical rotations ([]20D) were measured on a Perkin-Elmer 241 polarimeter. HPLC was performed using a Meyvis-Gilson equipment (injector model 231 and a 307 pump) and indicated solvents (mixture) and Daicel Chiralcel columns. A Pharmacia LKB-WM 2141 detector was used for detection and the chromatograms were recorded with an HP3395 integrator.

Physical and Spectroscopic Measurements. 

NMR spectra were recorded in Fourier Transform mode on a Bruker AV 400 (1H at 400 MHz, 13C at 101 MHz, 31P at 162 MHz) magnetic resonance spectrometer at 25 °C. NMR spectra are reported as chemical shifts in parts per million (ppm) relative to the solvent signal and converted to tetramethylsilane scale (CDCl3: 1H, 7.26 ppm; 13C, 77.16 ppm). 31P NMR spectra were calibrated using 85% H3PO4 as an external chemical shift reference. Spin multiplicity is described by the following abbreviations: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of doublets, and br = broad. Coupling constants (J) are reported in Hertz (Hz). 13C NMR spectra were recorded with protondecoupling as APT (attached proton test) spectra. Infrared spectra were obtained from CDCl3 solutions on a Bruker IFS 28 Fourier Transform spectrometer (FTIR) and are reported in wavenumbers (cm-1). Fast Atom Bombardment (FAB) mass spectrometry was carried out using a JEOL JMS SX/SX 102A four-sector mass spectrometer, coupled to a JEOL MS-MP9021D/UPD system program. Samples were loaded in a matrix solution (3-nitrobenzyl alcohol) on a stainless steel probe and bombarded with xenon atoms with energy of 3keV. During the high resolution FAB-MS measurements a resolving power of 10,000 (10% valley definition) was used. Electron Ionization (EI) mass spectrometry was carried out using the same system as for FAB-MS measurements. The samples were introduced via a direct insertion probe into the ion source.

Abbreviations. 

Ac

Acetate
DBU

1,8-Diazabicyclo[5.4.0]undec-7-ene
DiPEA

Diisopropylethylamine

di-t-Bu-Pyr
2,6-Di-tert-butylpyridine

DMSO

Dimethylsulfoxide

EtOAc

Ethylacetate

EtOH

Ethanol

MeOH

Methanol

PE

Petroleum ether

TBTA

Tris-(benzyltriazolylmethyl)amine

THF

Tetrahydrofuran.

6.1 Propargylic amines
6.1.1 General method for the synthesis of propargylic acetals. 

To a solution of ethynylmagnesium bromide in THF (0.5 M in THF, 22.0 mL, 11.0 mmol) at 0 °C the aldehyde (7.3 mmol) was added and the solution was diluted with dry THF (20 mL). After 3 hours the reaction mixture was quenched in a mixture of saturated NH4Cl-solution (50 mL) and ice (50 mL). THF was evaporated using a laboratory evaporator after which diethylether (50 mL) was added. The organic and water layer were separated. The organic layer was washed with saturated NaCl-solution (50 mL). After separation of phases the organic layer was dried over Na2SO4 and evaporated to dryness. 

A solution of the propagylic alcohol (max. 7.3 mmol), acetic anhydride (0.9 mL, 9.5 mmol) and triethylamine (1.3 mL, 9.5 mmol) in dry CH2Cl2 (20 mL) was stirred overnight at room temperature. If necessary a catalytic amount of dimethylaminopyridine was added to obtain total conversion. CH2Cl2 was evaporated using a laboratory evaporator. The mixture was purified by silica gel column chromatography.
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1-Phenylprop-2-ynyl acetate (39a).
 (Synthesized by Remko)

To a solution of 1-phenylprop-2-ynyl alcohol (1.0 mL, 8.2 mmol) in dry CH2Cl2 (20 mL) acetic anhydride (1.0 mL, 11 mmol) was added under nitrogen atmosphere. After addition of Et3N (1.5 mL, 11 mmol) the solution was stirred at ambient temperature for 21 hours. The reaction mixture was concentrated under vacuum and product 39a was obtained after column chromatography (CH2Cl2/PE 5:1) as a colourless liquid (1.37 g, 96%). 
1H NMR (400 MHz); ( (ppm) = 7.55-7-52 (m, 2H, m-Ar), 7.42-7.37 (m, 3H, o,p-Ar), 6.45 (d, J = 2.2 Hz, 1H, CH), 2.66 (d, J = 2.3 Hz, 1H, C(CH), 2.12 (s, 3H, OAc).
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1-(4-Methoxyphenyl)prop-2-ynyl acetate (39b). 
The general procedure is followed. After silica gel chromatography (CH2Cl2/PE 5:1) the product 39b was obtained (1.2 g, 82% yield). 
1H NMR (400 MHz);  (ppm) = 7.47 (d, J = 8.7 Hz, 2H), 6.91 (d, J = 8.7 Hz, 2H), 6.41 (d, J = 2.3 Hz, 1H), 3.82 (s, 3H, MeO), 2.65 (d, J = 2.3 Hz, 1H), 2.09 (s, 3H, AcO).
13C NMR (101 MHz);  (ppm) = 169.8 (COO), 160.2, 129.4, 128.7, 114.1, 80.5 (C≡), 75.2 (CH≡), 65.1 (CH-OAc), 55.3 (CH3O), 21.1.

FTIR (film, cm-1); 3286 (s), 2937-2829 (w), 2129 (w), 1740 (vs), 1464 (w), 1370 (vs), 1228 (vs).

HRMS (FAB+) m/z: calcd. (MH+) 205.0865, found 205.0864.
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1-(4-(Trifuormethyl)phenyl)prop-2-ynyl acetate (39c). 
The general procedure is followed. After silica gel chromatography (CH2Cl2/PE 5:1) the product 39c was obtained (1.0 g, 56% yield). 
1H NMR (400 MHz); ppm) = 7.66 (s, 4H), 6.49 (s, 1H), 2.69 (s, 1H), 2.14 (s, 3H, AcO).
13C NMR (101 MHz); ppm) = 169.5 (COO), 140.3, 131.2 (q, J = 32.6 Hz), 128.0, 125.7 (q, J = 3.8 Hz), 123.9 (q, J = 272 Hz, CF3), 79.5 (C≡), 74.0 (CH≡), 64.5, 20.9.

FTIR (film, cm-1); 3301 (m), 2100 (w), 1747 (s), 1421 (s), 1373 (s), 1327 (vs), 1227 (vs).

HRMS (EI+) m/z: calcd. (M+) 242.0555, found 242.0554.
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1-(2,4-Dimethylphenyl)prop-2-ynyl acetate (39d). 
The general procedure is followed. After silica gel chromatography (PE/CH2Cl2 4:1) the product 39d was obtained (1.1 g, 74% yield). 
1H NMR (400 MHz); ppm) = 7.51 (d, J = 7.8 Hz, 1H), 7.06 (d, J = 8.3 Hz, 1H), 7.02 (s, 1H), 6.53 (d, J = 2.2 Hz, 1H), 2.62 (d, J = 2.3 Hz, 1H), 2.38 (s, 3H), 2.32 (s, 3H), 2.11 (s, 3H, Ac).

13C NMR (101 MHzppm) = 169.8 (COO), 139.2, 136.2, 131.8, 131.7, 128.1, 127.1, 80.4 (C≡), 75.2 (CH≡), 63.4, 21.2, 21.1, 19.1.
FTIR (film, cm-1) 3287 (s) 3017-2925 (m) 2124 (w) 1742 (vs) 1454 (m) 1370 (s) 1227 (vs).

HRMS (FAB+) m/z: calcd. (MH+) 203.1072, found 203.1075.
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1-(2,4-Dichlorophenyl)prop-2ynyl acetate (39e). 
The general procedure is followed. After silica gel chromatography (PE/CH2Cl2 4:1) the product 39e was obtained (1.4 g, 77% yield): mp 56-57 °C. 
1H NMR (400 MHz);  (ppm) = 7.71 (d, J = 8.4 Hz, 1H), 7.42 (d, J = 2.1 Hz, 1H), 7.32 (dd, J = 2.1 Hz, 8.4 Hz, 1H), 6.67 (d, J = 2.3 Hz, 1H), 2.67 (d, J = 2.3 Hz, 1H), 2.13 (s, 3H).
13C NMR (101 MHz); (ppm) = 169.2 (COO), 135.8, 134.1, 132.6, 130.3, 129.7, 127.5, 78.8 (C≡), 76.0 (CH≡), 62.0, 20.7.
FTIR (film, cm-1); 3297 (m), 2128 (w), 1748 (vs), 1473 (m), 1370 (m), 1221 (vs)

HRMS (EI+) m/z: calcd. (M+) 241.9901, found 241.9907.
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1-(Pyridin-3-yl)prop-2-ynyl acetate (39f).
The general procedure is followed. After silica gel chromatography (gradiënt elution; CH2Cl2/EA 10:1 to 1:10) the product 39f was obtained (230 mg, 18% yield). 
1H NMR (400 MHz); ppm) = 8.74 (d, J = 1.3 Hz, 1H), 8.59 (d, J = 3.7 Hz, 1H), 7.84 (m, 1H), 7.31 (dd, J = 4.8 Hz, 7.9 Hz, 1H), 6.44 (d, J = 2.3 Hz, 1H), 2.69 (d, J = 2.3 Hz, 1H), 2.09 (s, 3H, AcO).
13C NMR (101 MHz); ppm) = 164.7 (COO), 145.5, 144.5, 130.5, 118.8, 74.4 (C≡), 71.5 (CH≡), 58.4, 16.1.
FTIR (film, cm-1) 3290 (m), 2100 (w), 1743 (vs), 1586 (w), 1557 (w), 1429 (m), 1371 (m), 1224 (vs).
HRMS (EI+) m/z: calcd. (M+) 175.0633, found 175.0633.
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1-(Naphtalen-1-yl)prop-2-ynyl acetate (39g). (Synthesized by Remko)
The general procedure is followed. After silica gel chromatography (gradient elution; PE/CH2Cl2 4:1 to 3:1) the product 39g was obtained (1.1 g, 67% yield). 
1H NMR (400 MHz); ppm) = 8.19-7.48 (m, 7H), 7.10 (d, J = 2.3 Hz, 1H), 2.72 (d, J = 2.3 Hz, 1H), 2.14 (d, J = 2.8 Hz, 3H).
13C NMR (101 MHz); ppm) = 169.9 (COO), 134.1, 131.8, 130.6, 130.2, 129.0, 126.9, 126.7, 126.2, 125.3, 123.7, 80.3 (C≡), 76.1 (CH≡), 63.8, 21.1.
FTIR (film, cm-1) 3287 (m), 2157 (w), 1740 (vs), 1369 (w), 1224 (vs).
HRMS (FAB+) m/z: calcd. (MH+) 225.0916, found 225.0915.
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1-(Naphtalen-2-yl)prop-2-ynyl acetate (39h). 

The general procedure is followed. After silica gel chromatography (PE/CH2Cl2 4:1) the product 39h was obtained (1.0 g, 64% yield): mp 65-66 °C. 
1H NMR (400 MHz); ppm) = 8.02-7.51 (m, 7H), 6.63 (d, J = 2.2 Hz, 1H), 2.73 (d, J = 2.2 Hz, 1H), 2.14 (s, 3H).
13C NMR (101 MHz); ppm) = 169.7 (COO), 133.7, 133.5, 133.0, 128.7, 128.3, 127.7, 127.2, 126.8, 126.5, 125.0, 80.3 (C≡), 75.7 (CH≡), 65.5, 21.1.
FTIR (film, cm-1) 3285 (m), 3059 (w), 2120 (w), 1741 (vs), 1440 (w), 1369 (w), 1224 (vs).

HRMS (FAB+) m/z: calcd. (MH+) 225.0916, found 225.0915.
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(E)-1-Phenylpent-1-en-4-yn-3-yl acetate (39i). 
The general procedure is followed. After silica gel chromatography (gradiënt elution; PE/CH2Cl2 4:1 to 3:1) the product 39i was obtained (1.2 g, 81% yield). 
1H NMR (400 MHz); ppm) = 7.43-7.29 (m, 5H), 6.89 (d, J = 15.7 Hz, 1H), 6.24 (dd, J = 6.5 Hz, 15.7 Hz, 1H), 6.06 (d, J = 6.5 Hz, 1H), 2.66 (d, J = 2.2 Hz, 1H), 2.13 (s, 3H).
13C NMR (101 MHz); ppm) = 169.7 (COO), 135.6, 134.9, 128.7, 128.6, 127.0, 123.3, 79.4 (C≡), 75.4 (CH≡), 64.0, 21.1.
FTIR (film, cm-1); 3289 (m), 3028 (w), 2125 (w), 1741 (vs), 1449 (w), 1371 (w), 1227 (vs).

HRMS (FAB+) m/z: calcd. (MH+) 201.0196, found 201.0191.
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4-Methylpent-1-yn-3-yl acetate (39j). 
The general procedure is followed. After silica gel chromatography (gradiënt elution; PE/CH2Cl2 4:1 to 3:1) the product 39j was obtained (0.5 g, 49% yield). 
1H NMR (400 MHz); ppm) = 5.18 (dd, J = 2.2 Hz, 5.7 Hz, 1H), 2.42 (d, J = 2.2 Hz, 1H), 2.10 (s, 3H, Ac), 2.01-1.96 (m, 1H), 1.02-0.98 (m, 6H).
13C NMR (101 MHz); ppm) = 170.0 (COO), 79.9 (C≡), 74.0 (CH≡), 68.7, 32.1, 20.9, 18.0, 17.4.
FTIR (film, cm-1) 3292 (m), 2969-2877 (m) 2114 (w) 1744 (vs) 1469 (m) 1373 (s) 1235 (vs).
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Oct-1-yn-3-yl actetate (39k). 
The general procedure is followed. After silica gel chromatography (PE/CH2Cl2 4:1) the product 39k was obtained (0.7 g, 57% yield). 
1H NMR (400 MHz); ppm) = 5.34-5.32 (m, 1H), 2.44 (d, J = 2.1 Hz, 1H), 2.09 (s, 3H), 1.79-1.74 (m, 2H), 1.46-1.43 (m, 2H), 1.32-1.29 (m, 4H), 0.91-0.88 (m, 3H).

13C NMR (101 MHz); ppm) 169.9 (COO), 81.3 (C≡), 73.4 (CH≡), 63.8, 34.5, 31.2, 24.6, 22.5, 21.0, 13.9.

FTIR (film, cm-1); 3294 (m), 2957-2864 (m), 2123 (w), 1744 (vs), 1467 (w), 1372 (m), 1235 (vs).
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1,3-Diphenylprop-2-ynyl acetate (39l).
 
A solution of the propargylic alcohol (max. 9.9 mmol), acetic anhydride (1.2 mL, 12.9 mmol) and triethylamine (1.8 mL, 12.9 mmol) in dry CH2Cl2 (20 mL) was stirred overnight at room temperature. CH2Cl2 was evaporated using a laboratory evaporator. After silica gel chromatography (PE/CH2Cl2 4:1) the product 39l was obtained (2.0 g, 79% yield). 
1H NMR (400 MHz); (ppm) 7.62-7.31 (m, 10H) 6.70 (s, 1H) 2.14 (s, 1H).

6.1.2 General procedure for the propargylic amination. 

Copper iodide (3.8 mg, 0.020 mmol) and 2,6-bis((4R,5S)-4,5-diphenyl-4,5-dihydrooxazol-2-yl)pyridine (53) (12.5 mg, 0.024 mmol) were suspended in methanol (1.4 mL). The mixture was stirred for 20 minutes before addition of a solution of the propargylic acetate (0.20 mmol) in methanol (0.3 mL). The suspension is cooled to -20 (C. After another 15 minutes of stirring at -20 (C, a cooled solution of nucleophile (0.40 mmol) and DiPEA (139 (L, 0.80 mmol) in methanol (0.3 mL) was added. The suspension was stirred until TLC analysis indicated total conversion of the propargylic acetate. When finished the reaction mixture was allowed to warm to room temperature and concentrated in vacuo. Silica gel chromatography gave the pure propargylic amine.

Racemic reaction. The racemic samples were obtained using the general procedure with TBTA as the ligand instead of the chiral PyBox ligand. Usually the reaction was performed at room temperature to increase the reaction rate.
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2-Methoxy-N-(1-phenylprop-2-ynyl)aniline (40a). (Synthesized by Remko)
Copper iodide (48 mg, 0.25 mmol) and PyBox ligand 5 (156 mg, 0.30 mmol) were stirred in MeOH (40 mL) for 30 minutes. To the acquired red solution, which contains small white particles of probably excess ligand, 7a (0.87 g, 5.0 mmol) in MeOH (4 mL) was added. The mixture was cooled to -18 (C followed by addition of a cooled solution of o-anisidine (1.1 mL, 10 mmol) and DiPEA (3.5 mL, 20 mmol) in MeOH (6 mL). The reaction mixture was stirred for 21 h at -18 (C. After evaporation and silica gel column chromatography (CH2Cl2/PE 1:2) the product was obtained as a yellow oil (1.15 g, 97% yield, 85% ee). After two crystallization steps (crystals of racemate) (EtOAc/PE, one weekend at -20 (C), the motherliquor contained the highly optical enriched product 8a giving, after evaporation, a orange oil (0.97 g, 81% yield, 99% ee): []20D +100 (c 1.0, CHCl3). The product solidified after one week at -18 (C and was recrystallized from heptane making use of a seed providing yellow crystals (0.55 g, 46% yield, >99.5% ee); mp (racemate) 75 (C, mp (single enantiomer) 32 (C. 
HPLC conditions: Chiralcel OD-H (4.6 x 250 mm), 98:2 heptane:HOi-Pr, 1.0 mL/min, ( = 254 nm. 
1H NMR (400 MHz); ( (ppm) = 7.64- 7.61 (m, 2H, m-Ph), 7.42-7.34 (m, 3H, o,p-Ph), 6.88-6.75 (m, 4H, anisidyl), 5.30 (dd, J = 7.1 Hz, 2.1 Hz, 1H, CH), 4.68 (br d, J = 7.0 Hz, 1H, NH), 3.83 (s, 3H, OMe), 2.47 (d, J = 2.3 Hz, 1H, C(CH)

13C NMR (101 MHz); ( (ppm) = 147.3, 139.3, 136.3, 128.9, 128.2, 127.4, 121.2, 118.0, 111.6, 109.7, 83.3, 73.0, 55.5, 49.6
FTIR (film, cm-1); 3417 (w), 3287 (m), 1601 (m), 1509 (s), 1454 (m), 1426 (m), 1242 (s), 1221 (m), 1125 (m), 1027 (m)
HRMS (FAB+) m/z: calcd. (MH+) 238.1232, found 238.1238.
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2-Methoxy-N-(1-(4-methoxyphenyl)prop-2-ynyl)aniline (40b). (Synthesized by Remko)
The general procedure was followed. Compound 39b (41 mg, 0.20 mmol) was added to the catalyst suspension and cooled to -20 (C before adding the o-anisidine/DiPEA mixture. After stirring for 19 hours the mixture was allowed to warm to room temperature. Evaporation and silica gel chromatography (CH2Cl2/PE 5:1) afforded product 40b as a colourless oil (52 mg, 97% yield, 83% ee): []20D +75 (c 1.0, CHCl3). 
HPLC conditions: Chiralcel OD-H (4.6 x 250 mm), 9:1 heptane:HOi-Pr, 1.0 mL/min, ( = 254 nm. 1H NMR (400 MHz); ( (ppm) = 7.53 (m, 2H), 6.93-6.72 (m, 6H), 5.24 (br s, 1H, CH), 4.61 (br s, 1H, NH), 3.82 (s, 6H, 2 x OMe), 2.45 (d, J = 2.2 Hz, 1H, C(CH)

13C NMR (101 MHz); ( (ppm) = 159.5, 147.2, 136.3, 131.4, 128.5, 121.1, 117.9, 114.1, 111.5, 109.6, 83.4, 72.8, 55.42, 55.37, 48.9

FTIR (film, cm-1); 3283 (m), 1601 (m), 1509 (s), 1454 (m), 1245 (s), 1175 (m), 1125 (m), 1029 (m)

HRMS (FAB+) m/z: calcd. (MH+) 268.1338, found 268.1328.
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2-Methoxy-N-(1-(4-(trifluoromethyl)phenyl)prop-2-ynyl)aniline (40c). (Synthesized by Remko)
The general procedure was followed. Compound 39c (48 mg, 0.20 mmol) was added to the catalyst suspension and cooled to -20 (C before adding the o-anisidine/DiPEA mixture. After stirring for 18 hours the mixture was allowed to warm to room temperature. Evaporation and silica gel chromatography (CH2Cl2/PE 5:1) afforded product 40c as a colourless oil (51 mg, 84% yield, 80% ee): []20D +52 (c 1.0, CHCl3).
HPLC conditions: Chiralcel OD-H (4.6 x 250 mm), 9:1 heptane:HOi-Pr, 1.0 mL/min, ( = 254 nm. 1H NMR (400 MHz); ( (ppm) = 7.76 (d, J = 8.2 Hz, 2H), 7.67 (d, J = 8.3 Hz, 2H), 6.90-6.79 (m, 3H), 6.70 (dd, J = 7.8 Hz, 1.4 HZ, 1H), 5.38 (br s, 1H, CH), 4.77 (br s, 1H, NH), 3.87 (s, 3H, OMe), 2.52 (d, J = 2.3 Hz, 1H, C(CH)
13C NMR (101 MHz); ( (ppm) = 147.4, 143.4, 135.9, 130.5 (q, J = 32.5 Hz), 127.7, 125.9 (q, J = 3.7 Hz), 124.2 (q, J = 272.2 Hz), 121.1, 118.5, 111.7, 109.8, 82.4, 73.8, 55.6, 49.3
FTIR (film, cm-1); 3297 (m), 1602 (m), 1509 (s), 1456 (m), 1428 (m), 1326 (s), 1243 (m), 1223 (m), 1166 (s), 1125 (s), 1067 (s), 1019 (m)

HRMS (FAB+) m/z: calcd. (MH+) 306.1106, found 306.1116.
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N-(1-(2,4-Dimethylphenyl)prop-2-ynyl)-2-methoxyaniline (40d). (Synthesized by Remko)
The general procedure was followed. Compound 39d (40 mg, 0.20 mmol) was added to the catalyst suspension and cooled to -20 (C before adding the o-anisidine/DiPEA mixture. After stirring for 20 hours the mixture was allowed to warm to room temperature. Evaporation and silica gel chromatography (CH2Cl2/PE 2:1) afforded product 40d as a white solid (48 mg, 91% yield, 88% ee): mp 69-74 °C; []20D +89 (c 1.0, CHCl3). 
HPLC conditions: Chiralcel AD (4.6 x 250 mm), 98:2 heptane:HOi-Pr, 1.0 mL/min, ( = 254 nm. 1H NMR (400 MHz); ( (ppm) = 7.52 (d, J = 7.8 Hz, 1H), 7.09-7.06 (m, 2H), 6.93-6.89 (m, 1H), 6.83-6.76 (m, 3H), 5.35 (m, 1H), 4.55 (d, J = 5.4 Hz, 1H, NH), 3.83 (s, 3H, OMe), 2.44 (d, J = 2.3 Hz, 1H), 2.40 (s, 3H), 2.35 (s, 3H)

13C NMR (101 MHz); ( (ppm) = 147.2, 138.0, 136.6, 136.1, 134.3, 131.8, 127.3, 127.2, 121.3, 117.7, 111.2, 109.7, 83.4 (-C≡), 72.6 (CH≡), 55.5, 46.9, 21.2, 18.9

FTIR (film, cm-1); 3285 (m), 1601 (m), 1509 (s), 1454 (m), 1425 (m), 1236 (s), 1221 (m), 1125 (m), 1029 (m)

HRMS (FAB+) m/z: calcd. (MH+) 266.1545, found 266.1541.
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N-(1-(2,4-Dichlorophenyl)prop-2-ynyl)-2-methoxyaniline (40e). 
The general procedure was followed. Compound 39e (49 mg, 0.20 mmol) was added to the catalyst suspension and cooled to -20 (C before adding the o-anisidine/DiPEA mixture. After stirring for 40 hours the mixture was allowed to warm to room temperature. Evaporation and silica gel chromatography (CH2Cl2/PE 2:1) afforded product 40e as an orange oil (54 mg, 88% yield, 79% ee): []20D +67 (c 1.0, CHCl3). 
HPLC conditions: Chiralcel AD (4.6 x 250 mm), 98:2 heptane:HOi-Pr, 1.0 mL/min, ( = 254 nm. 1H NMR (400 MHz); ( (ppm) = 7.69 (d, J = 8.4 Hz, 1H), 7.45 ( d, J = 2.1 Hz, 1H), 7.28 (dd, J = 8.4 Hz, 2.1 Hz, 1H), 6.87-6.74 (m, 3H), 6.58 (dd, J = 7.8 Hz, 1.4 Hz, 1H), 5.59 (dd, J = 6.5 Hz, 2.3 Hz, 1H, CH), 4.78 (br d, J = 6.4 Hz, 1H, NH), 3.87 (s, 3H, OMe), 2.48 (d, J = 2.3 Hz, 1H, C(CH)

13C NMR (101 MHz); ( (ppm) = 147.2, 135.72, 135.65, 134.6, 134.0, 129.8, 129.5, 127.8, 121.2, 118.4, 111.3, 109.8, 81.9, 73.2, 55.6, 46.7
FTIR (film, cm-1); 3296 (m), 1601 (m), 1509 (s), 1455 (m), 1243 (s), 1222 (m), 1127 (m), 1029 (m)

HRMS (EI+) m/z: calcd. (M+) 305.0374, found 305.0373.
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2-Methoxy-N-(1-(pyridin-3-yl)prop-2-ynyl)aniline (40f). (Synthesized by Remko)
The general procedure was followed. Compound 39f (35 mg, 0.20 mmol) was added to the catalyst suspension and cooled to -20 (C before adding the o-anisidine/DiPEA mixture. After stirring for 23 hours the mixture was allowed to warm to room temperature. Evaporation and silica gel chromatography (EA/PE 1:1) afforded product 40f as a orange oil (42 mg, 88% yield, 74% ee): []20D +67 (c 1.0, CHCl3). 
HPLC conditions: Chiralcel OD-H (4.6 x 250 mm), 85:15 heptane:HOi-Pr, 1.0 mL/min, ( = 254 nm. 
1H NMR (400 MHz); ( (ppm) = 8.87 (br s, 1H), 8.60 (br d, J = 4.0 Hz, 1H), 7.94 (dd, J = 7.9 Hz, 1.6 Hz, 1H), 7.32 (dd, J = 7.9 Hz, 4.8 Hz, 1H), 6.88-6.73 (m, 4H, anisidyl), 5.35 (dd, J = 7.5 Hz, 1.9 Hz, 1H, CH), 4.68 (br d, J = 7.4 Hz, 1H, NH), 3.84 (s, 3H, OMe), 2.51 (d, J = 2.3 Hz, 1H, C(CH)

13C NMR (101 MHz); ( (ppm) = 149.6, 149.2, 147.4, 135.8, 135.0 (2x), 123.7, 121.1, 118.6, 111.8, 109.9, 82.0, 73.9, 55.6, 47.6
FTIR (film, cm-1); 3285 (m), 1601 (m), 1509 (s), 1455 (m), 1423 (m), 1246 (s), 1223 (m), 1125 (m), 1026 (m)

HRMS (FAB+) m/z: calcd. (MH+) 239.1184, found 239.1184.
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2-Methoxy-N-(1-(naphthalen-1-yl)prop-2-ynyl)aniline (40g). (Synthesized by Remko)
The general procedure was followed. Compound 39g (45 mg, 0.20 mmol) was added to the catalyst suspension and cooled to -20 (C before adding the o-anisidine/DiPEA mixture. After stirring for 22 hours the mixture was allowed to warm to room temperature. Evaporation and silica gel chromatography (CH2Cl2/PE 3:1) afforded product 40g as a white solid (52 mg, 91% yield, 85% ee). After crystallization (EtOAc/PE) colourless needles were obtained (>99% ee): mp 148 (C; []20D +118 (c 1.0, CHCl3). 
HPLC conditions: Chiralcel OD-H (4.6 x 250 mm), 98:2 heptane:HOi-Pr, 0.8 mL/min, ( = 254 nm. 
1H NMR (400 MHz); ( (ppm) = 8.16-8.14 (m, 1H), 8.01 (d, J = 7.1 Hz, 1H), 7.94-7.88 (m, 2H), 7.56-7.50 (m, 3H), 6.96-6.91 (m, 2H), 6.85-6.80 (m, 2H), 5.96 (br d, J = 3.3 Hz, 1H, CH), 4.80 (br d, J = 4.1 Hz, 1H, NH), 3.80 (s, 3H, OMe), 2.55 (d, J = 2.2 Hz, 1H, C(CH)

13C NMR (101 MHz); ( (ppm) = 147.3, 136.4, 134.2, 134.1, 130.9, 129.3, 129.0, 126.7, 126.0, 125.6, 125.5, 123.6, 121.3, 118.0, 111.3, 109.8, 83.1, 73.5, 55.4, 47.2

FTIR (film, cm-1); 3287 (m), 1601 (m), 1509 (s), 1454 (m), 1426 (m), 1244 (s), 1221 (m), 1126 (m), 1028 (m)

HRMS (FAB+) m/z: calcd. (MH+) 288.1388, found 288.1383.
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2-Methoxy-N-(1-(naphthalen-2-yl)prop-2-ynyl)aniline (40h). (Synthesized by Remko)
The general procedure was followed. Compound 7h (45 mg, 0.20 mmol) was added to the catalyst suspension and cooled to -20 (C before adding the o-anisidine/DiPEA mixture. After stirring for 23 hours the mixture was allowed to warm to room temperature. Evaporation and silica gel chromatography (CH2Cl2/PE 3:1) afforded product 8h as a yellow oil (55 mg, 96% yield, 86% ee). After crystallization (EtOAc/PE) yellowish crystals were obtained (>99% ee); []20D +21 (c 0.3, CHCl3). 
HPLC conditions: Chiralcel AD (4.6 x 250 mm), 98:2 heptane:HOi-Pr, 1.0 mL/min, ( = 254 nm. 1H NMR (400 MHz); ( (ppm) = 8.11 (s, 1H), 7.89-7.84 (m, 3H), 7.70 (dd, J = 8.5 Hz, 1.8 Hz, 1H), 7.53-7.49 (m, 2H), 6.90-6.74 (m, 4H, anisidyl), 5.46 (br d, J = 4.6 Hz, 1H, CH), 4.78 (br d, J = 5.7 Hz, 1H, NH), 3.84 (s, 3H, OMe), 2.53 (d, J = 2.2 Hz, 1H, C(CH)

13C NMR (101 MHz); ( (ppm) = 147.3, 136.7, 136.3, 133.4, 133.2, 128.8, 128.3, 127.8, 126.41, 126.35, 126.2, 125.3, 121.2, 118.1, 111.7, 109.7, 83.2, 73.4, 55.5, 49.8
FTIR (film, cm-1); 3288 (m), 1601 (m), 1509 (s), 1454 (m), 1425 (m), 1241 (s), 1221 (m), 1126 (m), 1028 (m)

HRMS (FAB+) m/z: calcd. (MH+) 288.1388, found 288.1389.
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 (E)-2-Methoxy-N-(1-phenylpent-1-en-4-yn-3-yl)aniline (40i). (Synthesized by Remko)
The general procedure was followed. Compound 39i (40 mg, 0.20 mmol) was added to the catalyst suspension and cooled to -20 (C before adding the o-anisidine/DiPEA mixture. After stirring for 48 hours the mixture was allowed to warm to room temperature. Evaporation and silica gel chromatography (CH2Cl2/PE 1:4) afforded product 40i as a yellow oil (32 mg, 62% yield, 57% ee): []20D +26 (c 0.4, CHCl3). 
HPLC conditions: Chiralcel AD (4.6 x 250 mm), 98:2 heptane:HOi-Pr, 1.0 mL/min, ( = 254 nm. 1H NMR (400 MHz); ( (ppm) = 7.46-7.26 (m, 5H), 7.00-6.77 (m, 5H, anisidyl + alkene), 6.39 (dd, J = 15.8 Hz, 5.4 Hz, 1H, alkene), 4.97 (br d, J = 4.7 Hz, 1H, NCH), 4.55 (br s, 1H, NH), 3.88 (s, 3H, OMe), 2.48 (d, J = 2.1 Hz, 1H, C(CH)

13C NMR (101 MHz); ( (ppm) = 147.5, 136.4, 136.0, 132.5, 128.7, 128.1, 126.9, 126.7, 121.2, 118.2, 111.9, 109.8, 82.4, 73.0, 55.6, 47.1
FTIR (film, cm-1); 3289 (m), 1601 (m), 1509 (s), 1454 (m), 1427 (m), 1242 (s), 1222 (m), 1126 (m), 1028 (m), 968 (m)
HRMS (FAB+) m/z: calcd. (MH+) 264.1388, found 264.1389.
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2-Methoxy-N-(4-methylpent-1-yn-3-yl)aniline (40j). (Synthesized by Remko)
The general procedure was followed. Compound 39j (28 mg, 0.20 mmol) was added to the catalyst suspension and warmed to 40 (C before adding the o-anisidine/DiPEA mixture. After stirring for 24 hours the mixture was allowed to cool to room temperature. Evaporation and silica gel chromatography (CH2Cl2) afforded product 40j as a colourless oil (11 mg, 27% yield, 40% ee): []20D +60 (c 0.5, CHCl3). 
HPLC conditions: Chiralcel OD-H (4.6 x 250 mm), 98:2 heptane:HOi-Pr, 1.0 mL/min, ( = 254 nm. 
1H NMR (400 MHz); ( (ppm) = 6.91-6.87 (m, 1H), 6.80-6.69 (m, 3H), 4.40 (br d, J = 8.2 Hz, 1H, NH), 3.99-3.95 (m, 1H, CH), 3.85 (s, 3H, OMe), 2.21 (d, J = 2.2 Hz, 1H, C(CH), 2.06 (m, 1H), 1.11 (d, J = 6.8 Hz, 6H, CH3)

13C NMR (101 MHz); ( (ppm) = 147.3, 136.7, 121.3, 117.5, 111.3, 109.8, 83.3, 71.5, 55.6, 51.4, 32.4, 19.6, 18.0

FTIR (film, cm-1); 3288 (m), 2961 (m), 1602 (m), 1510 (s), 1456 (m), 1428 (m), 1244 (s), 1221 (m), 1120 (m), 1029 (m)

HRMS (FAB+) m/z: calcd. (MH+) 204.1388, found 204.1381.
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2-Methoxy-N-(oct-1-yn-3-yl)aniline (40k). 
The general procedure was followed. Compound 39k (34 mg, 0.20 mmol) was added to the catalyst suspension and warmed to 40 (C before adding the o-anisidine/DiPEA mixture. After stirring for 21 hours the mixture was allowed to cool to room temperature. Evaporation and silica gel chromatography (CH2Cl2/PE 2:1) afforded product 40k as a colourless oil (35 mg, 76% yield, 13% ee): []20D +15 (c 1.0, CHCl3). 
HPLC conditions: Chiralcel AD (4.6 x 250 mm), 98:2 heptane:HOi-Pr, 1.0 mL/min, ( = 254 nm. 1H NMR (400 MHz); ( (ppm) = 6.93-6.89 (m, 1H), 6.82-6.72 (m, 3H), 4.34 (br s, 1H, NH), 4.10 (br, 1H, CH), 3.86 (s, 3H, OMe), 2.22 (d, J = 2.0 Hz, 1H, C(CH), 1.87-1.81 (m, 2H), 1.60-1.56 (m, 2H), 1.39-1.34 (m, 4H), 0.95-0.91 (m, 3H, CH3)

13C NMR (101 MHz); ( (ppm) = 147.2, 136.5, 121.2, 117.6, 111.4, 109.7, 85.0, 70.6, 55.5, 45.2, 35.8, 31.6, 25.8, 22.7, 14.2
FTIR (film, cm-1); 3408 (w), 3290 (m), 2934 (s), 2860 (m), 1603 (m), 1513 (s), 1456 (m), 1428 (m), 1248 (s), 1222 (s), 1030 (m)

HRMS (FAB+) m/z: calcd. (MH+) 232.1701, found 232.1697.
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Dimethyl pyridine-2,6-dicarboximidate (42). 

A solution of pyridine-2,6-dicarbonitrile (1.0 g, 7.74 mmol), NaH (31 mg, 0.77 mmol) and MeOH (20 ml) is stirred at room temperature for 23.5 hours. Acetic acid (44 l, 0.77 mmol) was added. Methanol is evaporated using a laboratory evaporator under reduced pressure. Product 42 was obtained (1.47 g, 98% yield). NMR spectra were corresponding with literature. 
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2,6-Bis((4R,5S)-4,5-diphenyl-4,5-dihydrooxazol-2-yl)pyridine (43). (Synthesized by Remco)

Dimethyl pyridine-2,6-bis(carbimidate) (0.265 g, 1.37 mmol) was suspended in dry CH2Cl2 (15 mL). The commercially available (1S,2R)-2-amino-1,2-diphenylethanol (0.585 g, 2.75 mmol) was added and the mixture was refluxed for 22 hours. The solvent was evaporated and the remaining solid was washed with water (15 mL) and MeOH (15 mL). An additional washing step with EtOAc (100 mL) followed by filtration (after 10 h) provided product 43 (0.50 g, 70%) as a white solid: mp 238-239 (C; 20D +309 (c 0.50, CHCl3). NMR spectra were corresponding with literature.
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2,6-Bis((R)-4,5,5-triphenyl-4,5-dihydrooxazol-2-yl)pyridine (40). 
Dimethyl pyridine-2,6-bis(carbimidate) (0.097 g, 0.5 mmol) was suspended in dry CH2Cl2 (15 mL). The commercially available (R)-2-amino-1,1,2-triphenylethanol (0.289 g, 1.0 mmol) was added and the mixture was refluxed for 4 days. Evaporation, silica gel chromatography (first attempt; PE/EtOAc 1:1 second attempt; PE/EtOAc 7:3) and in vacuum drying overnight at 40 °C afforded product 40 as a white foam (73 mg, 22% yield). NMR spectra were corresponding with literature.
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2,6-Bis((4R,5R)-4,5-diphenyl-4,5-dihydrooxazol-2-yl)pyridine (49). (Synthesized by Remko)
This compound was prepared as described in the literature.
 Re-crystallization in EtOAc provided product 49 (154 mg, 18% yield). 
6.2  Ligand syntheses
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 (S)-tert-Butyl 2-(hydroxymethyl)pyrrolidine-1-carboxylate (51).
Boc-L-Proline (1.13 g, 5.25 mmol) was dissolved in dry THF followed by slow addition of BH3.DMS (2M in THF, 3.0 ml, 6.0 mmol) in 25 minutes. The mixture was stirred at reflux for 2,5h. After evaporation of THF 15 mL CH2Cl2 was added. The organic layer was washed with 10 mL H2O, 10 mL saturated NaHCO3-solution and 10 mL saturated NaCl-solution. The organic layer was dried over Na2SO4 and solvents were evaporated providing product 51 (950 mg, 90% yield). NMR spectra were corresponding with literature.
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 (S)-tert-Butyl 2-formylpyrrolidine-1-carboxylate (52).
Dry DMSO (0.67 mL, 9.4 mmol) dissolved in 3 mL CH2Cl2 was slowly added to a solution of oxalyl chloride (2M in CH2Cl2, 2.95 mL, 5.9 mmol) in 15 mL CH2Cl2 at -78 °C. After 10 minutes a solution of product 51 (950 mg, 4.7 mmol) in 6 mL CH2Cl2 was added to the mixture and stirred for 30 minutes. DiPEA (3.3 mL, 18.8 mmol) was added and the mixture was warmed to room temperature. The mixture was washed 3 times with 20 mL 0.5M HCl (aq), 3 times with 20 mL water and once with 20 mL saturated NaCl-solution. The organic layer was dried over Na2SO4 and solvents were evaporated providing product 52 (715 mg, 76% yield). NMR spectra were corresponding with literature.8
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 Dimethyl 1-diazo-2-oxopropylphosphate (53).
Sodiumhydride (60% in mineral oil, 288 mg, 12.0 mmol) was washed 4 times with 2 mL pentane under N2-atmosphere. After addition of 30 mL toluene and 5 mL THF the suspension was cooled to °C. A solution of the commercially available dimethyl (2-oxopropyl)phosphonate (1.6 mL, 12 mmol) in 10 mL toluene was added to the mixture and stirred for 1h. Tosylazide (2.5 g, 12..6 mmol) and 15 mL toluene were added to the mixture. The mixture was left stirring for 30 minutes at room temperature. Filtration over Celite (Ø 6 cm, h 2 cm) and evaporation provided product 53 (2.5 g, 99% yield). NMR spectra were corresponding with literature.
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 (S)-tert-Butyl 2-ethynylpyrrolidine-1-carboxylate (54).
A solution of product 52 (715 mg, 3.6 mmol) in 15 mL MeOH and a solution of product 53 in 30 mL MeOH were added to a suspension of K2CO3 (995 mg, 7.2 mmol) in 15 mL MeOH. After 20h 75 mL Et2O was added. The mixture was washed with 30 mL water and 30 mL saturated NaHCO3-solution. After collection of the organic layer, the water layer was extracted 3 times with 25 mL Et2O. The organic layers were combined and dryed over Na2SO4. Evaporation and silica gel chromatography (PE/EtOAc 2:1) provided product 54 (397 mg, 2.0 mmol). NMR spectra were corresponding with literature.
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 (S)-tert-Butyl 2-(1-benzyl-1H-1,2,3-triazole-4-yl)pyrrolisine carboxylate (55).
CuSO4.5H2O (68.9 mg, 0.28 mmol) and sodium ascorbate (218.5 mg, 1.1 mmol) were dissolved in 5 mL water and added to a solution of product 54 (900 mg, 4.6 mmol) and benzylazide (0.58 mL, 4.6 mmol) in 5 mL THF. After 24h 30 mL Et2O was added and the suspension was separated. The organic layer was washed with 15 mL water and 15 mL saturated NaCl-solution. After drying over Na2SO4 the solvents were evaporated (1.5 g, 99% yield) followed by re-crystallization in EtOAc provided product 55 (889 mg, 59% yield).
1H NMR (400 MHz); ( (ppm) = 7.58-7.27 (m, 6H), 5.58-5.45 (m, 2H), 5.00 (br s, 1H), 3.53-3.45 (m, 2H), 2.45-1.74 (m, 4H) 1.56-1.21 (m, 9H)
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 (S)-1-Benzyl-4-(pyrrolidin-2-yl)-1H-1,2,3-triazole hydrochloride (56).
Product 55 (100 mg, 0.3 mmol) was dissolved in 1.5 mL EtOAc followed by slow addition of 0.5 mL HCl (37 w%). Evaporation, coevapoartion with EtOH (4 times 0.5 mL) and drying in vacuum overnight (50 °C) provided product 60 (80 mg, 99% yield). NMR was recorded in MeOD.
1H NMR (400 MHz); ( (ppm) = 8.16 (s, 1H), 7.37-7.34 (m, 5H), 5.63 (s, 2H), 3.43 (t, J = 5.6 Hz, 2H) 2.49-2.15 (m, 4H)
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 (S)-1-Benzyl-4-(1-(diphenylphosphino)pyrrolidin-2-yl)-1H-1,2,3-triazole (57).
The reaction is performed under Argon. Product 56 (80 mg, 0.3 mmol) was dissolved in 3 mL dry THF followed by the addition of triethylamine (167 l, 1.2 mmol). The mixture was cooled to 0 °C and diphenylphosphorchloride was added slowly and stirred for 3h. The mixture was put in the fridge during the night. Next day the mixture was warmed to roomtemperature and 30 mL NaHCO3 was added followed by the evaporation of THF. The water layer was extracted 4 times with 25 mL CH2Cl2 and the combined organic layer were dried over NaSO4. Evaporation of solvents provided product 57 (44 mg, 35% yield).
1H NMR (400 MHz); ( (ppm) = 7.51-7.17 (m, 5H), 7.15 (s, 1H), 5.48 (A of AB, d, 1H, 2JAB = 14.9 Hz), 5.39 (B of AB, d, 1H, 2JBA = 14.9 Hz) 4.84-4.80 (m, 1H) 3.08-3.06 (m, 1H) 2.89-2.86 (m, 1H) 2.24-2.18 (m, 2H) 1.89-1.76 (m, 2H)

13C NMR (101 MHz);  (ppm) = 139.1, 138.7, 138.5, 135.0, 132.6, 132.4, 132.0, 131.9, 129.1, 128.64, 128.62, 128.3, 128.26, 128.24, 128.20, 128.18, 128.1, 121.4, 59.7, 54.1, 47.2, 34.0, 25.7
31P NMR (162 MHz);  (ppm) = 45.8
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(11bR)-4-Chlorodinaphtho[2,1-d:1’,2’-f][1,3,2]dioxaphosphepine (58).

Binol (2.0 g, 7.0 mmol) was dissolved in 5 mL PCl3. The mixture was heated to reflux. After 20h excess PCl3 was evaporated and the product was coevaporated 3 times with 2 mL toluene. Product was dissolved in 10 mL toluene proving product 58 (0.5 M, 71% yield). NMR spectra were corresponding with literature.

31P NMR (162 MHz);  (ppm) = 178.0
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(11bS)-4-Chloro-2,6-dimethyldinaphtho[2,1-d:1’,2’-f][1,3,2]dioxa-phosphepine (59). (Synthesized by Lidy van den Burg)
This compound was prepared as described in the literature. NMR spectra were corresponding with literature. 

31P NMR (162 MHz);  (ppm) = 174.7
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1-Benzyl-4-((2S)1-((11bS)-4-chloro-2,6-dimethyldinaphtho[2,1-d:1’,2’-f][1,3,2]dioxa-phosphepin-4-yl)pyrrolidin-2-yl)-1H-1,2,3-triazole (60). 

Product 61 (100 mg, 0.38 mmol) was dissolved in 2 mL toluene and 1 mL triethylamine. Solvents were evaporateded and coevaporation was performed 2 times with 2 mL toluene. The obtained free amine was dissolved in 10 mL toluene and 0.5 mL trietylamine and heated to 50 ºC.  After adding product 59 (0.817 ml, 0,34 mmol) the mixture was stirred for 3,5h. The mixture was cooled to room temperature and filtrated over celite. Evaporation provided product 60 (99% conversion according to 31P NMR).
31P NMR (162 MHz);  (ppm) = 146.8 ppm
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1-Methoxy-4-(3-methylbut-2-en-2-yl)benzene (62).

A suspension of 5 mL DMF, 5 g K2CO3 and 4-methoxyphenyl boronic acid (1.5 g, 9.9 mmol) was flashed with N2. After 1h of bubbling 2-bromo-3-methyl-2-butene (1.15 ml, 9.9 mmol) and Pd(PPh3)4 (8.0 mg, 0.007 mmol) were added to the suspension. The mixture was warmed to 100 ºC and stirred for 17h. The mixture was cooled to room temperature followed by the addition of 50 mL water and 50 mL CH2Cl2. After separation the water layer was extracted with 50 mL CH2Cl2. The combined organic layers were dried over MgSO4 and solvents were evaporated. Filtration of the residue over silica using CH2Cl2 and evaporation of the solvent provided product 62 (1.31 g, 75% yield).

6.2.1 General method for the iridium-catalyzed asymmetric hydrogenation. 

Two stock solutions were prepared, one containing the substrate (0.7 mmol) dissolved in 1 mL CH2Cl2 and one containing ligand 60 (3.99 mg, 0.007 mmol) and [Ir(cod)Cl]2 (2.35 mg, 0.007 mmol) dissolved in 1 mL CH2Cl2. One mL of both stock solutions was injected in the autoclave under argon. The autoclave was put under H2-pressure and heated if necessary. 
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