Dr Christophe Michon 
email: christophe.michon@ensc-lille.fr
  
Marc-Antoine Abadie 
  
Dr Florian Medina 
  
Francine Agbossou-Niedercorn 
  
  
  
Mononuclear gold

Keywords: hydroamination, alkenes, amines, gold, N-heterocycles

come    

Along the past years, the usefulness of gold [START_REF] Rudolph | Reviews on gold catalysis with C-C multiple bond substrates[END_REF] was pointed out on various C-C multiple bond substrates like alkynes, [START_REF] Rudolph | Reviews on gold catalysis with C-C multiple bond substrates[END_REF][START_REF] Wang | Examples on gold catalysed hydroamination of alkynes[END_REF] alkenes, [START_REF] Rudolph | Reviews on gold catalysis with C-C multiple bond substrates[END_REF][START_REF] Sun | Examples of gold catalysed hydroamination of alkenes[END_REF] allenes, [START_REF] Rudolph | Reviews on gold catalysis with C-C multiple bond substrates[END_REF][START_REF] Zhang | Examples of gold catalysed hydroamination of allenes[END_REF] and dienes [START_REF] Rudolph | Reviews on gold catalysis with C-C multiple bond substrates[END_REF][START_REF] Shapiro | Examples of gold catalysed hydroamination of dienes[END_REF] for both intra-and intermolecular hydroamination reactions as well as for diaminations. These results may be quite surprising because gold(I) can be considered as a challenging metal for asymmetric catalysis. [11] First, it is stressed gold(I) privileges a linear-dicoordination geometry [12] which positions the ligand and the activated substrate in a trans fashion restricting thus the asymmetric induction. Tri and tetracoordination of gold(I) proved to be less common. [12,13] Second, though the reaction mechanism appears to depend on the nature of the nucleophile, [14,15] gold(I) catalyzed reactions are considered to be outer-sphere in most cases, the metal coordinating the substrate pi-system and the nucleophile attacking from the back side which is far away from the chiral ligand. However, some gold amide complexes were recently shown to be unreactive for the amination of alkynes suggesting that the inner sphere mechanism for addition to pi-bonds may not be preferred with some strong nucleophiles. [16a] In addition, it was also recently demonstrated that pi-bonds do not insert into the related gold-carbon bonds. [16b] Regarding the mechanisms of acid and gold catalyzed hydroamination of alkenes and dienes, Ujaque et al. have performed interesting calculations. [17] Whereas the acid-catalyzed process was shown as concerted, the gold-catalyzed reaction was found to be stepwise for the nucleophile-assisted and counterion-assisted pathways. Indeed, a proton-transfer agent, i.e the nucleophile or the counterion, was crucial to lower the energy barrier for the proton transfer step. Toste, Goddard et al. studied through calculations and experiments the intramolecular aminoauration of unactivated alkenes providing evidence of an anti-addition mechanism for alkene aminoauration. [18] However, once prepared, such assumed catalytic intermediates didn't allow the hydroamination reaction to proceed leading only to the unreacted alkenes. The authors concluded that was due to the high energy barrier calculated for the protodeauration step. [18]. Finally, the reversibility of C-Nuc bond formation was evidenced and may play an important role in the stereoselectivity of gold(I) catalyzed hydrofunctionalization. [18,19] To date, 3 strategies have been developed in gold(I) catalyzed asymmetric catalysis and to some extent to hydroamination reactions. The first one implies the use of chiral phosphate anions like TRIP in combination with a gold(I) complex to create a tight ion pair. The resulting chiral binding pocket proved to be highly efficient for some asymmetric intramolecular hydroamination of allenes. [9ac, 9ad] The chiral phosphate counterion was shown to act as a ligand bonded to the gold species all along the hydroamination reaction. [20] The second concept implies the use of chiral dinuclear gold(I)-phosphine complexes. Due to the broad choice of bisphosphine ligands, this approach has been versatile for some inter-and intramolecular asymmetric hydroamination of allenes and alkenes. [START_REF] Rudolph | Reviews on gold catalysis with C-C multiple bond substrates[END_REF][START_REF] Sun | Examples of gold catalysed hydroamination of alkenes[END_REF][START_REF] Zhang | Examples of gold catalysed hydroamination of allenes[END_REF] Surprisingly, little has been reported on the role of the second gold atom and the importance of gold-gold interactions in the catalytic course and therefore in the asymmetric

induction. [8e]

The third strategy developed in gold(I) catalyzed asymmetric catalysis implies the use of mononuclear gold(I) complex relying mainly on chiral phosphoramidite and diaminocarbene ligands. Though that approach has been efficient for various asymmetric organic reactions, [6b, [START_REF] Muñoz | Phosphoramidite ligands in asymmetric gold catalysis[END_REF][START_REF] Corberan | Diaminocarbene ligands in asymmetric gold catalysis[END_REF]23] it has until recently not been applied to hydroamination reactions and remains promising. [8a, 9i, 11, 24] Though gold was shown to be active for intra-and inter-molecular hydroamination of alkenes, [START_REF] Rudolph | Reviews on gold catalysis with C-C multiple bond substrates[END_REF][START_REF] Sun | Examples of gold catalysed hydroamination of alkenes[END_REF] high temperatures and long reaction times are generally required. Hence, asymmetric gold catalyzed hydroamination of alkenes has been scarcely studied with, to the best of our knowledge, only three specific reports published so far. First, Widenhoefer et al. reported on gold(I) catalyzed intermolecular hydroamination of ethylene and 1alkenes with cyclic ureas with good yields and enantioselectivities. [8a] Interestingly, the authors studied their gold pre-catalysts by Xray diffraction analyses and identified a weak gold-π interaction between the Au atom and one of the ligand aromatic ring. Presumably, such interaction might also occur with the gold cationic catalyst and influence the course of the reaction.

According to the previous statements, the achievement of efficient and highly selective gold catalyzed hydroamination of alkenes is still a challenging field. Hence, following our interest on hydroamination and aza-Michael reactions [24,25] and considering the inadequacy of applications of chiral mononuclear gold(I) species to asymmetric hydroamination, [8a, 9f, 11, 24] we would like to report herein our own results on asymmetric intramolecular hydroamination of alkenes using mononuclear gold catalysts.

Results and discussion

First, we performed preliminary studies on the racemic intramolecular hydroamination of alkene with amine substrates 1a-i using Ph3PAuCl as pre-catalyst along with 5 mol% AgOTf (Table 1). Whereas electron rich amine substrates (entries 1-2) didn't afford any product, some electron poor substrates did. Indeed, N-alkenyl tosylate, benzylcarbamate and urea worked quite well (entries 3, 6, 10). The use of pre-catalyst IPrAuCl instead of Ph3PAuCl increased significantly the product yield provided the alkene was not functionalized by any substituent (entries [START_REF] Wang | Examples on gold catalysed hydroamination of alkynes[END_REF][START_REF] Sun | Examples of gold catalysed hydroamination of alkenes[END_REF][START_REF] Zhang | Examples of gold catalysed hydroamination of allenes[END_REF]. Other N-alkenyl carboxamides proved to be non-reactive (entries 4, 5). Hence, a strong substituent effect appeared controlling the intramolecular hydroamination reaction.

A first study on asymmetric intramolecular hydroamination of alkenes using mononuclear gold catalysts was then achieved by screening various chiral ligands and complexes for the reaction of reagent 1f (Table 2 andFigure 1). A catalytic amount of AgOTf was used along with each gold complex in order to generate in situ the cationic active species. As already reported, N-alkenyl carbamates proved to be privileged substrates when gold(I) catalysts were used. [START_REF] Sun | Examples of gold catalysed hydroamination of alkenes[END_REF] In addition, as highlighted in the introduction of the present work, the carbamate function was shown to participate in a low barrier mechanistic hydroamination pathway through carbamate tautomerization assisted by a triflate anion acting as a proton shuttle. [17] Table 1. Amine substitution effect on reactivity. Our screening started with mononuclear gold(I) complexes 3 and 5 based on diaminocarbene ligands [23] but poor conversions and enantioselectivities were obtained (Figure 1 and Table 2 entries 1,3). Gold(III) diaminocarbene complexes 4 and 6 [24] didn't afford any reaction (Scheme 1 and Table 2,entries 2,[START_REF] Crimmin | For examples of asymmetric intramolecular hydroamination with main-group metals[END_REF]. We next switched to mononuclear gold(I) complexes issued from phosphoramidite ligands (Figure 1, table 2). First, L1 based on BINOL and the Whitesell amine was used affording product 2f in good conversions and moderate enantioselectivities (Table 2, entries 5-7). The stereoselectivity as well as the catalyst activity proved to strongly depend on the ligand configuration. Indeed, the chirality of the BINOL scaffold and of the amine needed to be opposite to afford the best results, (R,S,S) and (S,R,R) being the configurations of choice. Next, as shown by the use of phosphoramidite ligands L2-L5, any change on the chiral amine fragment proved to have a negative effect on the enantioselectivity (table 2, entries 8-11). Moreover, the switch from ligand Monophos L5 to L6, that is to say the change from a BINOL scaffold to a partially hydrogenated one, led to a severe decrease of the conversion (entries 11-12). Hence, an increase of the ligand dihedral angle had a negative effect on the reactivity. In addition, the change to ligand L8 based on a biphenyl scaffold resulted in a decrease of the enantioselectivity (entrie 14). Such a trend was also observed when the ligand BINOL backbone was Table 2. Screening of mononuclear gold(I) and (III) catalysts.

Entry

Entry

Ligand (Lx) or complex (Y) By comparison to mononuclear gold(I) catalysts, dinuclear gold(I) catalysts didn't afford better conversions and enantioselectivities within the same experimental conditions (Table 3 andFigure 2). A maximum of 70% conversion was reached with biphep ligand L15 along with a poor enantioselectivity (Table 3, entry 1). Surprisingly, the change for L16 with a Segphos backbone led to complete loss of reactivity (entry 2). The use of trans-ligands L17 and L18 (entries 3-4) or P-chiral phosphines L19 and L20 (entries 5-6) afforded 2f in low conversions with no enantioselectivity.

Conversion a (%) Ee (%) b Configuration c 1 d (R,R)-3 5 4 (S) 2 e,f (R,R)-4 0 0 - 3 g (R,R)-5 9 5 (S) 4 (S,S)-6 0 0 - 5 (S,R,R)-L1 75 15 (R) 6 (S,S,S)-L1 <5 - - 7 (R,S,S)-L1 62 19 (S) 8 (S,R)-L2 70 5 (S) 9 (S,R,R)-L3 85 4 (R) 10 (R,R,R)-L4 >95 7 (S) 11 (R)-L5 90 
We next checked the anion influence on the conversion and enantiomeric excess (Table 4). Among the various silver salts screened (entries 1-10), tetrafluoroborate and perchlorate anions appeared to be the most appropriate (entries 3, 6). Hence, in our reaction conditions, a strong ion-pairing implied a good conversion and a higher enantioselectivity for product 2f. Moreover, when no ligand and gold were used, silver tetrafluoroborate was not catalysing the hydroamination of 1a (entrie 4). Gold(I) catalyst based on L1 proved to be non-reactive when associated with chiral TRIP phosphate anion, even if stronger reaction conditions were used (entries 9-10).

To pursue our study on the influence of reaction parameters, various solvents were screened (Table 5). Except for tetrachloroethane and dioxane (entries 1, 7), reaction was not running in polar solvents (entries [START_REF] Zhang | Examples of gold catalysed hydroamination of allenes[END_REF][START_REF] Shapiro | Examples of gold catalysed hydroamination of dienes[END_REF][11][12]. Though reactions needed to be heated, apolar aromatic solvents afforded 2f in better conversions and enantiomeric excesses (entries [START_REF] Giardello | For examples of asymmetric intramolecular hydroaminations with lanthanide complexes[END_REF][START_REF] Gribkov | For examples of asymmetric intramolecular hydroamination with group 4 complexes, see[END_REF][START_REF] Crimmin | For examples of asymmetric intramolecular hydroamination with main-group metals[END_REF][START_REF] Lutete | For examples of asymmetric intramolecular hydroamination with late transition metals[END_REF][START_REF] Rudolph | Reviews on gold catalysis with C-C multiple bond substrates[END_REF][START_REF] Sun | Examples of gold catalysed hydroamination of alkenes[END_REF]. On that basis, we confirmed tight ion pairs were critical to allow the reaction to proceed enantioselectively. Moreover, the reaction outcome remained unchanged upon removal of AgCl by filtration through Celite TM of the phosphoramidite mononuclear gold(I) cationic species prepared prior to the catalysis (entry 2). Hence, no "silver effect" was observed in our gold catalysed hydroamination reactions. [26, 26d] d Done with (S,R,R)-L1. e Same result using a catalyst purified by filtration over Celite TM .

f 1 equivalent of water was added as soon as the reaction was started.

In addition, because all experiments were carried out under nitrogen and strict conditions (see experimental part), our gold-triflate catalysts were unlikely to form any hydrate or hydroxide species along the hydroamination reactions.

[26c] We noticed the voluntary addition of 1 equivalent of water to the reaction mixture resulted in a conversion decrease without any change on the enantioselectivity (Table 5, entry 3).

Next, using selected experimental conditions, we reinvestigated the substituent effect on amine reactivity (Table 6). All reactions afforded good to high conversions in 20 h at 50 °C or below. However, mononuclear gold(I) catalyst based on phosphoramidite ligand L1 appeared to be sensitive to alkene substituents, because substrate 1g didn't react even when the reaction was heated at 100 °C (entry 4). Regarding the enantioselectivity, N-alkenyl CBz and urea were by far the most appropriate substrates with values respectively of 23 and 30% ee provided the reaction temperature was set to 50 °C and the solvent was toluene (entries 1- [START_REF] Gribkov | For examples of asymmetric intramolecular hydroamination with group 4 complexes, see[END_REF]13,14). The N-tosyl and Boc substrates reacted only in tetrachloroethane and led to no enantioselectivity (entries 9-12). The change of substituents at the C2 position of the alkenyl chain had even a more critical effect on the reactivity and stereochemical outcome of the hydroamination reaction. Indeed, conversions and enantioselectivities were very low for methyl and cyclohexyl substituents (entries [START_REF] Lutete | For examples of asymmetric intramolecular hydroamination with late transition metals[END_REF][START_REF] Rudolph | Reviews on gold catalysis with C-C multiple bond substrates[END_REF][START_REF] Wang | Examples on gold catalysed hydroamination of alkynes[END_REF]15). Such trend was also observed for substrate 1l with a 5-hexenyl chain (entry 8). phosphoramidite ligands related to L1 was foreseen. Based on the Whitesell amine and on BINOL, these ligands would carry bulky substituents at the 3,3' positions of the BINOL scaffold (see Figure 3 and Table 7). [27] As illustrated by some MM2 calculations, we were confident such phosphoramidite ligands would afford an enhanced steric hindrance around the gold(I) catalytic center and would lead to a better enantioselectivity (see supporting information). All the 3,3'-substituted phosphoramidite ligands of defined configurations (Figure 3) were prepared according reported procedures (see supporting information). Catalytic tests were performed on substrates 1f, 1i-k and 1n performing first the reactions with our best experimental conditions, in toluene at 50 °C for 20 h using AgClO4 (Table 7, Figure 3). The use of phosphoramidite ligand L1 confirmed the enhanced ee previously obtained (entry 1). We next studied the four stereoisomers of phosphoramidite ligand L11 bearing phenyl substituents. Conversions were almost quantitative but enantioselectivities highly depended on the ligand configuration, values being quite disparate (entries 2-5). With a 95% conversion and a 28% ee, ligand (S,R,R)-L11 afforded the best result (entry 4).

Lowering the temperature to 0 °C didn't improve 2f enantioselectivity and reduced significantly the conversion (entry 6). It was worth noting the chirality of L11 BINOL fragment was the key factor controlling the stereochemistry of the product 2f. Indeed, both were shown to display the same configuration. However, this trend could not be observed for other phosphoramidite ligands L12, L13 and L14 (entries 7-13). Ligand L12 bearing biphenyl substituents afforded product 2f in high 95% conversions and average 29% ee provided (R,S,S)-L12 was used (entries 7, 8). Phosphoramidite ligand L13 functionalized by anthracenyl substituents led also to high conversions (95%) but lower ee (16-18%) were obtained (entries 9, 10). Finally, phosphoramidite ligand L14 bearing benzhydryl substituents afforded 2f in good to high conversions (68-95%) along with low to average ee (2-32%), configuration (R,S,S) being the best (entries 11-13). Otherwise, modifications of the reagent substituents at the C2 position of the alkenyl chain lead to critical changes of the product enantiomeric excess. By offering a 40% ee of 2k in a 95% conversion, reagent 1k bearing a cyclohexyl group was reactive and quite selective when ligand (S,R,R)-L11 was used (entry 14). The ligand (R,S,S)-L14 led also to 2k in high conversion though a much lowered enantiomeric excess was reached (entry 15). This result outlined the importance of a match pair [28] between selected N-alkenyl reagents and catalysts to reach high ee.

Moreover, the steric hindrance at the C2 position of the substrate appeared also to be the key factor to control in order to avoid any Thorpe-Ingold effect [START_REF] Zulys | For examples of Thorpe-Ingold effect in hydroamination of alkenes[END_REF] which significantly lowered the conversion or even prevented the reaction (see entries [START_REF] Crimmin | For examples of asymmetric intramolecular hydroamination with main-group metals[END_REF]14,16). The N-alkenyl urea substrate 1i led to good conversions (95%) and average enantiomeric excesses (29-30%) when ligands (S,R,R)-L1 and (R,S,S)-L14 were used (entries 17, 18). However, the use of ligand (R,S,S)-L12 resulted in a complete loss of enantioselectivity for 2i (entry 19). Hence, no improvement of the asymmetric induction could be reached on substrate 1i using all the prepared substituted phosphoramidites. Finally, N-alkenyl urea reagent 1n bearing methyl substitutents at the C2 position afforded average yield and lower ee when ligand (R,S,S)-L14 was used (entry 20). By comparison to binuclear gold(I) catalysts, mononuclear gold(I) catalysts appeared slightly less active and selective for N-alkenyl urea substrates.

[8e]

Conclusion.

The gold catalyzed asymmetric intramolecular hydroamination of alkenes was studied screening a series of mononuclear gold (I) and (III) complexes in combination with silver salts. Among the various chiral monophosphine and diaminocarbene ligands tried, the best catalysts arose from mononuclear gold(I) complexes built on BINOL based phosphoramidite ligands. The latest were improved by addition of bulky substituents at the specific 3,3'-positions of the BINOL scaffold. The resulting gold (I) complexes were combined with selected silver salts to afford efficient catalysts for intramolecular hydroamination of alkenes at mild temperatures, with good conversions and average enantioselectivities. Hence, such phosphoramidite based mononuclear gold(I) catalysts appeared as valuable alternatives to binuclear gold(I) catalysts for the hydroamination of alkenes.

Experimental

General remarks.

All solvents were dried using standard methods and stored over molecular sieves (4 Å). Karl-Fischer titrations were performed to guarantee a water content below 5 ppm. All silver salts were weighted in a glovebox. All reactions were carried out under a dry nitrogen atmosphere and were repeated at least twice. Analytical thin layer chromatography (TLC) was performed on Merck pre-coated 0.20 mm silica gel Alugram Sil 60 G/UV254 plates.

Flash chromatography was carried out with Macherey silica gel (Kielselgel 60). 1 H (300 MHz), 13 C (75 MHz) and 31 P (121 MHz) spectra were acquired on a Bruker Avance spectrometer. Chemical shifts (δ) are reported downfield of Me4Si in ppm and coupling constants are expressed in Hz. 1,3,5-trimethoxybenzene and1,2,4,5-tetrachlorobenzene were used as internal standards when needed. Infrared spectra were recorded on a ThermoScientific-Nicolet 6700 spectrometer; the samples being prepared with KBr powder. HPLC was performed on an equipement Hitachi LaChromElite with a micropump, a Peltier oven and a DAD detector. HRMS-ESI analyses were performed at CUMA-Pharm. Dept.-University Lille Nord de-France. Elemental analyses were performed at UCCS, University Lille Nord de France. AuS(Me)2Cl was prepared following related procedures. [30] BARF and TRIP silver salts were prepared as reported. [31,32] Gold diaminocarbene complexes 3-6 were prepared according to reported procedures. [23,25] See supporting informations for other details.

General procedures.

General Procedure (Ligand screening). In a glovebox, AuS(Me)2Cl (0.01 mmol, 2.95 mg) and the corresponding ligand (0.01 mmol) are disposed in a first Schlenk flask. Dry dichloromethane (1 mL) is added under a nitrogen atmosphere and the resulting mixture is stirred at room temperature for 2 hours. Afterwards, the solvent is evaporated under vacuum and the resulting solid is dried 30 minutes before addition of AgOTf (0.009 mmol, 2.31 mg) in a glovebox. Dry tetrachloroethane (1 mL) is added under nitrogen and the resulting solution is stirred for 30 minutes before being transferred to a second Schlenk containing amino-alkene substrate 1f (0.18 mmol, 66.9 mg). After 20 hours of stirring at 30 °C, the solution is filtered through a pad of silica gel using dichloromethane as solvent. After evaporation of solvent under vacuum, the resulting oil is analyzed by 1 H NMR and HPLC.

General procedure (Silver salt screening). In a glovebox, AuS(Me)2Cl (0.01 mmol, 2.95 mg) and (R,S,S)-L1 (0.01 mmol, 5.40 mg) are disposed in a first Schlenk flask. Dry dichloromethane (1 mL) is then added under a nitrogen atmosphere and the resulting mixture is stirred for two hours at room temperature. Afterwards, the solvent is evaporated under vacuum and the resulting solid is dried 30 minutes before addition of the corresponding silver salt reagent AgX (0.009 mmol) in a glovebox. Dry toluene (1 mL) is added under nitrogen atmosphere and the resulting solution is stirred for 30 minutes before being transferred in a second Schlenk flask containing amino-alkene substrate 1f (0.18 mmol, 66.9 mg). After 20 hours under stirring at 50 °C, the solution is filtered through a pad of silica gel using dichloromethane as solvent. After evaporation of solvents under vacuum, the resulting oil is analyzed by 1 H NMR and HPLC.

General procedure (Solvent screening). In a glovebox, AuS(Me)2Cl (0.01 mmol, 2.95 mg) and (R,S,S)-L1 (0.01 mmol, 5.40 mg) were added to a Schlenk flask. Dry dichloromethane (1 mL) is then added under a nitrogen atmosphere and the resulting mixture is stirred for two hours at room temperature. Afterwards, the solvent is evaporated under vacuum and the resulting solid is dried 30 minutes before addition of AgOTf (0.009 mmol, 2.31 mg) in a glovebox. The corresponding dry solvent (1 mL) is added under a nitrogen atmosphere and the resulting solution is stirred for 30 minutes before being transferred in a second Schlenk flask containing amino-alkene substrate 1f (0.18 mmol, 66.9 mg). After 20 hours under stirring at 30 or 50 °C, the solution is filtered through a pad of silica gel using dichloromethane as solvent. After evaporation of solvents under vacuum, the resulting oil is analyzed by 1 H NMR and HPLC.

4.3.Physical and spectra data for compounds.

Benzyl (5-methyl-2,2-diphenylhex-4-en-1-yl)carbamate 1g

The corresponding primary amine was prepared according reported procedures. [33] That reagent (10 mmol, 2.51 g) was then allowed to react with benzylchloroformate (12 mmol, 2.05 g, 1.71 ml) in an ethanol / water (3:2) mixture (50 mL) at room temperature for 12 hours. The resulting mixture was extracted with diethylether and the organic phases washed with brine. After drying over MgSO4, the solvents were evaporated to lead to an oily residue which was further purified by flash chromatography on silica gel using a 4:1 mixture of petroleum ether and ethylacetate (Rf= 0.45). Compound was recovered as a colorless oil which crystallized slowly to afford a white solid (1. 65 g, 4.3 mmol, 43% yield). 1 H NMR (300 MHz, CDCl3): δ = 1.38 (s, 3H), 1.60 (s, 3H), 2.81 (d,J= 7.1 Hz,2H),3.93 (d,J= 6.0 Hz,2H),4.39 (m,1H),4.91 (m,1H),5.05 (s,2H),7.30 (m,6H),7.60 (m,9H). 3291,1706,1497,1403,1364,1069,1034,976,749,695.

Benzyl (2,2-diphenylhex-4-en-1-yl)carbamate 1h

The corresponding primary amine was prepared according reported procedures. [34] That reagent (10 mmol, 2.65 g) was then allowed to react with benzylchloroformate (12 mmol, 2.05 g, 1.71 ml) in an ethanol / water (3:2) mixture (50 mL) at room temperature for 12 hours. The resulting mixture was extracted with diethylether and the organic phases washed with brine. After drying over MgSO4, the solvents were evaporated to lead to an oily residue which was further purified by flash chromatography on silica gel using a 4:1 mixture of petroleum ether and ethylacetate (Rf= 0.55). Compound was recovered as a colorless oil which crystallized slowly to afford a white solid (1.84 g, 4.6 mmol, 45% yield). 1 H NMR (300 MHz, CDCl3, ratio of trans / cis isomers (4:1)): δ = 1.25 (d, J= 6.2 3433,1706,1495,1445,1362,1217,1051,968,776,700.

Benzyl 2-methyl-4,4-diphenylpyrrolidine-1-carboxylate 2f [8v]

Isolated after flash chromatography with petroleum ether/EtOAc (9:1), Rf = 0.5, as a colorless oil. 1 H NMR (300 MHz, CDCl3, ratio of rotamers (1:1)): δ = [1.29 (d, J = 6.0 Hz), 1.36 (d, J = 6 Hz), (1:1), 3H], [2.26 (dd, J = 9.6 Hz and J = 12.8 Hz), 2.31 (dd, J = 9.6 Hz and 12.4 Hz), (1:1), 1H], 2.80-2.86 (m, H), 3.65-3.81 (m, 2H), [4.58 (dd, J = 1.6 Hz and J = 11.6 Hz), 4.74 (dd, J = 2.0 Hz and J = 11.6 Hz), (1:1), 1H], [5.18 (d,J = 12.4 Hz), (1:1), 1H], [5.09 (d,J = 12.4 Hz),5.31 (d,J = 12.4 Hz), (1:1), 1H], 7.11-7.40 (m, 15H). 13 C NMR (75 MHz, CDCl3, ratio of rotamers (1:1)): δ = [20.4, 21.5 [137.3, 137.4, (1:1), C], [145.3, 145.5, (1:1), C], [146.0, 146.0, (1:1), C], [154.9, 155.7, (1:1), CO]. [α]D 20 = +35 (CH2Cl2, c 0.67 g / 100 mL, at 28% ee). Enantiopurity was determined by HPLC using Daicel Chiralpak TM IA column (at 25°C) with (90/10) n-hexane/iPrOH, 1.0 mL/min, λ = 200 nm.

2-Methyl-4,4-diphenyl-pyrrolidine-1-carboxylic acid phenylamide 2i [8u,8w]

Isolated after flash chromatography with petroleum ether/EtOAc (8:2), Rf = 0.37, as yellow solid.

1 H NMR (300 MHz, CDCl3) : δ = 7.44 (d,J = 7.7 Hz,2 H),[START_REF] Wang | Examples on gold catalysed hydroamination of alkynes[END_REF]12 H),7.01 (tt,J = 1.2,7.3 Hz, 1 H), [START_REF] Rudolph | Reviews on gold catalysis with C-C multiple bond substrates[END_REF].54 (br s, 1 H), 4.60 (d,J = 10.6 Hz,1 H),1 H),3.75 (d,J =10.8 Hz,1 H),2.84 (ddd,J = 1.4,6.3,12.3 Hz,1 H),2.35 (dd,J = 9.2,12.3 Hz, 1 H), 1.34 (d, 3 H). 13 C NMR (75 MHz, CDCl3): δ = 154. 2, 145.6, 145.2, 139.2, 128.9, 128.7, 128.5, 126.8, 126.6, 126.4, 122.9, 119.8, 56.2, 52.8, 52.1, 46.6, 20.8. [α]D 20 = +30 (CH2Cl2, c 0.26 g / 100 mL, at 29% ee). Enantiopurity was determined by HPLC using Daicel Chiralpak TM IA CSP (at 25°C) with (90/10) n-hexane/iPrOH, 1.0 mL/min, λ = 200 nm.

Benzyl 3-methyl-2-azaspiro[4.5]decane-2-carboxylate 2k [8v]

Isolated after flash chromatography with petroleum ether/EtOAc (9:1), Rf = 0.5, as a colorless oil. 1 H NMR (300 MHz, CDCl3, ratio of rotamers (1:1)): δ = 1.31 (m, 14H), 2.02 (ddd, J = 1.2, 7.5, 12.9 Hz, 1H), 3.00 (d, J = 10.8 Hz, 1H), 3.59 (bs, 1H), 3.90 (m, 1H), 5.11 (m, 2H), 7.29 (m, 5H). 13 C NMR (75 MHz, CDCl3, ratio of rotamers (3:2)): δ = 20.7 (major), 21.8 (minor), 22.9 (major), 23.8 (minor), 26.1, 34.7, 36.6, 40.9 (minor), 41.2 (major), 45.5 (major), 46.4 (minor), 51.9 (minor), 52.6 (major), 56.7, 66.3 (major), 66.6 (minor), 127.6, 127.7, 128.3, 137.1 (minor), 137.2 (major), 154.9 (major), 155.3 (minor). [α]D 20 = +17 (CH2Cl2, c 0.144 g / 100 mL, at 40% ee). Enantiopurity was determined by HPLC using Regis Whelk01 TM CSP (at 25°C) with (98/02) nhexane/iPrOH, 1.0 mL/min, λ = 200 nm.

2-Methyl-4,4-dimethyl-pyrrolidine-1-carboxylic acid phenylamide 2n

Isolated after flash chromatography with petroleum ether/EtOAc (8:2), Rf = 0.25, as a pale yellow solid.

1 H NMR (300 MHz, CDCl3) : δ = 7.39 (d; J = 7.5 Hz, 2 H), 7.27 (t, J = 7.4 Hz, 2 H), 7.00 (t, J = 7.7 Hz, 1 H), 6.15 (bs, 1H), 4.07 (m, 1H), 3.30 (d, J = 9.3 Hz, 1 H), 3.17 (d,J = 9.3 Hz,1 H),1.96 (dd,J = 7.1,5.4 Hz, 1 H), 1.42 (dd, J = 8.9, 3.9 Hz, 1 H), 1.35 (s, 3H), 1.33 (s, 3H), 1.13 (s, 3H), 1.04 (s, 3H). 13 C NMR (75 MHz, CDCl3): 21.3, 26.5, 26.8, 37.8, 48.4, 53.1, 59.6, 119.5, 122.8, 128.9, 139.3, 154.4. HMRS (ESI) m/z calcd for C14H21N2O : 233.16484 [MH+], found : 233.16367. IR (neat, cm -1 ): 3266, 2363, 1641, 1530, 1443, 1371, 1059, 1029, 750, 692. [α]D 20 = -6 (CH2Cl2, c 0.116 g / 100 mL, at 12% ee). Enantiopurity was determined by HPLC using Daicel Chiralpak TM IA CSP (at 25°C) with (90/10) n-hexane/iPrOH, 1.0 mL/min, λ = 200 nm.

δ =

  [8l] Second, Mikami et al. published on gold(I) catalyzed intramolecular hydroamination of N-alkenyl ureas at room temperature with good yields and average enantioselectivities. [8e] Strikingly, these two studies relied on chiral dinuclear gold(I)-phosphine based catalysts. Mikami et al. assumed such species highly accelerated intramolecular hydroamination of N-alkenyl ureas via proximal and bimetallic activation of alkene and urea. According to the authors, rigid dinuclear gold complexes having Au-Au interactions helped providing higher enantioselectivities. While the present work was nearing completion, a third report was published by Shi et al. about the preparation and the use of several monodentate axially-chiral N-heterocyclic carbene and phosphine ligands for mononuclear gold(I) catalyzed intramolecular hydroamination of N-alkenyl tosylates. Moderate yields and enantioselectivities were obtained at quite high temperatures and reaction times.

  substituted at the 3,3'-positions by two methyl substituents (L7) (entries 11,13). The spiro phosphoramidite ligand L9 and the taddol based ligand L10 afforded high conversions but low ee (entries 15-16).

Figure 1 .

 1 Figure 1. Ligands and complexes used for the screening of mononuclear gold(I) and (III) catalysts.

Figure 2 .

 2 Figure 2. Ligands used for the screening of binuclear gold(I) catalysts.

Figure 3 .

 3 Figure 3. Tuned phosphoramidite ligands used for the screening of mononuclear gold(I) catalyst.

  13 C NMR (75 MHz, CDCl3): δ = 17.7 (CH3), 26.0 (CH3), 35.8 (CH2), 47.9 (CH2), 50.7 (C), 66.7 (CH2), 119.1 (CH), 126.4 (CH), 128.1 (CH), 128.2 (CH), 128.5 (CH), 134.9 (C), 136.5 (C), 145.5 (C), 156.3 (CO). HMRS (ESI) m/z calcd for C27H29NO2Na : 422.20910 [MH+], found : 422.20835. IR (neat, cm -1 ):

Reagent 1a-h R 1 R 2 R 3 Product 7a-h conversion (%) a

  Measured by NMR 1 H. b Same result at 120 °C. c with 5 mol% IPrAuCl instead of Ph3PAuCl.

	1 b	1a	Bn	H	H	0 (2a)
	2 b	1b	CH2Cy	H	H	0 (2b)
	3	1c	Ts	H	H	>95 (2c)
	4	1d	Ac	H	H	0 (2d)
	5	1e	Bz	H	H	0 (2e)
	6	1f	CBz	H	H	50 (2f)
	7 c	1f	CBz	H	H	90 (2f)
	8 c	1g	CBz	Me	H	0 (2g)
	9 c	1h	CBz	Me	Me	0 (2h)
	10	1i	CONHPh	H	H	>95 (2i)

a

Table 3 .

 3 Screening of binuclear gold(I). Measured by 1 H NMR. b Measured by HPLC at 204 nm. c Determined from HPLC by comparison with previous work (see supporting information).

	Entry	Ligand (Lx)	Conversion a (%) Ee (%) b Configuration c
	1 d	(S)-L15	70	5	(R)
	2	(S)-L16	5	-	-
	3	(S)-L17	5	-	-
	4 d	(R,R)-L18	35	5	(S)
	5 e	(R,R)-L19	20	0	-
	6 e	(R,R)-L20	25	0	-
		a			

d 

Performed at 80 °C. e Performed with 2.5 mol% ligand and 5 mol% (Me)2SAuCl.

Table 4 .

 4 Silver salt screening.

	Entry	AgX	Conversion (%) a	Ee (%) b Configuration c
	1	AgOTf	75	23	(S)
	2	AgOTs	10	-	-
	3	AgBF4	>95	27	(S)
	4 d	AgBF4	0	-	-
	5	AgSbF6	>95	18	(S)
	6	AgClO4	>95	27	(S)
	7	AgNTf2	10	11	(S)
	8 e	AgBARF	<5	-	-
	9 e	(R)-AgTRIP	<5	-	-
	10 e	(S)-AgTRIP	<5	-	-

a Measured by 1 H NMR. b Measured by HPLC at 204 nm. c Determined from HPLC by comparison with previous work (see supporting information). d Performed without any ligand and gold source. e Done with (S,R,R)-L1.

Table 5 .

 5 Solvent screening.

	Entry	Solvent	T	Conversion
			(°C)	(%

) a Ee (%) b Configuration c

  Measured by 1 H NMR. b Measured by HPLC at 204 nm. Determined from HPLC by comparison with previous work (see supporting information).

	1 d	TCE	30	75	15	(S)
	2 e	Toluene	50	75	23	(S)
	3 f	Toluene	50	50	23	(S)
	4	Toluene	30	0	-	-
	5	Toluene	70	95	20	(S)
	6	Benzene	50	0	-	-
	7	1,4-dioxane	50	20	19	(S)
	8	m-xylene	50	<10	-	-
	9	THF	50	<5	-	-
	10	CH2Cl2	30	<5	-	-
	11	CF3CH2OH	50	<5	-	-
	12	CH3CN	50	<5	-	-
	a					

c 

Table 6 .

 6 Substituent effects on enantioselectivity. Measured by 1 H NMR. b Measured by HPLC at 204 nm. c Same result at 100 °C for 20 h. d Done at 50 °C for 87 h.

	Entry	Reagent N	R 1	R 2	R 3 Solvent	T (°C)	Conversion	Ee
									(%) a	(%) b
	1 c	1f	1	CBz	Ph	H	toluene	50	2f 75	23
	2	1f	1	CBz	Ph	H	TCE	30	2f 75	15
	3	1f	1	CBz	Ph	H	toluene	30	2f 75	15
	4 c	1g	1	CBz	Ph	Me toluene	100	2g 0	-
	5 d	1j	1	CBz	Me	H	TCE	50	2j 20	0
	6 e,f	1j	1	CBz	Me	H	toluene	50	2j 0	-
	7 e	1k	1	CBz	-(CH2)4-	H	toluene 50 (20 h)	2k 10	-
	8 c	1l	2	CBz	Ph	H	toluene	100	2l 0	-
	9 e,f	1c	1	Tos	Ph	H	toluene	50	2m 0	-
	10	1c	1	Tos	Ph	H	TCE	80	2m >95	0
	11 e,f	1m	1	Boc	Ph	H	toluene	50	2n 0	-
	12 e	1m	1	Boc	Ph	H	TCE	50	2n 23	1
	13 e	1i	1	CONHPh	Ph	H	toluene	50	2i >95	30 g
	14 e	1i	1	CONHPh	Ph	H	TCE	50	2i >95	18
	15 e,h	1n	1	CONHPh	Me	H	toluene	50	2o 75	12
	a									

e 

Performed with (S,R,R)-L1. f Same result at 80 or 100 °C. g Same result at 0 °C. h Done with AgClO4.

Table 7 .

 7 Screening of mononuclear gold(I) catalyst based on tuned phosphoramidite ligands. Measured by 1 H NMR. b Measured by HPLC at 204 nm. c Determined from HPLC by comparison with previous work (see supporting information). d Performed at 0 °C.

	Entry Reagent	R 1	R 2	Ligand	Conversion a	Ee	Configuration c
					(Lx)	(%)	(%) b	
	1	1f	CBz	Ph	(S,R,R)-L1	2f >95	21	(R)
	2	1f	CBz	Ph	(S,S,S)-L11	2f >95	11	(S)
	3	1f	CBz	Ph	(R,R,R)-L11	2f >95	7	(R)
	4	1f	CBz	Ph	(S,R,R)-L11	2f >95	28	(S)
	5	1f	CBz	Ph	(R,S,S)-L11	2f >95	15	(R)
	6 d	1f	CBz	Ph	(R,S,S)-L11	2f 35	14	(R)
	7	1f	CBz	Ph	(R,S,S)-L12	2f >95	29	(R)
	8	1f	CBz	Ph	(R,R,R)-L12	2f >95	3	(S)
	9	1f	CBz	Ph	(R,R,R)-L13	2f >95	16	(R)
	10	1f	CBz	Ph	(R,S,S)-L13	2f >95	18	(R)
	11	1f	CBz	Ph	(S,S,S)-L14	2f >95	13	(S)
	12	1f	CBz	Ph	(S,R,R)-L14	2f >95	2	(S)
	13	1f	CBz	Ph	(R,S,S)-L14	2f 68	32	(S)
	14	1k	CBz	-(CH2)4-	(S,R,R)-L11	2k >95	40	-
	15	1k	CBz	-(CH2)4-	(R,S,S)-L14	2k >95	16	-
	16	1j	CBz	Me	(S,R,R)-L11	2j 0	-	--
	17 d	1i	CONHPh	Ph	(S,R,R)-L1	2i >95	30	-
	18	1i	CONHPh	Ph	(R,S,S)-L14	2i >95	29	-
	19	1i	CONHPh	Ph	(R,S,S)-L12	2i >95	1	-
	20	1n	CONHPh	Me	(R,S,S)-L14	2n 64	16	-
	a							

  Hz, 3H) (cis), 1.46(d, J= 6.3 Hz, 3H) (trans), 2.70(d, J= 7.7 Hz, 2H) (trans), 2.78(d, J= 7.3 Hz, CH, trans), 126.5 (CH, trans), 126.6 (CH, cis), 127.3 (CH, cis), 128.1 (CH), 128.2 (CH), 128.3 (CH), 128.4 (CH), 128.5 (CH), 128.6 (CH), 129.4 (CH, trans), 136.5 (C, cis), 136.6 (C, trans), 145.3 (C, cis), 145.4 (C, trans), 156.2 (CO, trans), 156.3 (CO, cis). HMRS (ESI) m/z calcd for C26H28NO2 : 386.21146 [MH+], found : 386.02192. IR (neat, cm -1 ):

	2H) (cis), 3.83 (m, 2H), 4.12 (m, 1H) (cis), 4.26 (m, 1H) (trans), 4.96 (s, 3H), 5.28 (m, 1H) (trans), 5.41 (m, 1H)
	(cis), 6.95 (m, 6H), 7.17 (m, 9H). 13 C NMR (75 MHz, CDCl3): δ = 12.8 (CH3, cis), 18.0 (CH3, trans), 34.4 (CH2,
	cis), 40.7 (CH2, trans), 47.7 (CH2, trans), 48.0 (CH2, cis), 50.4 (C, trans+cis), 66.7 (CH2, trans+cis), 125.3 (CH,
	cis), 125.9 (
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