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Au(I)/Au(III) Catalytic Allylation Involving -Allyl Au(III) Complexes
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The (MeDalphos)AuCl complex was found to efficiently catalyze the cross-coupling of indoles and allyl acetates/alcohols. The reaction tolerates many functional groups and selectively affords the branched C3-allylated products from both -and -substituted allyl substrates. It takes advantage of the hemilabile character of the P^N ligand. The C(sp 2 )-C(sp 3 ) coupling operates via a Au(I)/Au(III) redox cycle and involves a dicationic -allyl Au(III) complex as key intermediate.

In this case, the allyl moiety adopts an asymmetric +-coordination mode, as substantiated by NMR spectroscopy and DFT calculations.

Introduction

Transition metal-catalyzed allylation reactions are extremely powerful and versatile transformations widely used in synthesis. [START_REF] Trost | Asymmetric Transition-Metal-Catalyzed Allylic Alkylations: Applications in Total Synthesis[END_REF] Here, palladium, ruthenium and iridium are the key players, but the unique carbophilic properties and functional group tolerance of gold makes it a valuable candidate, and Au-catalyzed allylation reactions have started to emerge over the past 15 years. The field has been recently reviewed comprehensively by Bandini et al. [START_REF] Quintavalla | Gold-Catalyzed Allylation Reactions[END_REF] Figure 1 shows selected examples representative of the different reactivities of the allyl moiety (nucleophilic, electrophilic) as well as the different gold species involved, ie Au(I) complexes, Au(III) complexes, Au nanoparticles. Campagne et al. reported in 2005 the nucleophilic substitution of propargyl alcohols with allyltrimethylsilane catalyzed by gold(III) salts such as NaAuCl4. [START_REF] Georgy | Gold (III)-catalyzed nucleophilic substitution of propargylic alcohols[END_REF] Patil et al. later developed a dual photoredox gold catalyzed allylation reaction. The combination of (Ph3P)AuCl and Ru(bipy)3(PF6)2 under irradiation efficiently promotes the coupling of aryl diazonium salts and allyltrimethylsilane. [START_REF] Akram | Cross-coupling reactions of aryldiazonium salts with allylsilanes under merged gold/visible-light photoredox catalysis[END_REF] Allylstannanes are also suitable substrates for gold-catalyzed allylation, as recently substantiated by Peters et al. upon C(sp [START_REF] Georgy | Gold (III)-catalyzed nucleophilic substitution of propargylic alcohols[END_REF] )-C(sp [START_REF] Georgy | Gold (III)-catalyzed nucleophilic substitution of propargylic alcohols[END_REF] ) Stille coupling with gold nanoparticles supported on active carbon. [START_REF] Holz | In situ generated gold nanoparticles on active carbon as reusable highly efficient catalysts for a C-C stille coupling[END_REF] Allylation reactions involving electrophilic substrates (typically referred as nucleophilic allylic substitutions) are both more challenging and more interesting synthetically. Here, the first hint dates back to 2009 when Bandini et al. achieved the enantioselective intramolecular allylation of indoles with dinuclear Au(I) complexes deriving from chiral diphosphines. [START_REF] Bandini | Catalytic functionalization of indoles in a new dimension[END_REF] According to experimental and computational studies, the reaction operates as a Friedel-Crafts alkylation via a stepwise SN2'-type mechanism in which the gold(I) complex activates the C=C double bond. [START_REF] Bandini | Mechanistic insights into enantioselective gold-catalyzed allylation of indoles with alcohols: the counterion effect[END_REF] In 2014, Toste et al. reported the allylation of aryl boronic acids with allyl bromides catalyzed by a dinuclear Au(I) complex bridged by a bis(phosphino)amine ligand. [START_REF] Levin | Gold-Catalyzed Allylation of Aryl Boronic Acids: Accessing Cross-Coupling Reactivity with Gold[END_REF][START_REF] Liu | Dinuclear gold-catalyzed CH bond functionalization of cyclopropenes[END_REF] This is the first time cross-coupling was catalyzed by gold complexes without using a strong oxidant or light assistance. Here, the two metal centers act in concert and Au(II)-Au(II) complexes were proposed as key intermediates. In 2021, Xie et al.

extended the use of binuclear gold complexes to the allylation of cyclopropenes with allyl bromides. [START_REF] Liu | Dinuclear gold-catalyzed CH bond functionalization of cyclopropenes[END_REF] Another elegant oxidant-free approach has been recently developed by Shi et al. to carry out the thioallylation of alkynes. [START_REF] Wang | Highly Efficient and Stereoselective Thioallylation of Alkynes: Possible Gold Redox Catalysis with No Need for a Strong Oxidant[END_REF] Nucleophilic addition of allyl thioethers to the activated alkyne first forms vinyl Au(I) species. The allyl group is then transferred from sulfur to gold with Au(I) to Au(III) oxidation. It is striking to note that none of these gold-catalyzed allylation reactions operate via allyl complexes, as is classically the case with Pd, Ru and Ir catalysts. In fact, it was not until last year that the first gold -allyl complexes were prepared and unambiguously authenticated in two parallel studies by Tilset and our group (Figure 2). [START_REF] Holmsen | A Highly Asymmetric Gold(III) η 3 -Allyl Complex[END_REF][START_REF] Rodriguez | Gold (III) π-Allyl Complexes[END_REF][START_REF] Nakanishi | Reactivity and stability of organocopper (I), silver (I), and gold (I) ate compounds and their trivalent derivatives[END_REF][START_REF] Komiya | Isolation of the first allylic gold (III) complex having a triphenylphosphine ligand[END_REF] In addition, we have shown the P,Ccyclometalated Au(III) -allyl complexes to display rich reactivity towards -keto enolates.

Nucleophilic attack can occur at the terminal and central positions of the allyl as well as gold itself to give ultimately the C-C coupling product. [START_REF] Rodriguez | Nucleophilic Addition to π-Allyl Gold (III) Complexes: Evidence for Direct and Undirect Paths[END_REF] These achievements suggest it may be possible to develop a catalytic transformation involving -allyl Au(III) complexes. This was the aim of this work. We have recently demonstrated that P^N hemilabile ligands such as MeDalphos triggers the oxidative addition of C(sp 2 ) and C(sp)-X bonds (X = I; Br) to gold under mild conditions. [START_REF] Zeineddine | Rational development of catalytic Au (I)/Au (III) arylation involving mild oxidative addition of aryl halides[END_REF][START_REF] Rodriguez | Catalytic Au(I)/Au(III) arylation with the hemilabile MeDalphos ligand: unusual selectivity for electron-rich iodoarenes and efficient application to indoles[END_REF][START_REF] Rodriguez | Oxidative additions of alkynyl/vinyl iodides to gold and gold-catalyzed vinylation reactions triggered by the MeDalphos ligand[END_REF] This reactivity is amenable to catalysis and several Au(I)/Au(III)-catalyzed arylation/vinylation cross-couplings were developed. [START_REF] Zeineddine | Rational development of catalytic Au (I)/Au (III) arylation involving mild oxidative addition of aryl halides[END_REF][START_REF] Rodriguez | Catalytic Au(I)/Au(III) arylation with the hemilabile MeDalphos ligand: unusual selectivity for electron-rich iodoarenes and efficient application to indoles[END_REF][START_REF] Rodriguez | Oxidative additions of alkynyl/vinyl iodides to gold and gold-catalyzed vinylation reactions triggered by the MeDalphos ligand[END_REF][START_REF] Rodriguez | Au (I)/Au (III)-Catalyzed C-N coupling[END_REF][START_REF] Rigoulet | Gold (I)/Gold (III) Catalysis that Merges Oxidative Addition and π-Alkene Activation[END_REF][START_REF] Akram | Ligand-Enabled Gold-Catalyzed C(sp 2 )-N Cross-Coupling Reactions of Aryl Iodides with Amines[END_REF][START_REF] Tathe | Ligand-enabled gold-catalyzed 1, 2-heteroarylation of alkenes[END_REF][START_REF] Chintawar | Gold-Catalyzed 1,2-Diarylation of Alkenes[END_REF][START_REF] Tathe | Gold-Catalyzed 1,2-Aminoarylation of Alkenes with External Amines[END_REF][START_REF] Zhang | Intermolecular Alkene Difunctionalization via Gold-Catalyzed Oxyarylation[END_REF][START_REF] Akram | Oxidant-free oxidative gold catalysis: the new paradigm in cross-coupling reactions[END_REF] The P^N ligands also support the -coordination and activation of alkenes (and alkynes) at Au(I), as substantiated by the isolation of a variety of complexes and their application to the C3-alkylation of indoles. [28] Here, we sought to extend the ligand-enabled approach to C(sp 3 )-X bond activation and Au(I)/Au(III)-catalyzed allylation. As reported thereafter, the allylation of indoles [START_REF] Mishra | For reviews on transition metal-catalyzed C-H allylation reactions[END_REF] can indeed be achieved efficiently using (MeDalphos)AuCl as catalyst. The reaction selectively affords the branched C3-allylated products and tolerates many functional groups. It involves dicationic Au(III) -allyl complexes as key intermediates, which have been spectroscopically authenticated. Their structure has been computationally analyzed and compared to those of the previously reported N,C/P,Ccyclometalated species. 

Results and Discussion

Initial results and optimization

To start with, the allylation of N-phenyl indole 1a with allyl acetate 2a was tried under the same conditions we used for the Au(I)/Au(III)-catalyzed arylation of indoles with aryl iodides [START_REF] Rodriguez | Catalytic Au(I)/Au(III) arylation with the hemilabile MeDalphos ligand: unusual selectivity for electron-rich iodoarenes and efficient application to indoles[END_REF] : 5 mol% (MeDalphos)AuCl, 1.05 eq. AgSbF6, 1 eq. K3PO4 in o-DCB/MeOH (50:1), 80°C, 2 h. This reaction resulted in complete conversion of N-phenyl indole 1a but partial consumption of allyl acetate 2a, and afforded a single allylation product in 37% yield. Mass spectrometry analysis and 1 H NMR spectroscopy confirmed cross-coupling of the substrates. Further analysis of the NMR data enabled to unambiguously authenticate the product as the C3-allylated N-phenyl indole.

Most diagnostic is the disappearance of the 1 H NMR for the proton in C3 position of the indole.

Selective C3-allylation of indoles is a common feature of all transition metals. It results from the higher nucleophilicity of this position of indoles with respect to C2. [29a,30] Using 2 equivalents of N-phenyl indole 1a resulted in full conversion of the allyl acetate 2a and improved the yield to 62% while maintaining complete C3 selectivity. No improvement could be achieved using different halide scavengers, bases, solvents and temperatures (see Table S1). [31] No cross-coupling product was detected using the (P^N)AuCl catalyst alone, showing that a silver salt is required.

AgSbF6 is presumed to activate the gold complex and to assist the activation of the allyl substrate (see the stoichiometric studies below). When using only 0.5 equivalent, the C3 allylated indole was obtained in a lower yield of 40%. Conversely, the silver salt alone does not promote the indole allylation either. [START_REF] Xiong | For stoichiometric allylation reactions promoted by silver salts[END_REF] When doubling the catalyst loading from 5 to 10 mol%, only a small increase to 68% yield was observed while lowering the loading to 2.5 mol% gave a significantly decreased yield of 33%.

Allyl substrates with different leaving groups were then tested and compared (Scheme 1).

Allyl alcohol 3a, the corresponding tert-butyl carbonate 4 and diethyl phosphate 5 all performed well with yields of 60 to 67%, similar to that observed with allyl acetate 2a. Lower yields were obtained with allyl methyl carbonate 6 and allyl benzoate 7, 40 and 10%, respectively. No coupling product was observed with the allyl diethyl phosphonate 8. The leaving group of the allyl substrate can potentially act as an internal base. The reactions were thus also performed without K3PO4, but significantly lower yields were obtained: 15% with the acetate 1a, 12% with the tert-butyl carbonate 4 and 41% with the diethyl phosphate 5. Lastly, allyl chloride 9 and allyl bromide 10 were tested. Both works (61 and 50% yields, respectively). An unidentified allylation side product was observed in the case of allyl bromide 10, which explains the lower yield compared to the allyl chloride 9. Control experiments showed that the reaction with the allyl halides also proceeds to some extent in the absence of (P^N)AuCl, with allyl bromide 10 giving a 32% yield. Scheme 1. Gold-catalyzed allylation of N-phenyl indole: scope of leaving groups at the allyl substrate. Yields determined by 1 H NMR spectroscopy with diethyl terephthalate as internal standard. a In the absence of (P^N)AuCl.

The scope of the reaction was then investigated, focusing on allyl alcohols and acetates, which are the more attractive substrates in terms of availability, structural modularity and atom economy. [START_REF] Sundararaju | Transition metal catalyzed nucleophilic allylic substitution: activation of allylic alcohols via π-allylic species[END_REF] 

Scope and limitations

The reaction of N-phenyl indole with -and -substituted allyl substrates was then investigated to probe the involvement of -allyl Au(III) complexes as intermediates. In such a case, similar outcomes are indeed expected from branched and linear substrates, as typically observed with Pd, Ru and Ir-based catalysts. [START_REF] Kimura | Pd-catalyzed C3-selective allylation of indoles with allyl alcohols promoted by triethylborane[END_REF] -Methyl allyl acetate 2b was tried first. [START_REF] Trost | Asymmetric Transition-Metal-Catalyzed Allylic Alkylations: Applications in Total Synthesis[END_REF] H NMR spectroscopy showed the formation of a unique coupling product (70% yield) featuring a terminal CH=CH2 moiety. The C-C coupling is selective for C3 branched allylation of the indole. Using the -methyl allyl acetate 2c also resulted in a single allylation product, the same branched product, albeit obtained in lower yield (42%). The difference in reactivity between branched and linear allyl substrates may result from less favoured coordination of the alkene to the (P^N)Au + fragment when internal vs terminal. [START_REF]The binding energy of the -methyl allyl acetate 2b to the (P^N)Au + fragment was predicted to be >2 kcal/mol larger than those of the -methyl allyl acetates E and Z-2c[END_REF] The formation of the same coupling product from 2b and 2c is likely to result from a common Au(III) -allyl intermediate. To confirm this hypothesis, the -and phenyl allyl acetates 2d and 2e were then tested. In both cases, the reaction gave selectively the corresponding branched allylated indole, in 75 and 47% yield, respectively. Selective formation of the branched allylation product is thus observed with both alkyl and aryl substituents. Good results were also obtained with the -ethyl allyl acetate 2f: 78% yield with high branched/linear selectivity (95/5). Switching to allyl alcohols (methyl and phenyl-substituted substrates 3b-3e) gave very comparable results. The C3-branched allylation product was obtained selectively, from both the branched and linear substrate. The -ethyl allyl alcohol 3f led to a lower yield than the corresponding acetate 2f, but with again very high selectivity for the branched allyl indole (the linear product was not detected in this case). To confirm the crucial role of the gold catalyst, controlled reactions were carried out with silver only for 2b, 2d, 3b and 3d, which gave either no or a very low yield of allylation product. It is worth comparing the branched selectivity observed in the allylation of indole catalyzed by the (P^N)AuCl complex with the behavior of common Pd, Ru and Ir-based catalysts. In contrast with the C3 site-selectivity which is dictated by the innate properties of indoles, the linear/branched selectivity of the introduced allyl moiety varies markedly with the catalyst. The general trend [34e] is that Pd complexes favor the formation of linear products, especially with aryl substituents (mixtures of branched and linear products are generally obtained with alkyl substituents), [34a-c] while Ir-based catalysts usually drive the reaction to the branched products. [30b,34e,36,37] The behavior of Ru-based catalysts is somewhere in between and depends strongly on the ligand and substrate. Formation of mixtures as well as high selectivities in favor of either the branched or the linear isomers have been reported. [30a,34d,38] We then investigated the scope of indoles (Scheme 3). The -phenyl allyl acetate 2d was chosen as reaction partner so as to assess simultaneously the generality of the branched selectivity as observed with N-phenyl indole. The NH-indole 1b gave the C3-allylated product in good yield (80%) with no competitive N-allylation. The reaction also works well with indoles 1c-1e featuring methyl, allyl and benzyl instead of phenyl substituent at nitrogen. Substitution of the backbone of N-phenyl indole was then studied. Methylation of the C6 position (indole 1f) has no effect (78% yield), while a decrease in yield was observed with the C4-methylated indole 1g, likely due to steric shielding of the C3 position. Pleasingly, the reaction works well with the C2-methylated indole 1h (76% yield). This is in stark contrast with the absence of arylation we observed previously when trying to couple indoles and iodobenzene under similar conditions. [START_REF] Rodriguez | Catalytic Au(I)/Au(III) arylation with the hemilabile MeDalphos ligand: unusual selectivity for electron-rich iodoarenes and efficient application to indoles[END_REF] Five functionalized indoles 1i-1m were then tested, illustrating the good functional group compatibility of the transformation. The reaction tolerates C-F and C-Br bonds (74% yields from indoles 1i,j).

It is most efficient with electron-enriched substrates (83% yield from indole 1k). It works also with electron-deprived indoles albeit giving lower yields (56% from the carbomethoxy derivative 1l, 35% from the nitro compound 2m). In all cases, the indoles are allylated with complete C3 and branched selectivity. In addition, control experiments with 1b, 1d, 1e, 1f and 1h showed that the presence of the gold catalyst is crucial (with much lower yields obtained using the silver salt alone). Scheme 3. Gold-catalyzed allylation: scope of indoles. Yields determined by [START_REF] Trost | Asymmetric Transition-Metal-Catalyzed Allylic Alkylations: Applications in Total Synthesis[END_REF] H NMR spectroscopy with diethyl terephthalate as internal standard. Isolated yields in parentheses. a In the absence of (P^N)AuCl catalyst. b With 1 equivalent of indole Next, substitution of the aromatic group of -phenyl allyl acetate was investigated, using Nphenyl indole as coupling partner (Scheme 4). Varying the steric and electronic profile (CF3, NO2 and F-substituted substrates 2g, 2h and 2i) did not affect the reaction and resulted in good to excellent yields (80-89%). The tolerance to functional group was then probed. Bromide and trimethylsilyl substitutions can lead to undesirable side reactions in palladium-catalyzed crosscoupling reactions. Gold usually shows higher compatibility, as substantiated here by the allylation of N-phenyl indole with 2j and 2k (92 and 77% yield, respectively). Finally, to demonstrate the practical interest of the transformation, the coupling of 1h and 2d was scaled up to 4 mmol (Scheme 5). The increased scale of the reaction did not reduce the yield. The product was isolated in 85% yield (1.09 g), while maintaining complete branched and C3 selectivity. Crystals were then grown and characterized by X-ray diffraction which unambiguously confirmed the connectivity of the coupling product. [31] Scheme 5. Gold-catalyzed allylation of the N-phenyl 2-methyl indole 2h on 4 mmol scale.

Molecular structure of the C3-branched allylated indole shown on the right (thermal ellipsoids at 50% probability; hydrogen atoms omitted for clarity).

Once established the scope of the gold-catalyzed allylation of indoles, we were keen to gain some mechanistic insight. On the basis of previous reports on arylation/vinylation reactions catalyzed by the (P^N)AuCl complex [START_REF] Zeineddine | Rational development of catalytic Au (I)/Au (III) arylation involving mild oxidative addition of aryl halides[END_REF][START_REF] Rodriguez | Catalytic Au(I)/Au(III) arylation with the hemilabile MeDalphos ligand: unusual selectivity for electron-rich iodoarenes and efficient application to indoles[END_REF][START_REF] Rodriguez | Oxidative additions of alkynyl/vinyl iodides to gold and gold-catalyzed vinylation reactions triggered by the MeDalphos ligand[END_REF][START_REF] Rodriguez | Au (I)/Au (III)-Catalyzed C-N coupling[END_REF][START_REF] Rigoulet | Gold (I)/Gold (III) Catalysis that Merges Oxidative Addition and π-Alkene Activation[END_REF][START_REF] Akram | Ligand-Enabled Gold-Catalyzed C(sp 2 )-N Cross-Coupling Reactions of Aryl Iodides with Amines[END_REF][START_REF] Tathe | Ligand-enabled gold-catalyzed 1, 2-heteroarylation of alkenes[END_REF][START_REF] Chintawar | Gold-Catalyzed 1,2-Diarylation of Alkenes[END_REF][START_REF] Tathe | Gold-Catalyzed 1,2-Aminoarylation of Alkenes with External Amines[END_REF][START_REF] Zhang | Intermolecular Alkene Difunctionalization via Gold-Catalyzed Oxyarylation[END_REF][START_REF] Akram | Oxidant-free oxidative gold catalysis: the new paradigm in cross-coupling reactions[END_REF] as well as recent studies on Au(III) -allyl complexes, [START_REF] Holmsen | A Highly Asymmetric Gold(III) η 3 -Allyl Complex[END_REF][START_REF] Rodriguez | Gold (III) π-Allyl Complexes[END_REF][START_REF] Rodriguez | Nucleophilic Addition to π-Allyl Gold (III) Complexes: Evidence for Direct and Undirect Paths[END_REF] we envisioned the Au(I)/Au(III) cycle depicted in Figure 3, with the -allyl (P^N)Au(III) complex II as key intermediate. Accordingly, the reaction would start by coordination of the allyl substrate to give a -alkene Au(I) complex I. [28] Then, cleavage of the C-O bond with gold oxidation would generate the -allyl Au(III) complex II. Finally, C-C coupling would result from nucleophilic attack of the indole to the -allyl moiety. Of note, detailed mechanistic investigations of the addition of -diketo enolates to -allyl (P,C)Au(III) complexes have shown the feasibility of nucleophilic attack at the terminal and central positions of the -allyl as well as gold, but the last two paths proved reversible. [START_REF] Rodriguez | Nucleophilic Addition to π-Allyl Gold (III) Complexes: Evidence for Direct and Undirect Paths[END_REF] To support the existence and catalytic relevance of the key -allyl Au(III) complexes II, stoichiometric reactions were performed (Scheme 6). First, the -alkene Au(I) complex A [28,[START_REF]For a review dealing with 3-coordinate π-alkene Au(I) complexes, see: M. Navarro, D. Bourissou, π-Alkene/alkyne and carbene complexes of gold (I) stabilized by chelating ligands[END_REF] was synthesized, isolated and fully characterized (NMR, EA). [31] Its structure was analyzed computationally, showing in-plane coordination of the C=C double bond to gold. [31] The cleavage of the allyl-OAc bond (formal oxidative addition) [40] is not spontaneous, as it is usually with L2Pd(0) complexes. This is because the (P^N)Au + fragment is less prone to be oxidized and to form the -allyl Au(III) complex, despite the enhanced -backdonating ability of gold induced by bending. [START_REF] Joost | Enhanced π-Backdonation from Gold (I): Isolation of Original Carbonyl and Carbene Complexes[END_REF][START_REF] Zeineddine | Isolation of a Reactive Tricoordinate α-Oxo Gold Carbene Complex[END_REF] To assist the activation of the allyl substrate, [START_REF] You | Modulating the σ-accepting properties of an antimony z-type ligand via anion abstraction: remote-controlled reactivity of the coordinated platinum atom[END_REF] complex A was reacted with tris(pentafluorophenyl)borane (BCF), a strong Lewis acid. BCF was chosen as a soluble surrogate for the silver salt used in the catalytic transformations. In situ monitoring by 31 P and 1 H NMR spectroscopy revealed instantaneous abstraction of the acetate at -30 °C to give a major product (92% yield). The ensuing complex proved too unstable to be isolated (it decomposed above -30 °C), but it could be unequivocally authenticated as the dicationic -allyl Au(III) complex B thanks to multi-nuclear NMR analyses. The 31 P NMR signal appears at  92.3 ppm, deshielded by 33 ppm with respect to complex A. Oxidation of gold and coordination of the NMe2 group are clearly apparent from the associated 1 H and 15 N NMR signals. For B, they appear at  3.7 and 66.2 ppm, respectively, in the same typical ranges as those of (P^N)Au(III) aryl complexes. [START_REF] Zeineddine | Rational development of catalytic Au (I)/Au (III) arylation involving mild oxidative addition of aryl halides[END_REF][START_REF] Rodriguez | Au (I)/Au (III)-Catalyzed C-N coupling[END_REF] Most diagnostic of the change in the coordination of the allyl moiety from A to B are the large downfield shifts of the signals for the central CH group. The 1 H NMR signal shifts from 5.05 to 6.98 ppm, while the [START_REF] Nakanishi | Reactivity and stability of organocopper (I), silver (I), and gold (I) ate compounds and their trivalent derivatives[END_REF] C NMR shifts from 92.0 to 136.9 ppm. Of note, the two terminal CH2 groups resonate at very different fields in [START_REF] Nakanishi | Reactivity and stability of organocopper (I), silver (I), and gold (I) ate compounds and their trivalent derivatives[END_REF] C NMR ( 66.9/114.5 ppm), suggesting a highly asymmetric  3 -allyl coordination (see below). Scheme 6. Formation, NMR characterization and reaction of the Au(III) -allyl complex B. Yields determined by [START_REF] Trost | Asymmetric Transition-Metal-Catalyzed Allylic Alkylations: Applications in Total Synthesis[END_REF] H NMR with n-dodecane as internal standard.

The structure of the -allyl Au(III) complex B was further assessed computationally (Figure 4a). DFT calculations were performed on the real complex (with the exact MeDalphos ligand) at the SMD(CH2Cl2)-B3PW91/SDD+f(Au),6-31G**(other atoms) level of theory, taking into account dichloromethane solvation. [31] The ground-state structure of B is an  3 structure (the corresponding  1 form is much less stable, by >35 kcal/mol). It shows inequivalent C-C bond distances in the -allyl ligand (1.437 vs 1.385 Å), and inequivalent Au-CH2 distances (2.134 Å trans to N vs 2.405 Å trans to P). This is indicative of a highly asymmetric -allyl complex. It is best represented by the Lewis structure shown in Scheme 6, with a Au-CH2 -bond trans to N and a CH=CH2 moiety -coordinated to Au trans to P. This view was further supported by Atoms-In-Molecules (AIM) calculations (Figure 4b). Only one bond critical point (BCP) was found between C3 : 19.9 % Au : 27.4 % C1 : 14.9 % Au and the allyl ligand, with the CH2 moiety trans to N. Consistently, a CHCH2 bond of the allyl, the one trans to P, displays more double bond character, as apparent from the Bader's delocalization indices (1.415 vs 1.173). with key atomic contributions in %.

The asymmetric +-coordination encountered in complex B contrasts with the symmetric  3 -coordination we found in P,C-cyclometalated Au(III) -allyl complexes, [START_REF] Rodriguez | Gold (III) π-Allyl Complexes[END_REF][START_REF] Rodriguez | Nucleophilic Addition to π-Allyl Gold (III) Complexes: Evidence for Direct and Undirect Paths[END_REF] but it is reminiscent of that observed by Tilset et al. in related N,C-cyclometalated complexes. [START_REF] Holmsen | A Highly Asymmetric Gold(III) η 3 -Allyl Complex[END_REF] Thus the bonding mode of the -allyl moiety strongly depends on the ancillary ligand and it actually conveys its electronic features. While the (P,C) ligand is about symmetric electronically, the (P^N) and (N,C) ligands are highly asymmetric, P and C being significantly more donating than N.

Inspection of the vacant molecular orbitals of complex B provides useful insights. The LUMO is centered on gold and on the terminal carbon atoms, with a larger contribution from the position cis to N (19.9 vs 14.9%) (Figure 4c). The LUMO+1 and LUMO+2 show larger contributions from the central carbon atom (12.6 and 16.5%, respectively) than from the terminal ones (< 6%), but they are significantly higher in energy (≥ 1.3eV), [31] in contrast to the (P,C)Au(-allyl) + complex. [START_REF] Rodriguez | Nucleophilic Addition to π-Allyl Gold (III) Complexes: Evidence for Direct and Undirect Paths[END_REF] Having established the existence of (P^N)(-allyl) Au(III) complexes, we sought to demonstrate their ability to react with indoles to give the corresponding C3-allylation products. To this end, an in situ and freshly generated sample of the -allyl Au(III) complex B was treated with N-phenyl indole 1a and K3PO4 (1 eq. each) at -30 °C. 31 P and 1 H NMR monitoring revealed immediate and complete consumption of the -allyl complex B with formation of the C3-allylated indole (40% yield). Taken together, these experiments support the proposed 2-electron redox catalytic cycle and the involvement of the -allyl Au(III) complexes II (resulting from coordination and activation of allyl acetates at gold) as key intermediates.

Some D-labeling experiments were also carried out with the allyl acetate 2a-d [START_REF] Quintavalla | Gold-Catalyzed Allylation Reactions[END_REF] and allyl alcohol 3a-d 2 (Scheme 7). In both cases, the catalytic allylation of indole 1a led to the a 90:10 mixture of the corresponding product, the one with the CD2 group directly bonded to indole being predominant. The fate of the D-labeling was also probed under stoichiometric conditions. The alkene Au(I) complex A-d 2 was reacted with B(C 6 F 5 ) 3 at low temperature to give a 90:10 mixture of the -allyl Au(III) complex B-d 2 with the CD2 group predominantly in the position trans to P.

Upon addition of 1a and K3PO4, a 85:15 mixture of the C3-allylated indoles was obtained. Thus, partial D-scrambling is consistently observed under catalytic and stoichiometry conditions, supporting further the involvement of the -allyl Au(III) complex as key intermediate in the catalytic transformation. The D-labeling experiments indicate that there is some "memory" effect with allyl acetate 2a. The -allyl complex and C3-allylated indole keeps trace of the position of the D-labeling in the allyl substrate. This may be due to competition between SN2 and SN2' pathways in the transformation of the -alkene Au(I) complex into the -allyl Au(III) complex.

However, the complete regioselectivity in favor of the branched product observed with 1-and 3substituted allyl acetates/alcohols suggests that this picture cannot be generalized to other substrates.

Scheme 7.

Deuterium labeling experiments under catalytic and stoichiometric conditions.

To assess the influence of the allyl substitution on the coordination and reactivity of the allyl group, calculations have been performed on the (P^N)Au[H2CC(H)CH(CH3)] 2+ complex (Figure 5). Accordingly, the most stable form was found to be the one with the Me group sitting in pseudo-equatorial position, cis to the NMe2 group. The coordination of the -allyl is highly dissymmetric, even more than in complex B. The LUMO is also centered on the Au, C1 and C3 atoms, with an even larger contribution from the C atom cis to N (the one bearing the Me substituent), 20.7 %. This picture is consistent with a nucleophilic attack of indoles at the substituted carbon atom of the allyl, in line with the branched regioselectivity observed experimentally. 

Conclusion

The use of strong oxidants or photoredox conditions was long considered mandatory to This transformation represents the first example of a gold-catalyzed allylation reaction operating via a Au(I)/Au(III) cycle and involving -allyl complexes. As such, this work bridges the gap between gold and the transition metals prevailing in catalytic allylation, namely palladium, ruthenium and iridium which all operate classically via -allyl complexes. [START_REF] Chintawar | For a recent review dealing with metal-dependent selectivity (Au vs other metals) in catalysis[END_REF] Future work will aim to develop further the ligand-enabled approach in Au(I)/Au(III) catalysis, so as to expand the arsenal of C-C/C-X bond cross-coupling reactions.
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 4 Scheme 4. Gold-catalyzed allylation of N-phenyl indole: scope of -phenyl allyl acetates. Yields
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 3 Figure 3. Au(I)/Au(III) cycle proposed to account for the gold-catalyzed allylation of indoles.
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 4 Figure 4. (a) Optimized geometry of the -allyl Au(III) complex B at the SDM(CH2Cl2)-

Figure 5 .

 5 Figure 5. (a) Optimized geometry of the -allyl Au(III) complex (P^N)Au[H2CC(H)CH(CH3)] 2+

  achieve catalytic cross-coupling with gold complexes. The use of bidentate ligands able to stabilize both Au(I) and Au(III) complexes has recently opened a new path in Au(I)/Au(III) catalysis. We previously showed that P^N hemilabile ligands such as MeDalphos trigger oxidative addition of C(sp 2 ) and C(sp)-X bonds (X = I; Br) to gold under mild conditions, and we applied them in several Au(I)/Au(III)-catalyzed arylation/vinylation cross-couplings. In this work, we have extended this ligand-enabled approach to C(sp 3 )-X bond activation and Au(I)/Au(III)-catalyzed allylation. The (MeDalphos)AuCl was found to efficiently catalyze the allylation of indoles. The reaction works with allyl acetates as well as alcohols. It selectively affords the branched C3allylated products and tolerates many functional groups. The key intermediates are dicationic Au(III) -allyl complexes, which have been spectroscopically authenticated. Because of the (a)(b) electronic dissymmetry of the P^N ligand, the allyl moiety adopts an asymmetric +coordination mode.
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