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 INTRODUCTION

Unequally functionalized ferrocenes are known to give access to valuable reactivity from the formation of various hemilabile species. 1 This has been especially explored for hybrid ferrocenyl phosphine ligands holding a variety of additional donor and acceptor atoms (N, S, O, Se, B, etc.) in diverse functional groups. 2,3 However, the synthesis of unsymmetrically substituted diphosphines of 1,1'bis(phosphino)ferrocene structure is fairly limited (Figure 1, left). 4,5 Indeed, while heteroannular 1,1'homofunctionalization of ferrocene is straightforward, the introduction of two different functions is more challenging, and inevitably requires optimized stepwise functionalization. Nevertheless, such unequally functionalized ferrocenyl diphosphines eventually have a specific interest in physical chemistry for further studying nuclear spin coupling properties from the direct observation in solution NMR of nonbonded 31 P-31 P' spin-spin couplings (also known as " ug -p e" p -spin couplings, Figure 1, right). 6,7 Figure 1. Unsymmetrically substituted diphosphines of 1,1'bis(phosphino)ferrocene type (left). Noncovalent (P, P') nuclear spin coupling (PP' SSCCs > 15 Hz) in unsymmetrically substituted alkylated bis(phosphino)ferrocenes (right).

Nuclear p -p upl g e g e p e e routinely used in high-resolution nuclear magnetic resonance for determining molecular structures within inorganic, organic, and biological compounds. 7 This electronmediated coupling is characterized by the J spin-spin coupling constants (SSCCs), and commonly thought as being transmitted by covalently bonded atoms. However, advanced NMR studies have shown that scalar spin couplings between two proximate spin active nuclei (A, B) can commonly operate through nonbonded interactions, leading to J AB coupling constants relating thus to " ug -p e" e u le scalar p -p upl g transmission (TS couplings). 7,6b-l Such often neglected TS p -p upl g process is recurrent and involved in all commonly encountered spin active nuclei for NMR studies, such as 1 H, 13 C, 19 F, and 31 P, non-exhaustively.

The application of nonbonded J PP SSCCs for the structural determination in solution of organophosphorus molecules including metallocenic fragments has been developed by our group using polyphosphino ferrocenes. 8 Nonbonded TS J PP couplings are useful for assessing the conformation of the ferrocene backbone in tri-and tetraphosphines, 8b because the orientation of the phosphino substituents hold on the ferrocene backbone can achieve efficient P-lone-pairs overlap (Figure 1, right). 8a When such overlap of electron lone-pairs is achieved, the spin-spin coupling of magnetically equivalent spin active nuclei exists; however, it is not directly observable on the resulting NMR spectra. 7 Thus, a situation required for observing TS J coupling is the close spatial proximity of nonbonded chemically nonequivalent nuclei. 9 A separation of four covalent bonds (or more) between the nonequivalent nuclei generally nullifies any through-bond spin coupling (see state-of-the art examples in Figure 1, left). Since ferrocene backbone is an ideal platform for assembling several phosphino groups in close proximity, 10 herein we synthesized unsymmetrically substituted 1,1'-bis(phosphino)ferrocenes incorporating in addition bulky alkyl substituents for a better ferrocene backbone conformation control. Our objective was to trigger new ferrocene ligands potentially featuring strong J PP' SSCCs, and study their coordination chemistry properties. While several species reported by our group 4 and others 5 exist, none of them were associated to clear 31 P-31 P' SSCCs (Figure 1). We now report the formation of constrained unsymmetrical bis(phosphino)ferrocenes in which the proximity of chemically nonequivalent phosphino groups generates strong 31 P-31 P' spin coupling that are directly observable by 31 P NMR in solution. We studied in parallel their arrangement in the solid state by single-crystal XRD determination.

An additional interest of producing unsymmetrically functionalized 1,1 '-bis(phosphino)ferrocenes is to study their role as structuring tool in transition metals coordination chemistry. For instance, notable trans effect on the rates of reductive elimination in aryl palladium(II) amido complexes stabilized by unsymmetrical 1,1'bis(diphenylphosphino)ferrocenes had been reported. 5c

Using symmetrical analogues, di-tert-butylatedbis(phosphino)ferrocene ligands achieved the selective formation of Au I halide complexes, 11 where the phosphino groups bearing (hetero)aryl or alkyl groups, exert a control on the selective formation of either dinuclear linear two-coordinate, mononuclear trigonal three-coordinate, or tetrahedral four-coordinate complexes. 11a Given the general interest for cationic four-coordinate d 10 gold(I) complexes for which photophysical, 12 and therapeutic properties 13 are known, we extended the studies of Au I bisphosphine complexes to the general formation of unprecedented unsymmetrical cationic tetrahedral analogues in group 11. 14 The d 10 complexes of silver(I) and copper(I) were synthesized and structurally compared to gold(I) complexes in the solid state by X-ray diffraction (XRD) and their stability was analyzed by computation of noncovalent interactions (NCI), which evidenced the crucial role of stacking interaction in the encapsulated structure of the complexes.

 RESULTS AND DISCUSSION

Unsymmetrically substituted tert-butylated 1,1'bis(phosphino) ferrocenes. We focused on the synthesis of two unsymmetrical tert-butylated bis(phosphino)ferrocenes holding groups which are sterically and electronically significantly differentiated, namely phenyl, i-propyl and [5-methyl]-2-furyl. The synthesis of substituted ferrocenyl diphosphines bearing two phosphino groups of different nature is achievable by iterative monolithiation of a 1,1'-dihaloferrocene and quenching with the appropriate halodisubstituted phosphines. 4,5c The diastereoselectivity in the synthesis of the alkylated 1,1'-bis(diiodo)-3,3'-bis(tert-butyl)ferrocene 2 (Scheme 1) is attributed to the mutual steric repulsion of the bulky alkyl substituents associated with a coordination of TMEDA to lithium in the lithiated ferrocenyl dilithium precursor 1. 15 

Scheme

1. Synthesis of tert-butylated bis(phosphino)ferrocenes 4a and 4b.

In our hands, diiodinated ferrocene 2 was easier to purify compared to its dibrominated counterpart, by using saturated FeCl 3 solution extraction. 3,16 The successive monolithiation and phosphination of 2 were achieved to give the monoarylphosphine 3a and monoalkylphosphine 3b (40% and 53% isolated yields respectively, Scheme 1). 17 Lithiation then phosphination of 3a and 3b gave unsymmetrical diphosphines 4a and 4b in 64% and 46% isolated yields, respectively (Scheme 1). 31 P NMR (CDCl 3 , 298 K) for phenylphosphine 3a and isopropylphosphine 3b at -19.7 ppm and -1.8 ppm are consistent with the corresponding symmetrical ferrocenyl diphosphines (signals at -20.1 and -1.6 ppm, respectively). 18 The introduction of the iodine atom in 1'-position led to a stronger shift of 31 P signal compared to the monophosphine counterparts found at -15.0 and 0.3 ppm respectively observed as side-products. The two distinct 31 P NMR (CDCl 3 , 298 K) signals of 4a and 4b are doublets of doublets centred at -19.1 (Ph), -65.8 (Fu) ppm, and -1.17 (i-Pr), -64.71 (Fu) ppm, respectively. Since the 31 P NMR of the previously reported unsymmetrical bis(phosphino)ferrocenes resulted in singlet signals only, 4,5c the 31 (P, P') spin couplings in 4a and 4b are clearly attributable to " ug -p e" SSCCs TS J PP' between heteroannular phosphorus, because of an adequate backbone conformation (Scheme 1) and P-lone-pair orientation for overlapping. The SSCCs values of 34.5 Hz for 4a (Fu, Ph) and 17.1 Hz for 4b (Fu, i-Pr) cannot be associated to classical 4 J PP coupling constants that are transmitted through covalent bonding. Additionally, their magnitude nicely correlates the SSCCs found in related constraint ferrocenic polyphosphines holding three or four magnetically inequivalent nearby phosphino groups. 8a,10,19 In solution NMR, the higher value of TS J PP of 34.5 Hz found for 4a compared to 4b shows a strong influence of electronic factors from the alkyl/aryl substituents. The Fermi-contact is the dominant term to nuclear spin-spin coupling. 7,20 Fermi-contact occurs from s electrons and in a 31 (P, P') TS nuclear spin interaction withdrawing of elec-tron density brought about by attachment of an electronattractive substituent to a spin active nucleus (P) increases the effective nuclear charge of this atom. 20c This charge perturbation augments the probability of the valence s electrons for nuclear contact. Thus, an increase of the J constant is expected from electron-withdrawing substituents. Considering the relative electron-transfer properties of furyl, phenyl and i-propyl groups, this is consistent with a stronger TS J PP value obtained for 4a (Fu, Ph) compared to 4b (Fu, i-Pr). These spin couplings also indicate that in solution steric control is exerted by tert-butyl groups and contributes to a close proximity of the phosphino groups in solution, conveying an efficient nuclear spin-spin coupling by (P, P') lone-pairs overlap.

In the solid state, XRD analysis of the new compounds 3a, 3b and 4a, 4b was conducted from single crystals. The molecular structure of compounds 3a and 3b elucidated by XRD (crystalizing in P2 1 /c and P-1 space groups, respectively) showed very similar conformations with a cisoid mutual arrangement of phosphino and iodo groups (Figure 2). Torsion angles P-Ct1-Ct2-I are equal to 71.09(4) ° and 68.97(4) °, respectively. These conformations were reminiscent of the one reported for the cousin compound 1-bromo-1'-(diphenylphosphino)ferrocene, 3 featuring distances between the halogen and phosphine functions d P…X which ranges from 4.8723(5) Å (X = Br) to 5.0868(9) Å (X = I). The unsymmetrical tert-butylated 1,1'-bis(phosphino) ferrocenes 4a and 4b crystallized in P2 1 /n and P-1 space groups respectively (Figure 3). They presented a quasieclipsed conformation of their cyclopentadienyl rings. However, the very different torsion angles between the phosphino groups found in 4a (P1-Ct1-Ct2-P2 = -49.21(5) °) and 4b (P1-Ct1-Ct2-P2 = 156.68(3) °) induces a cisoid arrangement in 4a where d P1…P2 = 3.9863( 16) Å and a transoid arrangement in 4b where d P1…P2 = 6.9168(8) Å (Figure 3). Investigation of the noncovalent interactions between the ferrocene substituents (Figure S3 in SI) revealed that the cisoid arrangement in 4a is favored by CH-π interactions between the furyl and phenyl aromatic rings and one methyl of the t-Bu ligands. The NCI plot also revealed an interaction between the two phosphorus atoms in 4a. Conversely, in 4b the transoid arrangement is favored by a van der Waals interaction between the i-Pr groups, and two weak interactions between the lone-pair of phosphorus atoms and a C-H bond of Me groups. 21 For 4a and 4b, in contrast to constraint ferrocenyl tetraphosphine complexes, 8a,b rigid difluorocyclophanes, 22 or difluoronaphthalenes, 23 the distance ep g P1…P2 in the solid state is not directly correlated to J SSCCs value observed in solution. Indeed, in the solid state the molecular structure of 4b showed a separation distance d P1…P2 = 6.9168(8) Å between -Pi-Pr 2 and -PFu 2 groups which excludes (P, P') lone-pairs overlap. Conversely, in solution a strong TS spin-spin coupling J PP' = 17 Hz is unambiguously observed. This situation is due to rotational flexibility of the ferrocene platform for this ligand. A reduced steric hindrance at phosphorus atoms is provided by both i-propyl-and furyl-groups which thus allows a close proximity of P atoms in solution and lone pairoverlap for spin coupling.

Accordingly, these bis(diphosphino)ferrocenes are ligands for the formation of varied transition metal complexes. We report their coordination chemistry to coinage metals, Au, Cu and Ag, topical in innovative catalytic applications. Initially, we successfully formed the mononuclear fourcoordinate cationic Au I complex [4a-Au + ]Cl -(Scheme 3, top), albeit in notably much longer reaction times (3 days) than using the bis(difurylphosphino)ferrocene ligand 5 (5 min, Scheme 2), under unusual conditions where the halide abstraction and the formation of the cationic species was not assisted by the addition of silver salts or any noncoordinating anionic species. The same reaction conditions using the bis(di-isopropylphosphino) compound 4b failed to selectively form mononuclear complexes, and only ill-defined mixture of species incorporating the gold(I) dinuclear complex 4b-(AuCl) 2 could be obtained (Scheme 3, bottom). Intrigued by the difference in coordination behaviour of 4a (bearing -PPh 2 groups) and 4b (bearing -Pi-Pr 2 groups) for the formation of monodentate cationic Au I , we used the symmetrical tert-butylated 1,1'bis(diphenylphosphino) ferrocene 6 in order to further stabilize a mononuclear tetrahedral homoleptic Au I complex. Indeed, using extended reaction time conditions, we obtained the expected monodentate cationic [6-Au + ]I - complex selectively and quantitatively (Scheme 2, bottom).

We consequently attributed the formation of these mononuclear encapsulated cationic species to an additional stability provided by inter-ligands aryl/aryl and heteroaryl/heteroaryl  stacking interactions. Our hypothesis was further supported by NCI computations (see below).

The synthesis of the analogous group 11 complexes [4a-Ag + ]SbF 6

-and [4a-Cu + ]Cl -was further achieved selectively by reacting 4a with 0.5 equivalent of AgPF 6 and CuCl, respectively (Scheme 3, top), providing the opportunity to further analyzing the tetrahedral encapsulated structures obtained with group 11 transition metals.

Solution NMR analysis of the group 11 cationic complexes. The 31 P NMR analysis of [4a-Au + ]Cl -showed a typical AA'XX' spin system that was simulated at second order using G-NMR-v 5.0 (Figure 4). The analysis and simulation are consistent with two groups of magnetically inequivalent nuclei. The nuclei (A, A') correspond to -PPh2 groups resonance signals centered at 12.0 ppm, and (X, X') signals corresponding to -PFu 2 groups are observed at -29.5 ppm, with the corresponding set of J SSCCs: J AA' = 99 Hz, J XX' = 90 Hz, J AX' = J A'X = 62 Hz and J AX = J A'X' = 95 Hz (details in SI). The tetrahedral Au I cationic complexes stabilized by two 1,1'bis(diphenylphosphino)ferrocene ligands [6-Au + ]Cl - showed in solution in 31 P NMR a broad signal at -12.9 ppm, while the analogous complex stabilized by two bis(difurylphosphino)ferrocene ligands [5-Au + ]Cl -gives a resonance signal at -30.8 ppm. The complexes [4a-Ag + ]SbF 6 -and [4a-Cu + ]Cl -displayed in 31 P NMR two broad signals at consistent chemical shifts, respectively: for silver, 3.7 ppm (PPh 2 ) and -39.0 ppm (PFu 2 ) and for copper, -6.0 ppm (PPh 2 ) and -40.3 ppm (PFu 2 ). VT-NMR analyses between 193 K and 300 K did not allow to achieve a better resolution of NMR spectra. The close environment arrangement benefits from the assistance of stacking interactions, originating either from furyl group or phenyl groups from the diphosphines. Consistently, the presence of i-Pr groups did not favored the formation of tetrahedral cationic complexes. In order to confirm this, we further analyzed the molecular structures from XRD data, using calculation and visualization of NCI between the diphosphino ferrocenyl ligands (Figure 5, right). In complexes 4a-Au + , 4a-Ag + and 4a-Cu + , the analyses of the NCI areas confirmed the existence of strong π interactions between all four aromatic pairs (phenyl/phenyl, furyl/furyl or phenyl/furyl). This leads to a significant stabilization of the complexes that compensates the deformation energy required to form these tetrahedral complexes. 14 This is consistent with the Ag-P distances found clearly smaller than the average Ag-P distance in tetrahedral complexes [Ag + P 4 ] equal to 2.6(1) Å from CCDC database compilation. A similar situation was also observed for 5-Au + . The situation is different for the complex 6-Au + in which the NCI areas are less extended than in complexes issued of 4a coordination. This is tentatively correlated to noncovalent stabilization that are mainly achieved from weaker CH-π interactions with only a single stronger π-π interaction (see Figure S3). As a consequence, Au-P distances are greater in 6-Au + than in 4a-Au + . A similar arrangement of the aromatic cycles was also found in the Ag(dppf) 2 + complex. 24 Interestingly, the distribution of di-, tri-, and tetracoordination among the d 10 ions of the group 11 metals was theoretically analyzed by means of density functional calculations on more than 150 model complexes. 14 In this study, the larger deformation energy of gold complexes compared to copper and silver ones was used to explain the predominance of dicoordination among AuI complexes, in comparison with CuI and AgI, for which dicoordination is far less common than tri-and tetracoordination. Herein, the structuring influence of the [(hetero)aryl]diphosphino ferrocene ligands is thus dominating for the final encapsulating tetrahedral coordination, whatever the nature of the coinage metal. However, e flue e f π-staking interactions from secondsphere substituents (Fu, Ph) is essential in this building.

Accordingly, we further examined the influence of the unsymmetrical diphosphino-ferrocenes on the formation of topical aurophilic digold complexes, since such weak Au•••Au interactions are also important for structuring gold complexes. 11 Dinuclear gold(I) complexes and aurophilic interactions. Symmetrical tert-butylated 1,1'-bis(phosphino) ferrocenes have been shown very convenient ligands for forming selectively digold nuclear species. 11a In especial, these allow avoiding the mixtures of gold species often concurrently formed in coordination with classical monoand diphosphines, and in some cases they favored the formation of aurophilic dinuclear species otherwise elusive. 11b We further investigated the formation of dinuclear gold(I) halide complexes using 4a and 4b. We were eager to see the influence of unsymmetrical tert-butylated bis(phosphino) ferrocenes on the formation (or not) of Au•••Au aurophilic interaction, when substituents with markedly different electron-donating and withdrawing effects are present. Does some push-pull electronic effect could be conveyed by classically weak aurophilic interactions? and how can they be identified?

In CH 2 Cl 2 , 2 equiv of AuCl(SMe 2 ) (or AuI) were reacted with 4a and 4b to quantitatively give the corresponding complexes 4a-(AuCl) 2 , 4b-(AuCl) 2 and 4a-(AuI) 2 (Scheme 4, 4b-(AuI) 2 could not be formed). The complexes 4a-(AuCl) 2 , 4b-(AuCl) 2 and 4a-(AuI) 2 are characterized in 31 P NMR by two distinct singlets located, respectively, at: (i) 24.2 ppm (Ph) and -17.0 ppm (Fu), (ii) 49.2 ppm (i-Pr) and -16.6 ppm (Fu), (iii) 27.7 ppm (Ph) and -14.6 ppm (Fu). The absence of (P, P') nuclear spin-coupling is a supplementary indirect evidence of the role of lone-pairs for the TS coupling in the original ligands 4a and 4b, since in the formed digold complexes these lone-pairs are no longer available because of P-coordination to gold.

In the solid state, XRD analysis (Figures 6 and7) showed that 4a-(AuCl) 2 effectively displays an intramolecular aurophilic interaction, Au 1 •••Au 2 = 3.0393(6) Å. In 4b-(AuCl) 2 a significantly longer intramolecular aurophilic interaction Au 1 •••Au 2 = 3.1686(4) Å was also observed. Surprisingly, for 4a-(AuI) 2 , in which two independent molecules are present (details in SI), significantly shorter intramolecular aurophilic interactions were also observed, with Au 1 •••Au 2 = 2.9638 [START_REF] Hierso | Indirect Nonbonded Nuclear Spin-Spin Coupling: A Guide for the Recognition and Understanding of "Through-Space" NMR J Constants in Small Organic, Organometallic, and Coordination Compounds[END_REF] and 2.9701( 7) Å. These aurophilic interactions were also visualized through NCI computations, as shown in Figure S5. This trend fully differs from the situation found within the corresponding symmetrical ferrocenyl diphosphines gold complexes, in which no aurophilic interaction between I-Au•••Au-I fragments was observed. 11a The strong Au•••Au interaction formed in this case is in favor of the push-pull effect we initially anticipated from unsymmetrical diphosphines since, despite the presence of iodide, a donating effect to Au 1 could be anticipated from the -PPh 2 group, possibly transferred to Au 2 which undergoes electron-withdrawing from -PFu 2 . This favoring a short Au•••Au interaction for transfer. Furthermore, intermolecular interaction analyses of the XRD structures revealed a directional C-H… l e f 4a-(AuCl)2 leading to a pseudo 1D chain in the crystal. A π-π interaction was found between the furyl rings of two neighboring molecules in the 4a-(AuI)2 crystal. These non-covalent interactions are shown in SI (Figure S6 andS7).

However, as mentioned above, from solution NMR no (P, P') spin coupling between nonequivalent P atoms was observed in the complexes 4a-(AuCl) 2 , 4b-(AuCl) 2 , and 4a-(AuI) 2 . This indicates that if the aurophilic interactions identified in the solid state are conserved in solution -which is not guaranteed regarding the ferrocene backbone rotational flexibility-they do not convey nuclear spin-spin transmission between the phosphorus atoms. Curiously, the occurence of nuclear spin-spin coupling transmission through electrons involved in aurophilic bonding remains to be observed; conversely SSCCs through hydrogen bonding are known and documented. 7 An reasonable hypothesis would be that the dominant Fermi-contact contribution for nuclear spin couplings occurs from s electrons with local density at nuclei, while conversely aurophilicity accounts mainly for closed-shell d 10 electron interactions. 25 This issue remains an open question that might be further adressed in theoretical NMR investigations.

 CONCLUSION

Constrained tert-butylated unsymmetrical bis(phosphino) ferrocenes in which the proximity of chemically nonequivalent phosphino groups generates strong 31 P-31 P' spin coupling, which are directly observable by 31 P NMR in lu , e de l l f udy g "T ug -Space" nuclear spin-spin couplings. Accordingly, we reported the synthesis of new unsymmetrical di-tert-butylated diphosphino ferrocenes 4a and 4b holding -PR 2 and -PR'2 groups, with R = [5-methyl]-2-furyl = Fu and R' = Ph and i-Pr. As expected, these unsymmetrical bis(phosphino) ferrocenes trigger strong 31 P " ug -p e" e , and by comparison with their molecular structure re-solved in the solid state, display in solution a rotational flexibility controlled by their bulky alkyl groups. For the first time, some of their coordination chemistry (mononuclear) with coinage metals was examined. Homoleptic tetrahedral cationic complexes were obtained from gold, silver and copper salts. These unusual complexes are stabilized by stacking interactions between the four pairs of aromatic furyl and phenyl rings. The encapsulating structure of these complexes, spontaneously obtained in the absence of halide abstractor, was analyzed herein both by XRD and NCI calculation. The predominance of dicoordination among Au(I) complexes, in comparison with Cu(I) and Ag(I), for which dicoordination is far less common than tetracoordination, is circumvented by these original ligands. In addition, the formation of dinuclear complexes from gold exemplified for the first time Au•••Au aurophilic interactions in a push-pull ligand environment.  EXPERIMENTAL SECTION General Procedures. All reagents were purchased from commercial suppliers and used without purifications. All reactions were performed under an atmosphere of dry argon in oven-dried glassware using Schlenk tubes and vacuum-line techniques. Solvents were dried and deoxygenated before distillation from sodium benzophenone ketyl. The identity and purity of the products were establ ed e "Chemical Analysis platform and Molecular Synthesis University of Burgundy" u g g -resolution mass spectrometry, elemental analysis and multinuclear NMR. 1 H (300 or 500 MHz), 31 P (121.5 or 202.5 MHz), 13 C (75 or 125 MHz) spectra were recorded on Bruker AVANCE III instrument in CDCl 3 or CD 2 Cl 2 solutions. Chemical shifts are reported in ppm relative to CDCl 3 ( 1 H: 7.26 and 13 C: 77.16) or CD 2 Cl 2 ( 1 H: 5.32 and 13 C: 54.00) and coupling constants J are given in Hz. High resolution mass spectra (HRMS) were obtained on a Thermo LTQ-Orbitrap XL with ESI source. Flash chromatography was performed on silica gel (230-400 mesh). Elemental analysis experiments were performed Thermo Electron Flash EA 1112 Series. 26 To a solution of dilithium 1,1'-bis(tertiobutyl)ferrocene TMEDA salt 18 (10.5 g, 24.6 mmol) in diethyl ether (80 ml) at -80 °C is added dropwise a solution of I 2 (12.5 g, 50 mmol) in diethyl ether (200 ml). After the addition, the reaction mixture was warmed and stirred overnight at room temperature. After hydrolysis, the mixture was extracted with dichloromethane and the organic layer was removed in vacuo. The mixture was passed through silica gel layer with heptane.

Synthesis of 1,1'-bis(diiodo)-3,3'-bis(tertiobutyl)ferrocene (2)

Compound 7a was isolated in a pure form after several recrystallization in MeOH as a red crystalline solid (8.6 g, 64% yield). 1 H NMR (CDCl 3 , 300 MHz): δ (pp ) = 1.25 ( , 18H, t-Bu), 3.87 (m,2H,Cp),3.94 (m,2H,Cp),4.37 (s,2H,Cp).

Synthesis of 1-(diphenylphosphino)-1'-iodo-3,3'bis(tert-butyl)ferrocene (3a)

To a solution of 1,1'bis(diiodo)-3,3'-bis(tert-butyl)ferrocene (6.00 g, 11.00 mmol) in THF (60.0 ml) is added dropwise a solution n-BuLi (6.80 ml, 11.0 mmol, 1.6 M in hexane) at -78 °C. The mixture was stirring at -78 °C during 1h30 before adding dropwise a solution of ClPPh 2 (2.00 ml, 11.00 mmol) in THF (10.00 ml). After the addition the reaction mixture was warmed and stirred overnight at room temperature. Then the solvent was removed in vacuo. The crude product was purified by column chromatography on silica (toluene/heptane 40:60%), compound 3a was isolated in a pure form as a yellow crystalline solid in hot pentane (2.63 g, 40% yield). 1 H NMR (CDCl 3 , 300 MHz): δ (pp ) = 1.01 (s, 9H, t-Bu), 1. 23 (s,9H,3.82 (m,1H,Cp),3.98 (m,1H,Cp),4.01 (m,1H,Cp),4.11 (m,1H,Cp),4.15 (m,1H,Cp),4.23 (m,1H,Cp),8H,Ph),2H,Ph). 31 P{ 1 H} NMR (CDCl 3 , 121 MHz): δ (pp ) = -19.7 (PPh 2 ). 13 

Synthesis of 1-(diisopropylphosphino)-1'-iodo-3,3'bis(tert-butyl)ferrocene (3b)

To a solution of 1,1'bis(diiodo)-3,3'-bis(tert-butyl)ferrocene (1.00 g, 1.82 mmol) in THF (10.00 ml) is added dropwise a solution n-BuLi (1.20 ml, 1.85 mmol, 1.6 M in hexane) at -40 °C. The mixture was stirring at -40 °C during 1h before adding dropwise a solution of ClPi-Pr 2 (0.30 ml, 1.89 mmol) in THF (5.00 ml). After the addition the reaction mixture was warmed and stirred overnight at room temperature. Then the solvent was removed in vacuum. The crude product was purified by column chromatography on silica (diethyl ether/heptane 5:95%), compound 3b was isolated in a pure form as a red crystalline solid after recrystallization in MeOH (0.48 g, 49% yield). 1 H NMR (CDCl 3 , 300 MHz): δ (pp ) = 1.03-1.17 [m, 12H, CH 3 (i-Pr)], 1.23 (s, 9H, t-Bu), 1.28 (s, 9H, t-Bu), 1.96 [m, 1H, CH(i-Pr)], 2.09 [m, 1H, CH(i-Pr)], 3.79 (m, 1H, Cp), 3.98 (m,2H,Cp),4.14 (m,Cp),4.18 (m,1H,Cp),4.30 (m,1H,Cp). 31 P{ 1 H}(CDCl 3 , 121 MHz): δ (pp ) = -1.76 [P(i-Pr) 2 ]. 13 

1-(diphenylphosphino)-1'-(di(5-methyl-2furyl)phosphino)-3,3'-bis(tert-butyl)ferrocene (4a).

To a solution of 1-(diphenylphosphino)-1'-iodo-3,3'-bis(tertbutyl)ferrocene (0.55 g, 0.90 mmol) in THF (5.00 ml) is added dropwise a solution n-BuLi (0.62 ml, 0.99 mmol, 1.6 M in hexane) at -75 °C. The mixture was stirring at -75 °C during 1h30 before adding dropwise a solution of BrP(Fu) 2 (0.27 g, 0.99 mmol) in THF (2.00 ml). After the addition, the reaction mixture was warmed and stirred overnight at room temperature. Then the solvent was removed in vacuo. The crude product was purified by column chromatography on silica (toluene/heptane 40:60), compound 4a was isolated in a pure form as an orange crystalline solid (0.39 g, 64% yield). 1 H NMR (CDCl 3 , 300 MHz): δ (ppm) = 0.99 (s, 9H, t-Bu), 1.17 (s, 9H, t-Bu), 2.32 (s, 3H, CH 3 Fu), 2.34 (s, 3H, CH 3 Fu), 3.76 (m,1H,Cp),4.01 (m,1H,Cp),4.09 (m,1H,Cp),4.15 (m,1H,Cp),4.20 (m,1H,Cp),4.39 (m,1H,Cp),5.95 (m,1H,HFu),6.02 (m,1H,HFu),6.37 (m,1H,HFu),6.86 (m,1H,HFu),5H,Ph),7.39 (m,3H,Ph),7.68 (m,2H,Ph). 31 P{ 1 H} NMR (CDCl 3 , 121 MHz): δ (pp ) = -19.1 (d, J = 34.5 Hz, PPh 2 ), -65.8 [d, J = 34.5 Hz, P(Fu) 2 ]. 13 C NMR (CDCl 3 , 75 MHz): δ (ppm) = 14.1 (CH 3 Fu), 14.1 (CH 3 Fu), 30.6 (d, J = 11.1 Hz, t-Bu), 31.6 (d, J = 9.0 Hz, t-Bu), 68.9 (Cp), 69. 

1-(diisopropylphosphino)-1'-(di(5-methyl-2furyl)phosphino)-3,3'-bis(tert-butyl)ferrocene (4b).

To a solution of 1-(diisopropylphosphino)-1'-iodo-3,3'bis(tert-butyl)ferrocene (1.00 g, 1.82 mmol) in THF (10.00 ml) is added dropwise a solution n-BuLi (1.13 ml, 1.82 mmol, 1.6 M in hexane) at -40 °C. The mixture was stirring at -40 °C during 1h before adding dropwise a solution of BrP(Fu) 2 (0.50 g, 1.82 mmol) in THF (1.00 ml). After the addition the reaction mixture was warmed and stirred overnight at room temperature. Then the solvent was removed in vacuum. The crude product was purified by column chromatography on silica (diethyl ether/heptane 5:95%), compound 4b was isolated in a pure form as an orange crystalline solid (0.45 g, 46% yield). 1 H NMR (CDCl 3 , 300 MHz): δ (pp ) = 0.75-0.81 [m, 3H, CH 3 (i-Pr)], 0.87-0.92 [m, 3H, CH 3 (i-Pr)], 1. 3H,], 1. 15 (s,9H,1.26 (s,9H,3H,CH(CH 3 ) 2 ], 1.90 [m, 1H, CH(i-Pr)], 2.04 [m, 1H, CH(i-Pr)], 2.25 (s, 3H, CH 3 Fu), 2.38 (s, 3H, CH 3 Fu), 3.89 (m,2H,Cp),3.97 (m,1H,Cp),4.12 (m,1H,Cp),4.17 (m,1H,Cp),4.40 (m,1H,Cp),5.87 (m,2H,HFu),6.03 (m,2H,HFu),6.28 (m,2H,HFu),6.76 (m,2H,HFu). 31 P{ 1 H} NMR (CDCl 3 , 121 MHz): δ (pp ) = -1.17 [d,J = 17.1 Hz, 2 ], -64.71 [d,J = 17.1 Hz,P(Fu) 2 ]. 13 C NMR (CDCl 3 , 75 MHz): δ (pp ) = 14.0 (CH 3 Fu), 14.2 (CH 3 Fu), 19.2 [d,J = 38.2 Hz,], 20.1 [d,J = 12.6 Hz,], 20.8 [d, J = 15.6 Hz, CH 3 (i-Pr)], 22.3 [d,J = 19.7 Hz,], 23.3 [d,J = 11.3 Hz,], 24.5 [dd, J = 14.1 and 2.2 Hz, CH(i-Pr)], 30.6 [C(t-Bu)], 30.9 [C(t-Bu)], 31.8 [m,CH 3 (d,J = 12.8 Hz,CFu),152.2 (d,J = 3.3 Hz,CFu),156.2 (d,J = 3.3 Hz,CFu),156.6 (d,J = 1.1 Hz,CFu). Elemental analysis calcd (%) for C 34 H 48 FeO 2 P 2 : C,67.33;H,7.98;Found: C,66.70;H,8.37. HRMS + p ESI (m/z) [M+H] + Calcd.: 607.25572; Found: 607.25314.

General procedure for Gold, Silver and Copper complexes synthesis. A 50 ml round flask equipped with a magnetic stirring bar was charged with ferrocenyl diphosphines (1.0 eq.) and [M] (0.5 to 2.0 eq.) before addition of dichloromethane. Then the solution was stirred at room temperature during 10 min. The mixture is filtrated on Celite with dichloromethane. The solvent was then removed in vacuum to give the corresponding gold complex.

Complex [4a-Au + ]Cl -The complexation of 4a (34.0 mg, 0.05 mmol) and [AuCl(SMe 2 )] (7.3 mg, 0.025 mmol) affords [4a-Au + ]Cl -in 99% (39.0 mg) yield as a orange crystalline solid. 1 H NMR (300 MHz, CD 2 Cl 2 ): δ (pp ) = 0.84 (s, 18H, t-Bu), 1.09 (s, 18H, t-Bu), 1.50 (s, 6H, CH 3 Fu), 2.16 (s, 6H, CH 3 Fu), 3.68 (s,2H,Cp),4.15 (s,2H),4.29 (s,4H,Cp),4.94 (d,J = 6.75 Hz,4H,Cp),5.83 (d,J = 3.10 Hz,2H,HFu),5.86 (d,J = 3.10 Hz,2H,HFu),6.19 (d,J = 3.10 Hz,2H,HFu),6.30 (d,J = 3.10 Hz,2H,HFu),6.85 (m,4H,Ph),6.93 (t,J = 7.15 Hz,4H,Ph),7.05 (t,J = 7.15 Hz,2H,Ph),7.20 (m,4H,Ph),7.36 (m,4H,Ph),8.45 (sb,2H,Ph). 31 P NMR (121 MHz, CD 2 Cl 2 ): δ (pp ) = 11.9 ( , PP 2 ), -29.8 [m, P(Fu) 2 ]. AA'XX' system. Solubility troubles precluded proper 13 C NMR analysis. 13 C NMR (75 MHz, CD 2 Cl 2 ): δ (ppm) = 13.4 (CH 3 Fu), 14.5 (CH 3 Fu), 31.1 [C(t-Bu)], ], 31.7 [CH 3 (t-Bu)], 70.4 (d,J = 26.4 Hz,Cp),71.3 (m,Cp),71.7 (m,Cp),71.8 (m,Cp),72.0 (m,Cp),74.6 (d,J = 12.8 Hz,Cp),75.6 (d,J = 22.4 Hz,Cp), 108.1 (CHFu), 109.1 (CHFu), 120.2 (sb, CHFu), 124.2 (sb,CHFu),128.4 (t,J = 4.7 Hz,Ph),128.8 (Ph),129.8 (Ph),130.2 (Ph),131,6 (sb,Ph),132.0 (Ph),132.2 (t,J = 7.4 Hz,Ph),134.1 (sb,Ph),135.6 (sb,Ph),136.7 (sb,Ph),144.6 (CFu),145.1 (CFu) 12H,Cp),6.04 (sb,4H,HFu),6.27 (sb,4H,HFu),20H,Ph). 31 ]Cl -The complexation of 4a (34.0 mg, 0.05 mmol) and [CuCl] (2.5 mg, 0.025 mmol) affords [4a-Cu + ]Cl -in 80% (28.0 mg) yield as a orange crystalline solid. 1 H NMR (500 MHz, CD 2 Cl 2 ): δ (pp ) = 0.87 (s, 18H, t-Bu), 1.12 (s, 18H, t-Bu), 1.59 (s, 6H, CH 3 Fu), 2.21 (s, 6H, CH 3 Fu), 3.54 (s,2H,Cp),4.07 (s,2H,Cp),4.29 (d,J = 5.70 Hz,4H,Cp),4.96 (s,4H,Cp),5.80 (d,J = 3.10 Hz,2H,HFu),5.86 (d,J = 3.10 Hz,2H,HFu),6.15 (d,J = 3.10 Hz,2H,HFu),6.17 (d,J = 3.10 Hz,2H,HFu),6.62 (sb,2H,Ph), 6.84 (t, J = 7.00 Hz, 2H, Ph), 6.95 (t, J = 7.00 Hz, 4H, Ph), 7.08 (t, J = 7.00 Hz, 2H, Ph) 7.20 (m,4H,Ph),7.35 (sb,4H,Ph), 8.49 (q, J = 7.00 Hz, 2H, Ph). Solubility troubles precluded proper 31 P NMR analysis. 31 P{ 1 H} NMR (202 MHz, CD 2 Cl 2 ): δ (pp ) = -3.7 (sb, PPh 2 ), -39.6 [sb, P(Fu) 2 ]. 13 C NMR (125 MHz, CD 2 Cl 2 ): δ (pp ) = 13.5 (CH 3 Fu), [START_REF] Carvajal | Choice of Coordination Number in d10 Complexes of Group 11 Metals[END_REF] ]I -in 99% (41.0 mg) yield after precipitation in CH 2 Cl 2 by addition of pentane as a orange crystalline solid. 1 H NMR (500 MHz, CD 2 Cl 2 ): δ (pp ) = 0.93 (s, 36H, t-Bu), 3.83 (s,4H,Cp),8H,Cp),40H,Ph). 31 P{ 1 H} NMR (202 MHz, CD 2 Cl 2 ): δ (pp ) = 12.9 (s, PPh 2 ). Solubility troubles precluded proper 13 C NMR analysis. 13 120.1 (sb, Ph), 128.9 (sb, Ph), 130. 7 (sb,Ph),131.3 (sb,Ph),133.5 (sb,Ph),135.3 (sb,Ph),137.6 (sb,Ph) (i-Pr)], 2.16 [q, J = 7.24 Hz, CH(i-Pr)], 2.30 (s, 3H, CH 3 Fu), 2.41 (s, 3H, CH 3 Fu), 2.68 [sb, 1H, CH(i-Pr)], 4.22 (s,1H,Cp),4.28 (d,J = 4.19 Hz,1H,Cp),4.46 (s,1H,Cp),4.59 (s,1H,Cp),4.65 (d,J = 4.19 Hz,1H,Cp),4.79 (sb,1H,Cp),6.03 (s,1H,HFu),6.24 (s,1H,HFu),6.57 (sb,1H,HFu),7.92 (sb,1 H,HFu). 31 P{ 1 H} NMR (121 MHz, CD 2 Cl 2 ): δ (pp ) = 49.2 [s, P(i-Pr) 2 ], - 16.7 [s,P(Fu) 2 ]. Solubility troubles precluded proper 13 C NMR analysis. 13 C NMR (75 MHz, CD 2 Cl 2 ): δ (pp ) = 14.2 (CH 3 Fu), 14.5 (CH 3 Fu), 19.3 [CH 3 (i-Pr) The complexation of 4a (34.0 mg, 0.05 mmol) and [AuI] (32.0 mg, 0.10 mmol) affords 4a-(AuI) 2 in 99% (66.0 mg) yield as a orange crystalline solid. 1 H NMR (300 MHz, CD 2 Cl 2 ): δ (pp ) = 0.88 (sb, 9H, t-Bu), 1.10 (s, 9H, t-Bu), 2.31 (s, 3H, CH 3 Fu), 2.40 (s, 3H, CH 3 Fu), 4.16 (s,1H,Cp),5H,Cp),6.06 (s,1H,HFu),6.18 (s,1H,HFu),6.68 (sb,1H,HFu),4H,Ph),3H,Ph),7.77 (sb,1H,Ph),8.11 (sb,2H,Ph). 31 P{ 1 H} NMR (121 MHz, CD 2 Cl 2 ): δ (pp ) = 29.6 (s, PPh 2 ), -12.0 [s, P(Fu) 2 ]. Solubility troubles precluded proper 13 C NMR analysis. 13 C NMR (75 MHz, CD 2 Cl 2 ): δ (ppm) = 14.4 (CH 3 Fu), 14.7 (CH 3 Fu), 30.9 [C(t-Bu)], 31.1 [CH 3 (t-Bu)], 70.4 (sb, Cp), 73.0 (Cp), 73.4 (sb, Cp), 108.1 (d,J = 8.8 Hz,CHFu),108.6 (d,J = 9.5 Hz,CHFu),129.4 (d,J = 11.6 Hz,Ph),129.8 (d,J = 12.0 Hz,Ph),131.5 (sb,Ph),132.6 (Ph),132.9 (sb,Ph),135.9 (sb,Ph),160.2 (CFu),160.8 (d,J = 4.7 Hz,CFu). HRMS + p ESI (m/z) [M-I] + Calcd.: 1195.05419; Found: 1195.05325. Computational details. Quantum mechanics calculations were performed with the Gaussian16 software package. 27 Energies were computed by density functional theory with the global hybrid B3PW91 exchange-correlation functional, 28 with def2-SVP basis set using experimental X-Ray geometries. Dispersion effects were taken into account using the empirical correction proposed by Grimme with a Becke-Johnson damping, denoted by D3 in the following. 29 Non Covalent Interactions were computed and visualized using IGMPLOT. 30 All NCI surfaces were plotted with an isovalue of 0.006 a.u. The Hirshfeld surfaces were computed and plotted using CrystalExplorer21. 31  ASSOCIATED CONTENT Supporting Information. The supporting Information is available free of charge on the ACS Publications website at DOI:---Experimental procedures and spectral data for all new compounds, NCI of 6-Au, Hirshfeld surfaces (PDF). Crystallographic data (CIF). CCDC 1405170 (3a), 1405171 (3b), 1405174 (4a), 1405175 (4b), 2089399 ([4a-Au + ]Cl -), 2089400 ([4a-Ag + ]SbF 6 -), 2089401 ([4a-Cu + ]Cl -), 2089402 ([4a-Au + ]I -), 2089403 (4a-(AuCl) 2 ), 2089404 (4b-(AuCl) 2 ), 2089405 (4a-(AuI) 2 ) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre.
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Figure 2 .

 2 Figure 2. Molecular structures of 3a (top), and 3b (bottom). Hydrogen atoms are omitted for clarity. Selected bond lengths and distances (Å) and angles (deg) with Ct1 (C1-C2-C3-C4-C5) and Ct2 (C6-C7-C8-C9-C10): 3a, Fe-Ct1 = 1.6521(13); Fe-Ct2 = 1.6526(13); C1-P = 1.812(3); C6-I = 2.088(3); d P…I = 5.0088(8); Ct1-Fe-Ct2 = 178.80(6); P-Ct1-Ct2-I = 71.09(4); 3b, Fe-Ct1 = 1.656(2); Fe-Ct2 = 1.6485(17); C1-P = 1.821(4); C6-I = 2.0837(18); d P…I = 5.0868(9); 1-Fe-Ct2 = 177.80(11); P-Ct1-Ct2-I = 68.97(4).

Figure 3 .

 3 Figure 3. Molecular structures of compounds 4a (left) and 4b (right). Hydrogen atoms are omitted for clarity. Selected bond lengths and distances (Å) and angles (deg) with Ct1 (C1-C2-C3-C4-C5) and Ct2 (C6-C7-C8-C9-C10): 4a: Fe-Ct1 = 1.6525(16); Fe-Ct2 = 1.6508(15); C1-P1 = 1.876(4); C6-P2 = 1.809(3); O1-O2 = 3.353(5); d P1…P2 = 3.9863(16); Ct1-Fe-Ct2 = 179.16(8); P1-Ct1-Ct2-P2 = -49.21(5); 4b: Fe-Ct1 = 1.6601(9); Fe-Ct2 = 1.6630(9); C1-P1 = 1.8115(19); C6-P2 = 1.8202(19); O1-O2 = 4.236(2); d P1…P2 = 6.9168(8); Ct1-Fe-Ct2 = 177.48(4); P1-Ct1-Ct2-P2 = 156.68(3).

Four

  Scheme 2. Synthesis of tetrahedral AuI cationic complexes stabilized by two symmetrical 1,1'bis(difurylphosphino)ferrocene ligands (top). Synthesis of the mononuclear cationic tetrahedral iodide [6-Au + ]I -(bottom) .

Scheme 3 .

 3 Scheme 3. Formation of d 10 complexes of group 11 (Au, Ag, Cu) using 4a and 4b.

Figure 4 .

 4 Figure 4. Top: AA'XX' 31 P NMR spin system (CD 2 Cl 2 , 202 MHz, 298 K) for [4a-Au + ]Cl -. Bottom: second order multiplicity of furylphosphino signal with experimental and simulated spectra. Solid state structures of [4a-Au + ]Cl -, [4a-Ag + ]SbF 6 -, [4a-Cu + ]Cl -and [6-Au + ]I -. XRD analysis were achieved from single crystals for all these complexes (Figure 5, left). For all these cationic mononuclear four-coordinate 18 ē coinage metal complexes, the M + center (M = Au, Cu, Ag) is encapsulated into a closed tetrahedral environment, globally stabilized by two hindering ferrocenyl ligands, in

Figure 5 .

 5 Figure 5. Molecular structures of cationic parts [4a-Au + ], [4a-Ag + ], [4a-Cu + ] and [6-Au + ] (left). Visualization of their corresponding NCI (right). Hydrogen atoms are omitted for clarity. Selected data for molecular structure are given in Table 1 for: [4a-Au + ], [4a-Ag + ] (two superimposable molecules are present in the asymmetric unit, only one molecule is presented in this figure, [4a-Cu + ] (symmetry code: (i) 1-x, 1-y, z), [6a-Au + ].

  Scheme 4. Dinuclear aurophilic two-coordinate gold(I) complexes synthesis from Au I halide salt.

Figure 6 .

 6 Figure 6. Molecular structures of 4a-(AuCl)2 (left), and 4b-(AuCl)2 (right). Hydrogen atoms are omitted for clarity. Selected bond lengths and distances (Å) and angles (deg): 4a-(AuCl) 2 : Fe-Ct1 = 1.653(3); Fe-Ct2 = 1.654(3) ; C1-P1 = 1.789(5); C6-P2 = 1.779(5); Au1-P1 = 2.2276(16); Au2-P2 = 2.2165(15); Au1-Au2 = 3.0394(9); Au1-Cl1 = 2.2974(15); Au2-Cl2 = 2.2867(16); d P1…P2 = 4.824(2); Ct1-Fe-Ct2 = 175.10(14); P1-Ct1-Ct2-P2 = 54.59(9); P1-Au1-Au2-P2 = -71.42(6) ; 4b-(AuCl) 2 : Fe-Ct1 = 1.6587(19); Fe-Ct2 = 1.6645(19); C1-P1 = 1.777(5); C6-P2 = 1.786(5); Au1-P1 = 2.2245(13); Au2-P2 = 2.2352(13); Au1-Au2 = 3.1679(3); Au1-Cl1 = 2.2978(13); Au2-Cl2 = 2.3024(13); d P1…P2 = 4.9266(14); 1-Fe-Ct2 = 173.17(9); P1-Ct1-Ct2-P2 = 52.56(6); P1-Au1-Au2-P2 = -74.19(4).

Figure 7 .

 7 Figure 7. Views of molecular structure for 4a-(AuI) 2 : two independent molecules are present with side view (top) and view from above (bottom). Hydrogen atoms and one dichloromethane solvent molecule are omitted for clarity. Only the major components of the two disordered independent molecules present in the asymmetric unit are presented. Selected bond lengths and distances (Å) and angles (deg): 4a-(AuI) 2 : Molecule left: Fe1-Ct1 = 1.661(5); Fe1-Ct2 = 1.658(5); C1-P1 = 1.789(10); C6-P2 = 1.792(10); Au1-P1 = 2.283(3); Au2-P2 = 2.260(3); Au1-I1 = 2.5725(14); Au2-I2 = 2.5801(13); Au1-Au2= 2.9617(9); d P1…P2 = 4.732(4); Ct1-Fe1-Ct2 = 175.4 (2); P1-Ct1-Ct2-P2 = 55.58(15); P1-Au1-Au2-P2 = -72.00(10); Molecule right: Fe2-Ct3 = 1.655(5); Fe2-Ct4 = 1.659(4); C41-P3 = 1.804(10); C46-P4 = 1.797(10); Au3-P3 = 2.234(3); Au4-P4 = 2.259(3); Au3-I3 = 2.5729(18); Au4-I4 = 2.5790(16); Au3-Au4= 2.9699(11); d P3…P4 = 4.773(4); Ct3-Fe2-Ct4 = 174.8(2);P3-Ct3-Ct4-P4 = -55.55(15); P3-Au3-Au4-P4 = -72.57(10).

  C NMR (CDCl 3 , 75 MHz): δ (pp ) = 30.4 [C(t-Bu)], 31.1 [C(t-Bu)], 31.5 [CH 3 (t-Bu)], 31.9 [CH 3 (t-Bu)], 40.6 (Cp ipso -I), 66.7 (m, Cp), 70.1 (m, Cp), 72.2 (d, J = 7.3 Hz, Cp), 73.3 (d, J = 2.1 Hz, Cp), 75.1 (m, Cp), 76.5 (m, Cp), 76.7 (m, Cp), 77.4 (m, Cp), 103.2 (m, Cp), 106.8 [d, J = 4.7 Hz, Cp ipso -C(t-Bu)], 128.2 (Ph), 128.3 (Ph), 128.4 (m, Ph), 128.9 (m, Ph), 133.4 (Ph) (d, J = 19.2 Hz, Ph), 134.7 (d, J = 20.6 Hz, Ph), 139.2 (d, J = 10.8 Hz, Ph), 140.0 (d, J = 11.2 Hz, Ph). Elemental analysis calcd (%) for C 30 H 34 FeIP: C, 59.23; H, 5.63; Found: C, 59.15; H, 6.00. HRMS + p ESI (m/z) [M+H] + Calcd.: 609.08705, Found: 609.08539.

  C NMR (CDCl 3 , 75 MHz): δ (pp ) = 20.4 [dd, J = 15.0 and 11.4 Hz, CH 3 (i-Pr)], 21.1 [dd, J = 15.2 and 2.3 Hz, CH 3 (i-Pr)], 23.8 [dd, J = 11.9 and 4.6 Hz, CH(i-Pr)], 30.7 [C(t-Bu)], 31.1 [C(t-Bu)], 31.9 [d, J = 2.2 Hz, CH 3 (t-Bu)], 32.0 [CH 3 (t-Bu)], 42.3 (Cp ipso -I), 66.9 (Cp), 70.0 (m, Cp), 72.3 (d, J = 11.2 Hz, Cp), 73.1 (m, Cp), 73.5 (d, J = 9.4 Hz, Cp), 74.3 (Cp), 77.4 (m), 103.8 [m, CpC(t-Bu)], 105.2 [m, J = 2.0 Hz, CpC(t-Bu)]. Elemental analysis calcd (%) for C 24 H 38 FeIP: C, 53.35; H, 7.09; Found: C, 53.23; H, 7.33. HRMS + p ESI (m/z) [M+H] + Calcd.: 541.11835, Found: 541.11635.

  3 (Cp), 70.7 (d, J = 2.5 Hz, Cp), 72.3 (d, J = 2.6 Hz, Cp), 72.5(d, J = 4.5 Hz, Cp), 73.1 (Cp), 73.6 (d, J = 8.4 Hz, Cp), 75.3 (d, J = 8.4 Hz, Cp), 105.1 [d, J = 8.3 Hz, Cp ipso -C(t-Bu)], 106.0 [d, J = 6.7 Hz, Cp ipso -C(t-Bu)], 106.8 (d, J = 3.8 Hz, CHFu), 107.1 (d, J = 8.1 Hz, CHFu), 119.5 (d, J = 16.1 Hz, CHFu), 123.1 (d, J = 31.2 Hz, CHFu), 125.4 (Ph), 127.5 (Ph), 128.1 (d, J = 5.6 Hz, Ph), 128.3 (d, J = 7.9 Hz, Ph), 128.4 (Ph), 129.2 (d, J = 2.6Hz, Ph), 132.4 (d, J = 17.9 Hz, Ph), 135.7(d, J = 20.7 Hz, Ph), 138.5 (Ph), 138.5 (d, J = 11.2 Hz, Ph), 141.9 (d, J = 12.9 Hz, Ph), 150.0 (d, J = 14.9 Hz, CFu), 152.2 (d, J = 2.0 Hz, CFu), 156.3(d, J = 3.2 Hz, CFu), 156.8 (CFu). Elemental analysis calcd (%) for C 40 H 44 FeO 2 P 2 : C, 71.22; H, 6.57; Found: C, 70.99; H, 6.47. HRMS + p ESI (m/z) [M+H] + Calcd.: 675.22442; Found: 675.22573.

  (t-Bu)], 32.1 [d, J = 1.5 Hz, CH 3 (t-Bu)], 68.0 [CH(Cp)], 69.5 [CH(Cp)], 70.1 [CH(Cp)], 70.9 [d, J = 18.6 Hz, CH(Cp)], 71.6 [d, J = 3.1 Hz, CH(Cp)], 72.2 [d, J = 4.8 Hz, C(Cp)], 73.3 [d, J = 36.2 Hz, CH(Cp)], 76.9 [m, C(Cp)], 104.5 [d, J = 4.0 Hz, Cp ipso -(t-Bu)], 105.0 [d, J = 8.2 Hz, Cp ipso -C(t-Bu)], 106.8 (d, J = 3.9 Hz, CHFu), 107.0 (d, J = 7.5 Hz, CHFu), 119.4 (d, J = 16.5 Hz, CHFu), 122.4 (dd, J = 27.2 and 0.7 Hz, CHFu), 150.4

  C NMR (125 MHz, CD 2 Cl 2 ): δ (pp ) = 31.0 [C(t-Bu)], 31.5 [CH 3 (t-Bu)], 70.0 [sb, CH(Cp)], 72.7 [sb, CH(Cp)], 74.4 [sb, CH(Cp)], 76.4 (sb, CCp), 108.0 [sb, Cp ipso -C(t-Bu)],

  This work was supported by the ANR-PRC 2016 program (ALCATRAS, ANR-16-CE07-0001-01), e N , e e de B u g g e, the Conseil Régional Bourgogne Franche-Comté (CHIMENE project, PhD grant for T.-A. N.) and the PIA-excellence ISITE-BFC program (COMICS project: Chemistry of Molecular Interactions Catalysis and

  11a,18 

Table 1 .

 1 Selected Distances (Å) and angles (deg) for [4a-Au +

], [4a-Ag + ], [4a-Cu + ] and [6a-Au + ].

  

	param a	P-M (Å)		P-M-P (°)	d P…P (Å)	P1-Ct1-Ct2-P2 (°)	P3-Ct3-Ct4-P4 (°)	Hirshfeld volume (Å 3 )
	[4a-Au + ]	2.4049(11); 2.4064(11)	2.4029(11); 2.4087(11)	105.47(4); 111.26(4); 110.79(4); 112.30(4); 111.61(4); 105.53(4)	3.8289(16); 3.9683(17)	3.9828(16); 3.8307(17)	44.09(8)	42.89(6)	17.22
	[4a-Ag + ]	2.5071(17); 2.5076(17)	2.5154(17); 2.5233(17)	102.77(6); 115.05(6); 114.05(5); 110.31(5); 111.14(5); 103.71(5)	3.918(2); 4.237(2)	4.150(2); 3.963(2)	43.23(9)	42.25(9)	17.67
	[4a-Cu + ]	2.3296(16); 2.2953(16)		107.49(6); 111.03(6); 107.79(7)	3.730(2); 3.812(2)		40.74(9)		10.72
	[6a-Au + ]	2.4801(12); 2.4761(12)	2.4515(11); 2.4442(12)	98.28(4); 106.11(4); 116.43(4); 123.22(4); 109.53(4); 103.96(4)	3.7483(18); 3.9417(16)	4.0188(18); 3.8569(15)	26.68(7)	-43.40(6)	17.99

  The complexation of 4b (30.0 mg, 0.05 mmol) and [AuCl(SMe 2 )] (29.0 mg, 0.10 mmol) affords 4b-(AuCl) 2 in 99% (66.0 mg) yield as a orange crystalline solid. 1 H NMR (300 MHz, CD 2 Cl 2 ): δ (pp ) = 1.07 (s, 9H, t-Bu), 1.14 [dd, J = 18.27 and 6.91 Hz, 3H, CH 3 (i-Pr)], 1.43 [dd, J = 16.15 and 6.87 Hz, 3H, CH 3 (i-Pr)], 1.29 (s, 9H, 3H, CH 3 

	. Elemental
	analysis: Calcd (%) for C 84 H 88 AuFe 2 IP 4 •1.7 H 2 Cl 2 : C 57.14, H 5.11. Found: C 57.06 H 5.09. HRMS + p ESI (m/z) [M-I] +
	Calcd.: 1529.42009; Found: 1529.42445.
	Complex 4a-(AuCl) 2 The complexation of 4a (34.0 mg,
	0.05 mmol) and [AuCl(SMe 2 )] (29.0 mg, 0.10 mmol) af-
	fords 4a-(AuCl) 2 in 99% (57.0 mg) yield as a orange crys-talline solid. 1 H NMR (300 MHz, CD 2 Cl 2 ): δ (pp ) = 0.77
	(sb, 9H, t-Bu), 1.11 (s, 9H, t-Bu), 2.30 (s, 3H, CH 3 Fu), 2.39
	(s, 3H, CH 3 Fu), 4.16 (s, 1H, Cp), 4.45 (s, 3H, Cp), 4.54 (s,
	1H, Cp), 4.79 (sb, 1H, Cp), 6.03 (s, 1H, HFu), 6.21 (s, 1H,
	HFu), 6.57 (sb, 1H, HFu), 7.19 (sb, 1H, HFu), 7.35-7.41 (m,
	4H, Ph), 7.54-7.56 (m, 4H, Ph), 8.19 (sb, 2H, Ph). 31 P{ 1 H}
	NMR (121 MHz, CD 2 Cl 2 ): δ (pp ) = 26.1 ( b, PP 2 ), -15.0 [sb, P(Fu) 2 ]. Solubility troubles precluded proper 13 C NMR analysis. 13 C NMR (75 MHz, CD 2 Cl 2 ): δ (pp ) = 14.3
	(CH 3 Fu), 14.6 (CH 3 Fu), 30.8 [C(t-Bu)], 31.1 [CH 3 (t-Bu)],
	71.0 (sb, Cp), 72.9 (sb, Cp), 73.6 (sb, Cp), 74.0 (sb, Cp),
	108.1 [sb, CHFu], 109.1 sb, CHFu], 128.9 (sb, Ph), 129.3
	(Ph), 129.5 (Ph), 133.0 (sb, Ph), 135.6 (Ph), 160.9 (CFu),
	161.2 (CFu). Elemental analysis: calcd (%) for
	C 40 H 44 Au 2 Cl 2 FeO 2 P 2 : C 42.17, H 3.89; Found: C 42.08, H 3.90. HRMS + p ESI (m/z) [M-Cl] + Calcd.: 1103.11857;
	Found: 1103.11980.
	Complex 4b-(AuCl) 2

  ],19.7 [CH 3 (i-Pr)],20.8 [sb, CH 3 (i-Pr)],22.7 [sb,], 27.4 [CH(i-Pr)], 27.9 [CH(i-Pr)], 30.9 [C(t-Bu)], 31.3 [C(t-Bu)], 31.4 [sb, CH 3 (t-Bu)], 32.0 [sb, CH 3 (t-Bu)], 70.5 (sb, Cp), 71.6 (sb, Cp), 73.8 (d, J = 6.2 Hz, Cp), 108.1, [d, J = 7.6 Hz, CHFu), 108.8 [d, J = 9.6 Hz, CHFu), 160.7 (d, J = 5.3 Hz, CFu). Elemental analysis calcd (%) for C 34 H 48 Au 2 Cl 2 FeO 2 P 2 : C, 38.12; H, 4.52; Found: C, 37.19; H, 4.42. HRMS + p ESI (m/z) [M-Cl] + Calcd.: 1035.14987; Found: 1035.14979.

	Complex 4a-(AuI) 2