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Copper(I) complexes combining aromatic diimine ligands of the bipy family (bipy : 2,2'-bipyridine) and phosphines have been shown long ago to display interesting photochemical properties in relation to light-induced electron transfer. [1] The photophysical properties of these complexes have been also investigated in details. [2] More recently, McMillin and co-workers have found remarkably high emission quantum yields from the long lived metal-to-ligand charge transfer (MLCT) excited state of mixedligand Cu I complexes prepared from 1,10-phenanthroline (phen) derivatives and bis[2-(diphenylphosphino)-phenyl]ether (POP). [3] This key finding has inspired significant research activities. Numerous examples of related heteroleptic Cu I complexes have been reported in recent years [4][5] and their outstanding emission properties exploited to produce efficient light emitting devices. [5] As part of this research, we have systematically investigated the preparation of heteroleptic Cu I complexes from various 2,9disubstituted-1,10-phenanthrolines (phen) and different bisphosphine (PP) ligands. [5c,6] Whereas the heteroleptic complexes are stable in the solid state, equilibrium between the homoleptic and the heteroleptic complexes is often observed in solution. This major limitation for the preparation of [Cu(phen)(PP)] + derivatives results from the exceptionally high thermodynamic stability of the corresponding homoleptic [Cu(phen) 2 ] + complexes. [7] In order to prevent the formation of a stable homoleptic complex from the phen ligand, we have decided to incorporate the 2,9-disubstituted-1,10-phenanthroline subunit in a macrocyclic structure. [8] The preparation of the heteroleptic Cu I complexes from various PP ligands (dppe, dppp, POP and dppFc) and the macrocyclic phenanthroline derivative provided stable Cu I -complexed pseudo-rotaxanes. [START_REF]To the best of our knowledge, these compounds are the first examples of pseudo-rotaxanes including coordinating phosphorus atoms. For examples of P-containing pseudo-rotaxanes, rotaxanes and catenanes[END_REF] The comparison with the analogous Cu I complexes prepared from the acyclic model phenanthroline derivative L [10] clearly revealed a strong macrocyclic effect allowing the preparation of stable heteroleptic Cu I complexes whatever the PP ligand. Importantly, this is the case even when the formation of the corresponding acyclic derivative is not favorable.

The synthesis of the macrocyclic phenanthroline ligand m37 is depicted in Scheme 1. Building block 1 was prepared in four steps according to a reported procedure. [10] Compound 1 was treated with bis-tosylate 2 in the presence of CsF in CH 3 CN. [11] Under these conditions, cleavage of the tert-butyldimethylsilyl (TBDMS) protecting groups was achieved in situ to generate the corresponding bis-phenolate intermediate, thus avoiding the preparation of desilylated 1 [10] which is highly insoluble in common organic solvents and difficult to handle. The reaction of the bis-phenolate intermediate thus generated with bis-tosylate 2 then gave m37. This macrocycle with a ring size of 37 atoms was isolated in 18% yield and characterized by NMR spectroscopy and mass spectrometry (Figures S1-3).

Cu(CH 3 CN) 4 BF 4 (1 equiv.) and the appropriate bisphosphine ligand (1 equiv.) were successively added to a solution of m37 (1 equiv.) in CH 2 Cl 2 /CH 3 CN (Scheme 1). After 1 h, the solvents were evaporated and the 1 H NMR analysis (CD 2 Cl 2 ) of the crude products revealed the almost quantitative formation of a single product (POP and dppFc) or of a largely major compound (dppe and dppp). The four [Cu(m37) confirmed by electrospray (ES) mass spectrometry. For all the compounds, the mass spectrum displays a singly charged ion peak assigned to [Cu(m37)(PP)] + . These heteroleptic complexes are remarkably stable in CH 2 Cl 2 solutions and no detectable ligand exchange reactions could be detected. The UV/vis absorption spectra of [Cu(m37)(PP)]BF 4 recorded in CH 2 Cl 2 show the diagnostic MLCT band of [Cu(phen)(PP)]BF 4 derivatives in the 380-420 nm region. [3][4][5][6] It can be also added here that an intense yellow -orange emission is observed for pseudo-rotaxanes [Cu(m37)(POP)]BF 4 , [Cu(m37)(dppe)]BF 4 and [Cu(m37) (dppp)]BF 4 in both the solid state and in solution (Figure S12). Detailed photophysical investigations are underway and will be reported in due time. Finally, the NMR data were in full agreement with the proposed structures. As a typical example, the 1 H NMR of [Cu(m37)(dppe)]BF 4 is depicted in Figure 1. Effectively, correlation peaks are observed between the Ar-H protons of the dppe moiety and the Ph-CH 2 of the m37 ligand. The latter observations clearly reveal that the phenethyl moieties of m37 and the PPh 2 subunits of dppe are spatially close in perfect agreement with the proposed pseudo-rotaxane structure. Similar observations have been also made with the three other [Cu(m37)(PP)]BF 4 derivatives thus showing the formation of pseudo-rotaxanes in all the cases. Therefore, the Cu I -mediated threading of all the bis-phosphine ligands through the m37 macrocycle was effective.

The X-ray crystal structure analysis of [Cu(m37)(POP)]BF 4 unambiguously proved the threading of the POP moiety through the macrocyclic phenanthroline ligand (Figure 2). [12] Although the resolution of the structure is only moderate because of the disorder in the hexaethylene glycol chain subunit of the m37 ligand and the inclusion of unresolved solvent molecules (CH 2 Cl 2 ), the identity of the Cu I -complexed pseudo-rotaxane is in no doubt. The Cu I center with the POP ligand and the 2,9diphenethyl-1,10-phenanthroline subunit are well resolved. Several interesting details were revealed. The copper atom is in a distorted tetrahedral environment in which both the phenanthroline and the POP moieties are chelating ligands. It can be noted that the ether O atom of the POP subunit is at a nonbonding distance from the Cu I center (> 3.25 Å). The distorted tetrahedral coordination mainly arises from the restricted bite angle of the phenanthroline ligand N(1)-Cu-N(2) (81.9(2)°), whereas the corresponding bis-phosphine bite angle P(1)-Cu-P(2) is 117.43(6)°. Finally, the intramolecular face-to-face - interaction between one phenyl ring of the POP ligand and the phenanthroline moiety of m37 induces a significant rocking of the POP ligand (ca. 17.5°). In order to highlight the influence of the macrocyclic structure of m37 on the stability of the heteroleptic Cu I complexes, the corresponding acyclic derivatives were prepared from ligand L. A solution of the appropriate bis-phosphine ligand (1 equiv.) and Cu(CH 3 CN) 4 BF 4 (1 equiv.) in CH 2 Cl 2 /CH 3 CN was stirred for 0.5 h, then L (1 equiv.) was added. After 1 h, the solvents were evaporated. The products were analyzed as received by 1 H NMR. The relative proportion of the different possible complexes, i. are depicted in Figure 3. For both dppFc and POP, [Cu(L)(PP)]BF 4 was the major reaction product [START_REF] Cu | BF4 and[END_REF] and only traces of the homoleptic complexes were detected. In contrast, when starting from dppe and dppp, the reaction with Cu(CH 3 CN) 4 BF 
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Figure 1 .

 1 Figure 1. Aromatic region of the 1 H NMR spectrum (CD2Cl2, 300 MHz) of [Cu(m37)(dppe)]BF4.

Figure 2 .

 2 Figure 2. Top and side views of the X-ray crystal structure of [Cu(m37)(POP)]BF4 (m37: pale gray, POP: dark gray, Cu: black), the counteranion is omitted. The rocking of the POP ligand allowing the establishment of an intramolecular - interaction between a phenyl ring of the POP ligand and the phenanthroline moiety of m37 is highlighted (right).

  e. [Cu(L)(PP)]BF 4 , [Cu(L) 2 ]BF 4 and [Cu(PP) 2 ]BF 4 , was deduced from the comparison with the 1 H NMR spectrum of [Cu(L) 2 ]BF 4 recorded in the same solvent (Figures S13-14). Typical examples

  4 and L led to only small amounts of [Cu(L)(PP)]BF 4 (ca. 10-15%) and the formation of the homoleptic complexes is largely preferred. All attempts to crystallize [Cu(L)(dppe)]BF 4 or [Cu(L)(dppp)]BF 4 out of the crude reaction mixture failed. Indeed, in both cases, slow diffusion of Et 2 O into a CH 2 Cl 2 solution of the crude mixture of complexes yielded only orange-red crystals of [Cu(L) 2 ]BF 4 .

  (PP)]BF 4 pseudo-rotaxanes were then recrystallized (CH 2 Cl 2 /Et 2 O) and fully characterized(Figures S4-11). Their structure was Scheme 1. Synthesis of pseudo-rotaxanes [Cu(m37)(PP)]BF4 (PP = POP, dppFc, dppe or dppp).

[Cu(L)(dppFc)]BF 4 [Cu(dppFc) 2 ]BF 4 + [Cu(L) 2 ]BF 4
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When compared to the efficient synthesis of the [Cu(m37)(PP)]BF 4 derivatives from m37 and their good stability in solution whatever the nature of the PP ligand, the results obtained with the acyclic phenanthroline ligand L are very different, in particular when using dppe or dppp as starting material. In the case of L, the outcome of the reaction with Cu(CH 3 CN) 4 BF 4 and the various PP ligands is driven by the relative thermodynamic stability [START_REF] De | For a review on metal-coordination-driven dynamic heteroleptic architectures[END_REF] of the [Cu(L)(PP)]BF 4 and [Cu(L) 2 ]BF 4 species. Given the fact that the thermodynamic stability of [Cu(L) 2 ]BF 4 must be very high, the preparation of stable heteroleptic [Cu(L)(PP)]BF 4 complexes is not possible with all the PP ligands. In the case of m37, the formation of the homoleptic bis-phenanthroline Cu I complex being prevented by the macrocylic nature of the phenanthroline ligand, the formation of heteroleptic complexes becomes thermodynamically favorable. In fact, if a certain proportion of the homoleptic complex [Cu(PP) 2 ]BF 4 was formed, the stoichiometry of the reaction would necessarily imply that an equivalent proportion of uncomplexed ring be also generated, which is highly unfavourable from a thermodynamic viewpoint. This macrocyclic effect paves the way towards the preparation of new stable heteroleptic Cu I complexes with high emission quantum yields for materials science applications. Work in this direction is currently underway in our laboratories.

Experimental Section General procedure for the preparation of pseudo-rotaxanes [Cu(m37)(PP)]BF4.

A solution of m37 (1 equiv.) and Cu(CH3CN)4BF4 (1 equiv.) in a 7:3 CH2Cl2/CH3CN mixture was stirred for 0.5 h, then the appropriate bis-phosphine ligand (1 equiv.) was added. After 1 h, the solvents were evaporated. The product was then purified as outlined in the following text.

Pseudo-rotaxane [Cu(m37)(POP)]BF4. This compound was prepared from m37 (80 mg, 0.12 mmol), Cu(CH3CN)4BF4 (38 mg, 0.12 mmol) and POP (65 mg, 0.12 mmol) in CH2Cl2/CH3CN (7:3, 10 mL). Recrystallization by slow diffusion of Et2O into a CH2Cl2 solution of the crude product gave [Cu(m37) Pseudo-rotaxane [Cu(m37)(dppFc)]BF4. This compound was prepared from m37 (52 mg, 0.08 mmol), Cu(CH3CN)4BF4 (24 mg, 0.08 mmol) and dppFc (43 mg, 0.08 mmol) in CH2Cl2/CH3CN (7:3, 10 mL). Recrystallization by slow diffusion of Et2O into a CH2Cl2 solution of the crude product gave [Cu(m37)(dppFc)]BF4 (87 mg, 81%) as dark orange crystals. 1 H NMR (CD2Cl2, 300 MHz): 8.66 (d, J = 7 Hz, 2H), 8.17 (s, 2H), 7.72 (d, J = 7 Hz, 2H), 7.35 (m, 4H), 7.14 (m, 8H), 6.98 (m, 8H), 6.69 (d, J = 7 Hz, 4H), 6.22 (d, J = 7 Hz, 4H), 4.54 (s, 4H), 4.14 (m, 4H), 4.09 (m, 4H), 3.85 (m, 4H), 3.73 (m, 16H) 

Entry for the Table of Contents

Macrocyclic effect 

The macrocyclic ligand makes the difference. Heteroleptic complexes prepared from a macrocyclic 1,10phenanthroline derivative (m37) and various bis-phosphine ligands (PP) are significantly stabilized when compared to analogous systems obtained from a non-cyclic 1,10phenanthroline ligand. The resulting copper(I) complexed pseudorotaxanes are strongly luminescent.