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Heteroleptic copper(I) complexes prepared from phenanthroline and bis-phosphine ligands

The preparation of [Cu(NN)(PP)] + derivatives has been systematically investigated starting from two libraries of phenanthroline (NN) derivatives and bis-phosphines (PP) ligands, namely (A) 1,10-phenanthroline (phen), neocuproine (2,9-dimethyl-1,10phenanthroline, dmp), bathophenanthroline (4,7-diphenyl-1,10-phenanthroline, Bphen), 2,9-diphenethyl-1,10-phenanthroline (dpep) and 2,9-diphenyl-1,10-phenanthroline (dpp), and (B) bis(diphenylphosphino)methane (dppm), 1,2-bis(diphenylphosphino)ethane (dppe), 1,3bis(diphenylphosphino)propane (dppp), 1,2-bis(diphenylphosphino)benzene (dppb), 1,1'bis(diphenylphosphino)ferrocene (dppFc) and bis[(2-diphenylphosphino)phenyl] ether (POP).

Whatever the bis-phosphine ligand, stable heteroleptic [Cu(NN)(PP)] + complexes are obtained from the 2,9-unsubstitued-1,10-phenanthroline ligands (phen and Bphen). By contrast, heteroleptic complexes obtained from dmp and dpep are stable in the solid state but a dynamic ligand exchange reaction is systematically observed in solution and the homoleptic/heteroleptic ratio is highly dependent on the bis-phosphine ligand. Detailed analysis revealed that the dynamic equilibrium resulting from ligand exchange reactions is mainly influenced by the relative thermodynamic stability of the different possible complexes. Finally, in the case of dpp only homoleptic complexes were obtained whatever the bis-phosphine ligand. Obviously, steric effects resulting from the presence of the bulky phenyl rings on the dpp ligand destabilize the heteroleptic [Cu(NN)(PP)] + complexes. In addition to the remarkable thermodynamic stability of [Cu(dpp) 2 ]BF 4 , this negative steric effect drives the dynamic complexation scenario towards the almost exclusive formation of homoleptic [Cu(NN) 2 ] + and [Cu(PP) 2 ] + complexes. This work provides the definitive rationalization of the stability of [Cu(NN)(PP)] + complexes, marking the way for future developments in this field.

INTRODUCTION

Cu(I) complexes prepared from phosphines and ligands such as 2,2'-bipyridine (bipy) or 1,10phenanthroline (phen) were first investigated in details more than 30 years ago. 1,2 Initially, such systems generally prepared with PPh 3 as the P-ligands looked promising because they exhibit long excited state lifetimes upon light excitation both in the solid state and in frozen solution. 1 They also display interesting photochemical properties in relation to bimolecular photoinduced electron transfer. 2 However, detailed studies have shown that exciplex quenching is important even for compounds incorporating bulky phosphines such as PPh 3 . 1 Moreover, the speciation of these compounds was hard to control even in non-coordinating solvents such as CH 2 Cl 2 . 1 Subsequently, McMillin and co-workers reported mixed-ligand Cu(I) complexes prepared from 1,10-phenanthroline derivatives and bis [2-(diphenylphosphino)-phenyl]ether (POP). 3,4 Not only ligand dissociation is essentially suppressed for the complexes prepared from this particular chelating bis-phosphine ligand, 4 but these compounds are also characterized by remarkably high emission quantum yields from their long lived metal-to-ligand charge transfer (MLCT) excited state. Following this key finding, numerous examples of related heteroleptic Cu(I) complexes have been prepared from bis-phosphine and aromatic diimine ligands. [6][7][8][9] Their outstanding emission properties have been exploited to produce efficient light emitting devices thus showing that inexpensive and earth-abundant Cu(I) is an attractive alternative to noble metal ions for such applications. [7][8] As part of this research, our groups have investigated heteroleptic Cu(I) complexes combining various phenanthroline derivatives (NN) with different bis-phosphine ligands (PP). 8,[10][11][12] During the course of these studies, it was found that an equilibrium between the homoleptic and the heteroleptic complexes is sometimes observed in solution. This represents actually a major limitation for the preparation of stable [Cu(NN)(PP)] + derivatives. 13 We became thus interested in a deeper understanding of the structural parameters influencing the stability of these compounds and decided to systematically investigate their preparation starting from the libraries of phenanthroline derivatives and PP ligands depicted in Chart 1.

Chart 1

RESULTS AND DISCUSSION

The six selected bis-phosphine ligands (dppm, dppe, dppp, dppb, dppFc and POP) are all commercially available as well as 1,10-phenanthroline (phen), neocuproine (2,9-dimethyl-1,10phenanthroline, dmp) and bathophenanthroline (4,7-diphenyl-1,10-phenanthroline, Bphen). 2,9-Diphenethyl-1,10-phenanthroline 14 (dpep) and 2,9-diphenyl-1,10-phenanthroline 8,15 (dpp) were prepared according to reported procedures.

2,9-Unsubstituted-1,10-phenanthroline derivatives (phen and Bphen). The treatment of phen with an equimolar amount of the appropriate bis-phosphine ligand (dppe, dppp, dppb, POP or dppFc) and Cu(CH 3 CN) 4 BF 4 in CH 2 Cl 2 /CH 3 CN gave the corresponding [Cu(phen) (PP)]BF 4 derivatives (Scheme 1). 1 H NMR analysis of the crude mixtures thus obtained indicated the formation of a single complex in all the cases. The heteroleptic complexes were then isolated in a pure form by recrystallization in CH 2 Cl 2 /Et 2 O. Similar results were obtained when Bphen was used as the NN ligand, the [Cu(Bphen)(PP)]BF 4 complexes were thus prepared in excellent isolated yields.

Scheme 1

The [Cu(phen) (PP)]BF 4 and [Cu(Bphen)(PP)]BF 4 complexes were characterized by 1 H-, 13 Cand 31 P NMR spectroscopies, mass spectrometry and elemental analysis. Typical examples of 1 H and 31 P NMR spectra are shown in Figure 1. For all the compounds, the 31 P NMR spectrum recorded at room temperature revealed a single resonance for the two equivalent P atoms of the chelating PP ligand. Cooling the samples to -60°C did not give rise to significant changes and no additional signals could be detected. The 1 H NMR spectra were also consistent with the proposed structures. Analysis of the integration of the 1 H NMR spectra revealed that, in all the cases, both PP and NN ligands are present in a 1:1 ratio. As shown in Figure 1, a slight line broadening is observed for the 1 H NMR resonance of the phenanthroline proton H( 2) of all the complexes, this effect is most likely due to the proximity of the quadrupolar 63/65 Cu nuclei. 16 In contrast, all the other signals in the 1 H NMR spectra of complexes [Cu(NN)(PP)]BF 4 (NN = phen or Bphen) are well resolved and show no signs of broadening.

Figure 1

It can also be noted that the signal of proton H( 2) is shielded in [Cu(Bphen)(PP)]BF 4 when compared to the corresponding signal in Bphen as a result of the ring current effect of the phenyl groups of the PP ligand on this particular proton. The shielding ranges from 0.4 to 0.9 ppm, the most important one being observed with dppb. Actually, since the bite angles are different for each of the chelating PP ligands, the relative orientation of the phenyl groups is not the same in the various complexes and thus the effect on the chemical shift of H( 2) is specific for each PP ligand. Importantly, the NMR spectra indicate also that there is no significant ligand exchange in solution leading to the formation of the corresponding homoleptic species. Finally, the structure of all the complexes was confirmed by FAB mass spectrometry. For all the compounds, the mass spectrum displays a singly charged ion peak assigned to [Cu(NN)(PP)] + . Other minor peaks corresponding to [Cu(NN)] + and [Cu(PP)] + are also systematically observed in the mass spectra.

X-ray quality crystals of [Cu(phen)(dppb)]BF 4 were obtained by vapor diffusion of Et 2 O into a CH 2 Cl 2 solution of the complex. As shown in Figure 2, the copper atom is in a highly distorted tetrahedral environment in which both the phenanthroline and the dppb are chelating ligands.

The distortion mainly arises from the restricted chelate bite angles of both ligands (P(1)-Cu(1)-P(2): 88.11 (3) and N(1)-Cu(1)-N(2): 81.9(1)°). The angle between the planes P(1)-Cu(1)-P( 2) and (N1)-Cu( 1)-(N2) is 85.62 (7)° and the bridging phenyl ring of dppb is tilted by ca. 31.6° with respect to the P(1)-Cu(1)-P(2) plane.

Figure 2

Inspection of the crystal packing reveals a dimeric arrangement of the [Cu(phen)(dppb)] + cations in which the phenanthroline ligands partially overlay one another, the average distance between the mean planes of the two phenanthroline ligands being ca. 3.5 Å. (Figure 2). A similar arrangement has been already reported for the X-ray crystal structures of [Cu(phen)(POP)]BF 4 3 and [Cu(phen)(dppFc)]BF 4 . 10 In all the cases, the components of the pair are related to one another through a center of inversion that is located between the planes of the phenanthroline rings. As shown in Figure 2, two notable C-H/π intermolecular interactions are also observed between neighbouring [Cu(phen)(dppb)] + cations. These interactions involve one hydrogen atom of the phenanthroline unit and a phenyl group of the dppb ligand belonging to the neighbouring cations. These phenanthroline hydrogen atoms are located at 2.8 Å from the center of their neighbouring phenyl ring.

In the particular case of dppm, the reaction with an equimolar amount of Cu(CH 3 CN) 4 BF 4 and phen in CH 2 Cl 2 /CH 3 CN gave the dinuclear complex [Cu 2 (phen) 2 (µ-dppm) 2 ](BF 4 ) 2 (Scheme 2).

Similarly, [Cu 2 (Bphen) 2 (µ-dppm) 2 ](BF 4 ) 2 was obtained when the reaction was performed with Bphen. Indeed, dppm can chelate metals but the four-membered ring in such complexes is strained and the ligand has a greater tendency to act either as a monodentate ligand or as a bridging bidentate ligand. 17 Whereas a few examples of Cu(I) complexes in which dppm is a chelate ligand have been reported, 11 dinuclear Cu(I) complexes with two bridging dppm ligands are by far more common. 18,19 It is also interesting to note that the chelating tendency of the Ph 2 P(CH 2 ) n PPh 2 ligands observed for n = 2 and 3 in the particular case of these Cu(I) complexes decreases when the chain length further increases. Effectively, dinuclear complexes have been reported for 1,4-bis(diphenylphosphino)butane (n = 4). 5 Scheme 2

The dinuclear complexes were characterized by NMR spectroscopy, mass spectrometry and elemental analysis. The 1 H and 31 P NMR spectra of [Cu 2 (Bphen) 2 (µ-dppm) 2 ](BF 4 ) 2 recorded in CD 2 Cl 2 at room temperature are depicted in Figure 3. In addition to the signals corresponding to phenyl groups of the dppm moieties, the 1 H NMR spectrum of [Cu 2 (Bphen) 2 (µ-dppm) 2 ](BF 4 ) 2 is characterized by four sets of signals in a typical pattern for a 4,7-diphenyl-1,10-phenanthroline and a broad singlet at δ = 3.88 ppm for the dppm ligands. The 31 P NMR of this compound gave a broad singlet signal at room temperature (δ = -6.62 ppm, Δν 1/2 = 216 Hz). Cooling the sample to 200 K did not give rise to additional peaks and no couplings were observed (e.g. 2 J P-C-P or 2 J P-Cu- P ) at all temperatures. This shows that the four P atoms are chemically and magnetically equivalent, thus it can be deduced that the compound remains intact in solution.

Figure 3 For [Cu 2 (Bphen) interactions involve two phenyl rings within both of the dppm ligands. The average distance between the mean planes of the aromatic rings is ca. 3.6 Å in both cases. In addition, two intramolecular face-to-face π-π interactions are also observed between both phenanthroline ligands and a phenyl unit of one of their neighboring PPh 2 moieties. The establishment of these interactions is at the origin of the particularly large P-Cu-P angles. As a result, the metallacycle adopts a peculiar folded conformation and both phenanthrolines are not anymore in a relative face-to-face orientation as typically observed in the X-ray crystal structures of related compounds. 19 Figure 4 -Table 1 2,9-Disubstituted-1,10-phenanthroline derivatives (dmp, dpep and dpp). The reaction of dmp, dpep and dpp with the PP ligands and Cu(CH 3 CN) 4 BF 4 was systematically investigated.

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 dmp, dpep or dpp (1 equiv.) was added. After 1 h, the solvents were evaporated. The products were analyzed as received by 1 2 and typical 1 H NMR spectra are depicted in Figure 5.

Figure 5 Whereas the heteroleptic [Cu(NN)(PP)] + complexes were the only reaction products whatever the PP ligand when starting from 2,9-unsubstituted-1,10-phenanthrolines, the situation became completely different when 2,9-substituted-1,10-phenanthroline derivatives were used as starting material. Effectively, when using dmp and dpep as reagents, a mixture of [Cu(NN)(PP)]BF 4 , [Cu(NN) 2 ]BF 4 and [Cu(PP) 2 ]BF 4 , was always obtained and their relative proportion found to be highly dependent on the bis-phosphine ligand (Table 2). In contrast, homoleptic complexes were obtained as the only detectable products when dpp was used as NN ligand. Obviously, steric effects resulting from the presence of the bulky phenyl rings on the dpp ligand destabilize the heteroleptic [Cu(dpp)(PP)] + complexes. In addition to the remarkable thermodynamic stability of [Cu(dpp) 2 ]BF 4 , 20 this negative steric effect drives the dynamic complexation scenario towards the formation of homoleptic complexes almost exclusively. dppFc and POP. [Cu(dmp) 3,4 [Cu(dpep) Their X-ray crystal structures are depicted in Figure 6. Selected bond lengths and angles are summarized in Table 3.

(dppFc)]BF 4 , 10 [Cu(dmp)(POP)]BF 4 ,
Figure 6 -Table 3 The structures of the [Cu(dmp)(dppe)] + and [Cu(dmp)(dppp)] + cations are similar to the one described for the X-ray crystal structures of the corresponding PF 6 -salts. 5 Whereas no particular differences in bond lengths are observed for [Cu(dmp) These observations explain well the observed destabilization of heteroleptic complexes prepared from 2,9-disubstituted-1,10-phenanthroline ligands (vide infra).

Whereas all the dmp containing heteroleptic complexes obtained in a pure form by recrystallization were perfectly stable in the solid state, it is important to highlight that equilibration between the homoleptic and heteroleptic complexes was observed as soon as the crystals are dissolved (even in a non-coordinating solvent such as CH 2 Cl 2 ). Indeed, the heteroleptic/homoleptic ratio deduced from the 1 H NMR spectrum is exactly the same as the one observed in the crude mixture (Table 2). These observations show that ligand exchange reactions are taking place in solution for all these compounds. In other words, there is a dynamic equilibrium between the heteroleptic complexes and the corresponding homoleptic species in solution (Figure 7). Indeed all the species present in the solutions were clearly identified by 1 H and 31 P NMR spectroscopy as well as by FAB mass spectrometry.

The typical resonances of both [Cu(dmp) It is well known that thermodynamically stable copper(I) complexes are also kinetically labile and fast ligand exchange is often observed in solution at ambient temperature. 23 This is also clearly observed for the Cu(I) complexes prepared from bis-phosphines and phenanthroline ligands. In this particular case, whatever the ratio of homoleptic and heteroleptic complexes in solution, all ligands and metal binding sites are utilized to generate coordinatively saturated complexes. Therefore the equilibrium between the different complexes must be mainly governed by the relative thermodynamic stability of the different possible complexes. 24 On the one hand, homoleptic [Cu(NN) 2 ] + complexes prepared from 2,9-disustituted-1,10-phenanthroline ligands are particularly stable (log β = 10-12), 20 they have thus a priori tendency to drive the equilibrium towards the formation of the homoleptic complexes. In contrast, this is not the case for the Cu(I) complexes obtained from 2,9-unsubstituted-1,10-phenanthrolines. The corresponding [Cu(NN) 2 ] + complexes are actually less stable and therefore unable to significantly compete with the formation of [Cu(NN)(PP)] + . On the other hand, subtle steric effects may also contribute to stabilize/destabilize both [Cu(PP) 2 ] + and [Cu(NN)(PP)] + derivatives. Actually, the differences in behavior observed for the various bis-phosphine ligands may be explained by the differences in bite angles for the different chelating P-ligands. When this angle is small enough (dppe, dppp and dppb), the Cu(I) center can easily accommodate two ligands to form a stable homoleptic complex. 11,22 In contrast, steric factors resulting from the wider P-Cu-P angle for the other bisphosphines (dppFc and POP) may substantially destabilize the [Cu(PP) 2 ] + derivative. This is clearly seen in the case of [Cu(POP) 2 ] + for which a X-ray crystal structure could be obtained (Figure 10). 25 The Cu(I) cation is effectively too small to accommodate two POP ligands in a tetrahedral coordination geometry. Only one POP ligand is chelating the metal while the other one is acting as a monodentate ligand. As a result the Cu(I) cation is in a distorted trigonal coordination geometry.

Figure 10 The homoleptic Cu(I) complex prepared from dppFc has been characterized in solution by Long and co-workers but no X-ray crystal structure has been published for this compound. 26 We decided to prepare this compound from dppFc and Cu(CH 3 CN) 4 BF 4 . As reported by Long and co-workers, the resulting complex displays broadened 1 H and 31 P NMR features at room temperature suggesting dissociative processes in solution. Crystals were obtained by slow diffusion of Et 2 O into a CH 2 Cl 2 solution of the crude mixture of complexes. Surprisingly, their X-ray crystal structure analysis revealed the formation of a dinuclear Cu(I) complex (Figure 10).

Each metal center is chelated by a dppFc ligand and the two [Cu(dppFc)] + subunits are connected by an additional bridging dppFc ligand. 1 H and 31 P NMR spectra recorded upon dissolution of the recrystallized sample are different when compared to the crude mixture. This is consistent with a different ligand to metal ratio in solution. However, as in the case of the crude mixture, the NMR data suggest the presence of several species in solution. Being out of the scope of the present investigation, this system was not further investigated.

The X-ray crystal structure analysis of the homoleptic Cu(I) complexes prepared from dppFc and POP revealed that the Cu(I) cation is too small to accommodate two ligands in a distorted tetrahedral coordination geometry. Indeed, the large P-Cu-P angle prevents the formation of a tetra-coordinated complex in both cases. As mentioned above, these homoleptic complexes are thus destabilized and this effect contributes to favor the formation of the [Cu(NN)(PP)] + derivatives.

Finally, the difference in bite angle for the various chelating P-ligands may also affect the stability of [Cu(NN)(PP)] + . Indeed, when the phenanthroline ligand is substituted in its 2 and 9

positions, negative steric effects may contribute to destabilize the heteroleptic complex. This view is indeed supported by the X-ray crystal structures of [Cu(dmp) Most of the copper(I) complexes described in the present paper show interesting electronic properties, these have been already investigated in details. These results will be described in a second paper.

EXPERIMENTAL SECTION

General procedures. Reagents were purchased as reagent grade and used without further purification. Compounds dpep, 15 dpp, 14 [Cu(phen)(dppFc)]BF 4 . This compound was thus obtained in 75% yield as an orange crystalline solid. The analytical data were identical to those described in the literature. 10 [Cu(phen)(POP)]BF 4 . This compound was thus obtained in 95 % yield as a yellow crystalline solid. The analytical data were identical to those described in the literature. 3,4 [Cu 2 (phen) 2 (µ-dppm) 2 ](BF 4 ) 2 . This compound was thus obtained in 87% yield as a yellow crystalline solid. 2, 132.9, 132.7, 132.4, 131.1, 130.4, 130.3, 129.9, 129.92, 129.8, 129.81, 128.3, 126.0, 125.8 [Cu(Bphen)(POP)]BF 4 . This compound was thus obtained in 92% yield as a yellow crystalline solid. The analytical data were identical to those described in the literature. 26 [Cu 2 (Bphen) 2 (µ-dppm) 2 ](BF 4 ) 2 . This compound was thus obtained in 48% yield as a yellow crystalline solid. 137.3, 133.7, 133.3, 130.5, 130.4, 129.9, 129.7, 129.1, 127.5, 126.2, 124.9, 66.5, 27.3, 15.9 ]BF 4 in a 7:3:3 ratio. 11 The presence of confirmed by its 31 P NMR resonance observed at δ = 8.42 ppm, the additional peak observed in the 31 P NMR spectrum at δ = -4.64 ppm is assigned to [Cu(dmp)(dppb)]BF 4 .

[Cu(dmp)(dppFc)]BF 4 . This compound was thus obtained in 90% yield as a yellow crystalline solid. The analytical data were identical to those described in the literature. 10 [Cu(dmp)(POP)]BF 4 . This compound was thus obtained in 70% yield as a yellow crystalline solid. The analytical data were identical to those described in the literature. 3,4,10 [Cu(dpep)(dppFc)]BF 4 . This compound was thus obtained in 71% yield as a yellow crystalline solid. The analytical data were identical to those described in the literature. 10 [Cu(dpep)(POP)]BF 4 . This compound was thus obtained in 86% yield as a yellow crystalline solid. The analytical data were identical to those described in the literature. 6, 125.0, 129.0, 130.5, 131.5, 132.4, 134.1, 134.7, 158.5 (PP = dppe and dppp, see Figure 6 for the numbering).

Selected 

  (dppe)]BF 4 and [Cu(dmp)(dppp)]BF 4 in which the methyl groups of the dmp ligand are close to the phenyl units of the PPh 2 moieties. In the case of dppb, the P-Cu-P angle is in the same range and similar steric effects are expected. These observations explain also well the further destabilization observed for the corresponding heteroleptic complexes prepared from dpep. Steric hindrance may also limit the stability of the dinuclear Cu(I) complexes obtained from dppm and 2,9-disubstituted-1,10phenanthrolines. For all these P-ligands, steric effects are involved in the destabilization of the heteroleptic complexes and thus contribute, at least in part, to displace the dynamic mixture towards the homoleptic species. In contrast, for dppFc and POP, the P-Cu-P angle is wider (113-118°) and the wrapping of the phenanthroline ligand is more effective in [Cu(NN)(PP)] + . As a result, the orientation of the phenyl groups of the two PPh 2 subunits is different and negative steric effects are limited. In addition to the destabilization of the homoleptic Cu(I) complexes of dppFc and POP (vide supra), this limited steric hindrance drive the system towards the almost exclusive formation of the heteroleptic complexes.CONCLUSIONSThe systematic investigations done with the libraries of phenanthroline derivatives and bisphosphine ligands shown in Chart 1 revealed several important trends: (i) whatever the bisphosphine ligand, stable heteroleptic complexes are obtained from 1,10-phenanthroline; (ii) 4,7substituents on the phenanthroline ligand (Bphen) have no negative influence on the formation of the heteroleptic complexes; (iii) heteroleptic complexes obtained from dmp are stable in the solid state but a dynamic ligand exchange reaction is systematically observed in solution and the homoleptic/heteroleptic ratio is highly dependent on the bis-phosphine ligand; (iv) by increasing the size of the 2,9-substituents, e.g. when going from dmp to dpep, the heteroleptic complexes are further destabilized and the homoleptic complexes are favored except in the cases of dppFc and POP for which the heteroleptic complexes are still almost exclusively obtained, (v) by further increasing the size of the 2,9-substituents, e.g. when going from dpep to dpp, only homoleptic complexes were obtained whatever the bis-phosphine ligand as a result of steric hindrance, (vi) the difference in behavior of the various bis-phosphine ligands has been explained by their different chelate bite angles influencing the stability of both [Cu(NN)(PP)] + and [Cu(PP) 2 ] + , the remarkable stability of the dppFc and POP containing heteroleptic derivatives results from a substantial destabilization of both [Cu(dppFc) 2 ] + and [Cu(POP) 2 ] + species as well as from a favorable orientation of the aromatic groups of the PPh 2 moieties limiting steric hindrance effects when the phenanthroline ligand is substituted in its 2 and 9 positions.Detailed analysis revealed that the dynamic equilibrium resulting from ligand exchange reactions is mainly influenced by the relative thermodynamic stability of the different possible complexes.The exceptionally high thermodynamic stability of the homoleptic [Cu(NN) 2 ] + complexes tends to drive the equilibrium towards the formation of the homoleptic complexes, this is particularly the case when steric hindrance effects destabilize the [Cu(NN)(PP)] + derivatives prepared from 2,9-disubstituted-1,10-phenanthroline ligands. This effect is however in part counter-balanced by a substantial destabilization of the [Cu(PP) 2 ] + derivatives in the case of POP and dppFc. With these particular chelating P-ligands, stable [Cu(NN)(PP)] + derivatives are obtained even from 1,10-phenanthroline ligands bearing substituents of a reasonable size at 2,9-positions.

Scheme 1 .Scheme 2 .
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  2 (µ-dppm) 2 ](BF 4 ) 2 , crystals suitable for X-ray crystal-structure analysis were obtained by slow diffusion of Et 2 O into a CH 2 Cl 2 solution of the complex. Two views of the

	[Cu 2 (Bphen) 2 (µ-dppm) 2 ] 2+ dication are shown in Figure 4. Selected bond lengths and angles are
	summarized in Table 1. The two dppm moieties are bridging two [Cu(Bphen)] + cations thus
	forming an eight-membered Cu 2 P 4 C 2 metallacycle. With a Cu(1)-Cu(2) distance of 4.4640(4) Å,
	there are no Cu-Cu interactions in [Cu 2 (Bphen) 2 (µ-dppm) 2 ] 2+ . Notable intramolecular π-π

  H NMR. The relative proportion of the different possible complexes, i.e. [Cu(NN)(PP)]BF 4 , [Cu(NN) 2 ]BF 4 and [Cu(PP) 2 ]BF 4 , was deduced from the comparison with the 1 H NMR spectrum of the corresponding [Cu(NN) 2 ]BF 4 derivative recorded in the same solvent. The results are summarized in Table

  However, traces of[Cu(dmp) 2 ]BF4 21 or[Cu(dpep) 2 ]BF 4 15 were always detected in the 1 H NMR, thus showing that ligand exchange reactions take place to a minor extent for the heteroleptic complexes prepared from 2,9disubstituted-1,10-phenanthroline and dppFc or POP. dppm, dppe, dppp, dppb. Some of the heteroleptic complexes were obtained pure as crystalline solids by vapor diffusion of Et 2 O into a CH 2 Cl 2 solution of the corresponding reaction mixture. This was the case for [Cu 2 (dmp) 2 (µ-dppm) 2 ](BF 4 ) 2 , [Cu(dmp)(dppe)]BF 4 , [Cu(dmp)(dppp)]BF 4

(dppFc)

]BF

4 10 

and

[Cu(dpep)

(POP)]BF 4 8 were obtained pure by vapor diffusion of Et 2 O into a CH 2 Cl 2 solution of the corresponding reaction mixture. The four compounds have been already reported in the literature and X-ray crystal structures of three of them are known. Values of 113.18, 116.44 and 117.98° have been reported for the P-Cu-P bond angles of [Cu(dmp)(dppFc)]BF 4 , 10 [Cu(dmp)(POP)]BF 4 , 3,4 and [Cu(dpep)(POP)]BF 4 , 8 respectively. 1 H and 31 P NMR analysis of the recrystallized samples recorded in CD 2 Cl 2 revealed that the heteroleptic complex was the largely major species present in solution (> 99%). and [Cu(dmp)(dppb)]BF 4 . All attempts to obtain the other heteroleptic complexes in a pure form by recrystallization of the crude product mixture failed. Indeed, slow diffusion of Et 2 O into a CH 2 Cl 2 solution of the mixture of complexes yielded either only orange-red crystals of [Cu(NN) 2 ]BF 4 or a mixture of orange-red and yellow crystals corresponding to [Cu(NN) 2 ]BF 4 and [Cu(NN)(PP)]BF 4 , respectively. X-ray quality crystals were obtained for both [Cu(dmp)(dppe)]BF 4 and [Cu(dmp)(dppp)]BF 4 .

  they are sterically close to the methyl groups which is located in between two phenyl groups. The closest C-H (Me) to phenyl distances ranges from 2.54 to 2.85 Å for [Cu(dmp)(dppe)]BF 4 . Values ranging from 2.85 to 3.30 Å are seen for [Cu(dmp)(dppp)]BF 4 .

(dppe)]BF 4 and [Cu(dmp)(dppp)]BF 4 , the bond angles around the Cu(I) cation are significantly different as a result of the P-Cu-P angles imposed by the different number of methylene units between the two P atoms in both complexes.

It can be noted that the PPh 2 groups do not significantly interact with the dmp ligand, however in both cases,

  (PP)] + and [Cu(dmp) 2 ] + derivatives were clearly recognized in the 1 H NMR spectra of the dynamic mixtures, but typical resonances of For all the systems, the diagnostic signals of both homoleptic and heteroleptic complexes were clearly observed at room temperature (Figure8) except in the case of dppe. Actually, the 31 P NMR signal of [Cu(dppe) 2 ]BF 4 is particularly broad at room temperature22 preventing its observation under these conditions. As reported in the literature, lowering the temperature led to a significant decrease of Δν 1/2 and the characteristic signal observed at δ = +7.8 ppm confirmed the presence of [Cu(dppe) 2 ]BF 4 in solution.It can also be noted that the 31 P NMR resonance of[Cu(dppp) 

	Figures 8 and 9
	[Cu(PP) 2 ]BF 4 were not always easily distinguishable (Figure 8). The presence of the homoleptic
	complex [Cu(PP) 2 ]BF 4 was however unambiguously demonstrated by 31 P NMR spectroscopy

(Figure

9

).
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[Cu(dppe) 

2 ]BF 4 ,

22 

[Cu(dppp) 

2 ]BF 4 22 and [Cu(dppb) 2 ]BF 4 11 are all known compounds and their 31 P NMR spectra are described in the literature. 2 ]BF 4 is not well resolved and appears complicated at room temperature. Detailed variable temperature NMR studies have been reported for this compound 22 and the complicated 31 P NMR pattern of [Cu(dppp) 2 ](BF 4 ) explained by a slow conformational exchange (ring inversion) on the NMR timescale. Indeed, at low temperature the phosphorus atoms of [Cu(dppp) 2 ]BF 4 are non-equivalent as a result of a frozen chair conformation of the CuP2C3 six-membered rings.

  Cu(phen)(dppp)]BF 4 . This compound was thus obtained in 62 % yield as a yellow crystalline solid. 1 H-NMR (CD 2 Cl 2 , 300 MHz, 293 K): 8.77 (d, J = 4 Hz, 2H), 8.60 (d, J = 8 Hz, 2H), 8.12 (s, 2H), 7.83 (dd, J = 8 Hz, J = 4Hz, 2H),7.36 (m, 4H), 7.24 (m, 16H), 2.71 (m, 4H), 2.34 (m, 2H).

	silica gel 60 (230-400 mesh, 0.040-0.063 mm) was purchased from E. Merck. Thin Layer
	Chromatography (TLC) was performed on aluminum sheets coated with silica gel 60 F 254
	purchased from E. Merck. NMR spectra were recorded on a Bruker AC 300 or AC 400 with
	solvent peaks as reference. Elemental analyses were carried out on a Perkin-Elmer 2400 B 31 P{ 1 H}-NMR (CD 2 Cl 2 , 293 K, 162 MHz): -13.39. 13 C{ 1 H}-NMR (CD 2 Cl 2 , 298 K, 75 MHz):
	analyzer at the LCC Microanalytical Laboratory in Toulouse. Mass spectra were obtained at the 150.8, 144.4, 138.3, 134.2 (t, J P-C = 16 Hz, 4C), 132.7 (t, J P-C = 8 Hz), 130.9, 130.6, 129.7 (t, J P-C
	Service Commun de Spectrométrie de Masse de l'Université Paul Sabatier et du CNRS de = 5 Hz), 128.2, 125.8, 29.5 (t, J P-C = 8 Hz), 20.6 (t, J P-C = 4 Hz). Anal. Calcd for
	Toulouse. Fast atom bombardment (FAB) spectra were performed on a Nermag R 10-10H C 39 H 34 N 2 P 2 CuBF 4 .CH 2 Cl 2 : C, 58.03; H, 4.38; N, 3.38. Found: C, 57.94; H, 4.75; N, 3.11. FAB-
	spectrometer. A 9 kV xenon atom beam was used to desorb samples from the 3-nitrobenzyl MS: 655 ( [M -BF 4 ] + , calcd for C 39 H 34 N 2 P 2 Cu : 655.15).
	alcohol matrix.
	17 (s,
	2H), 7.90 (dd, J = 8 Hz, J = 4Hz, 2H), 7.39 (m, 20H), 2.76 (t, J = 6 Hz, 4H). 31 P{ 1 H}-NMR
	(CD 2 Cl 2 , 293 K, 162 MHz): -4.80. 13 C { 1 H}-NMR (CD 2 Cl 2 , 298 K, 75 MHz): 150.9, 144.7,
	[Cu(dpep) 2 ]BF 4 138.6, 133.1, 132.9 (t, J P-C = 8 Hz), 132.8, 132.6, 131.4, 130.7, 130.1 (t, J P-C = 4 Hz), 128.2, 15 and [Cu(dmp) 2 ]BF 4 21 were prepared
	according to previously reported procedures. Acetonitrile (CH 3 CN) was distilled over CaH 2 125.9, 26.4 (t, J P-C = 19 Hz). Anal. Calcd for C 38 H 32 N 2 P 2 CuBF 4 : C, 62.61; H, 4.42; N, 3.84.
	under Ar. Dichloromethane (CH 2 Cl 2 ) was distilled over CaH 2 under Ar. All reactions were Found: C, 62.72; H, 4.56; N, 3.80. FAB-MS: 641.0 ([M -BF 4 ] + , calcd for C 38 H 32 N 2 P 2 Cu :
	641.13).

performed in standard glassware under an inert Ar atmosphere. Evaporation and concentration were done at water aspirator pressure and drying in vacuo at 10 -2 Torr. Column chromatography: General procedure for the preparation of [Cu(phen)(PP)]BF 4 and [Cu(Bphen)(PP)]BF 4 . A solution of the appropriate bis-phosphine ligand (1 equiv.) and Cu(CH 3 CN) 4 BF 4 (1 equiv.) in a 7:3 CH 2 Cl 2 /CH 3 CN mixture was stirred for 0.5 h, then phen or Bphen(1 equiv.) was added. After 1 h, the solvents were evaporated. The heteroleptic complexes were then obtained pure as crystalline solids by slow diffusion of Et 2 O into a CH 2 Cl 2 solution of the crude product. [Cu(phen)(dppe)]BF 4 . This compound was thus obtained in 86 % yield as a yellow crystalline solid. 1 H-NMR (CD 2 Cl 2 , 300 MHz, 293 K): 8.76 (d, J = 4 Hz, 2H), 8.67 (d, J = 8 Hz, 2H), 8.[[Cu(phen)(dppb)]BF 4 . This compound was thus obtained in 93 % yield as a yellow crystalline solid. 1 H-NMR (CD 2 Cl 2 , 300 MHz, 293 K): 8.59 (d, J = 8 Hz, 2H), 8.35 (d, J = 4 Hz, 2H), 8.09(s, 2H), 7.79 (dd, J = 8 Hz, J = 5Hz, 2H), 7.66 (m, 4H), 7.44 (m, 4H), 7.35 (m, 8H), 7.25(m, 8H).

31 P{ 1 H}-NMR (CD 2 Cl 2 , 293 K, 162 MHz): -2.94.

13 

C{ 1 H}-NMR (CD 2 Cl 2 , 298 K, 75 MHz): 150.

7, 144.6, 142.0, 138.5, 135.7 

(t, J P-C = 4 Hz), 133.5 (t, J P-C = 8 Hz), 133.

1, 132.9, 132.6, 132.3, 131.1, 130.5, 129.9 

(t, J P-C = 5 Hz), 128.1, 125.8. Anal. Calcd for C 42 H 32 N 2 P 2 CuBF 4 :

C, 59.92; H, 3.97; N, 3.25. Found: C, 60.01; H, 3.99; N, 3.01. FAB-MS: 689 ([M -BF 4 

] + , calcd for C 42 H 32 N 2 P 2 Cu : 689.13).

  Hz, 162 MHz): -2.71.13 C{ 1 H}-NMR (CD 2 Cl 2 , 298 K, 75 MHz): 151.1, 150.2, 145.2 (t, J P-C = 2 Hz), 142.1 (t, J P-C = 35 Hz), 136.9, 135.7 (t, J P-C = 4 Hz), 133.5 (t, J P-C = 8 Hz), 133.

1 

H-NMR (CD 2 Cl 2 , 300 MHz, 293 K): 8.68

(d, J = 4Hz, 4H), 8.24 (d, J = 8 

  . Anal. Calcd for C 98 H 76 N 4 P 4 Cu 2 B 2 F 8 .CH 2 Cl 2: C, 65.36; H, 4.32; N, 3.08. Found: C, 65.20; H, 4.01; N, 3.25. FAB-MS: 1647 ([M -BF 4 ] + , 10%, calcd for C 98 H 76 N 4 P 4 Cu 2 BF 4 : 1646.37), 780 ([M -(BF 4 ) 2 ] 2+ , 100%, calcd for C 98 H 76 N 4 P 4 Cu 2 : 780.18). Cl 2 /CH 3 CN mixture was stirred for 0.5 h, then dmp or dpep (1 equiv.) was added. After1 h, the solvents were evaporated. The products were analyzed as received by 1 H NMR. The relative proportion of the different possible complexes, i.e. [Cu(NN)(PP)]BF 4 , [Cu(NN) 2 ]BF 4 and [Cu(NN) 2 ]BF 4 , was deduced from the comparison with the 1 H NMR spectrum of the corresponding [Cu(NN) 2 ]BF 4 derivative recorded in the same solvent. Some of the heteroleptic complexes were obtained pure as crystalline solids by vapor diffusion of Et 2 O into a CH 2 Cl 2 solution of the corresponding reaction mixture. This was the case for [Cu 2 (dmp) BF 4 . All attempts to obtain the other heteroleptic complexes in a pure form by recrystallization of the crude product mixture failed. Indeed, slow diffusion of Et 2 O into a CH 2 Cl 2 solution of the mixture of complexes yielded either only orange-red crystals of [Cu(NN) 2 ]BF 4 or a mixture of orange-red and yellow crystals corresponding to [Cu(NN) 2 ]BF 4

	General procedure for the preparation of [Cu(dmp)(PP)]BF 4 and [Cu(dpep)(PP)]BF 4 . A
	solution of the appropriate bis-phosphine ligand (1 equiv.) and Cu(CH 3 CN) 4 BF 4 (1 equiv.) in a
	7:3 CH 2 and [Cu(NN)(PP)]BF 4 , respectively.
	[Cu 2 (dmp) 2 (µ-dppm) 2 ](BF 4 ) 2 . This compound was thus obtained in 52% yield as a yellow
	crystalline solid. As soon as dissolved in CH 2 Cl 2 , ligand exchange took place and analysis of the
	1 H NMR spectrum revealed the presence of different species in solution: [Cu 2 (dmp) 2 (µ-
	dppm) 2 ](BF 4 ) 2 , [Cu(dmp) 2 ]BF 4	21 and [Cu(dppm) 2

2 (µdppm) 2 ](BF 4 ) 2 , [Cu(dmp)(dppe)]BF 4 , [Cu(dmp)(dppp)]BF 4 , [Cu(dmp)(dppb)]BF 4 , [Cu(dmp)(dppFc)]BF 4 , [Cu(dmp)(POP)]BF 4 , [Cu(dpep)(dppFc)]BF 4 , and [Cu(dpep)(POP)]

Table 1 .

 1 MHz): -9.33. Anal. Calcd for C 68 H 56 P 4 Fe 2 CuBF 4 •0.5CH 2 Cl 2: C, 63.21; H, 4.41. Found: C, 63.54; H, 3.99. As described in the literature for the corresponding PF 6 salt,26 the broad signals of the 1 H-NMR spectra suggest a dynamic equilibrium between different species. This was confirmed by variable temperature 1 H and 31 P NMR studies in the case of the PF 6 salt.26 Recrystallization by slow diffusion of n-Hexane into a CH 2 Cl 2 solution of the crude product yielded dark orange crystals (65 mg). X-ray crystal structure analysis revealed the crystallization of[Cu 2 (dppFc)(dppFc) 2 ](BF 4 ) 2 . The 1 H and 31 P NMR spectra recorded upon dissolution of these crystals in CD 2 Cl 2 were complex and consistent with the presence of different species in solution. This compound was not further investigated. Cu 2 (Bphen) 2 (µ-dppm) 2 ](BF 4 ) 2 .CH 2 Cl 2 . Crystals suitable for X-ray crystal-structure analysis were obtained by slow diffusion of Et 2 O into a CH 2 Cl 2 solution of [Cu 2 (Bphen) 2 (µ-The non-hydrogen atoms (excepting the BF 4 -anion) were refined anisotropically. Constraints were applied on the phenyl groups. The H-atoms were refined as riding atoms constraints. The crystallographic data are reported in Table S1. (E) [Cu(POP) 2 ]BF 4 . Crystals suitable for X-ray crystal-structure analysis were obtained by slow diffusion of n-Hexane into a CH 2 Cl 2 solution of [Cu(POP) 2 ]BF 4 . Data were collected at 180 K on a Bruker APEX-II CCD diffractometer (Mo-Kα radiation, λ = 0.71073 Å). The structure was solved by direct methods (SIR92) and refined against F using the CRYSTALS software. The non-hydrogen atoms were refined anisotropically. Thermal constraints were applied on the phenyl groups and the BF 4 -anion. The H-atoms were refined as riding atoms constraints. The crystallographic data are reported in Table S1. (F) [Cu 2 (µ-dppFc)(dppFc) 2 ](BF 4 ) 2 .(CH 2 Cl 2 )(H 2 O) 2 . Crystals suitable for X-ray crystal-structure analysis were obtained by slow diffusion of n-Hexane into a CH 2 Cl 2 solution of dppFc (2 equiv.) [Cu(dmp)(dppe)]BF 4 .Et 2 O, [Cu(dmp)(dppp)]BF 4 , [Cu(POP) 2 ]BF 4 and [Cu 2 (µ-dppFc)(dppFc) 2 ](BF 4 ) 2 .(CH 2 Cl 2 )(H 2 O) 2 . This material is available free of charge via the Internet at http://pubs.acs.org. Final atomic positional coordinates, with estimated standart deviations, bond lengths and angles have been deposited at the Cambridge Crystallographic Data Centre and Bond distances (Å) and bond angles (°) within the coordination sphere of [Cu 2 (Bphen) 2 (µ-dppm) 2 ](BF 4 ) 2 .CH 2 Cl 2 (see Figure 4 for the numbering).

	. Anal. Calcd for

180 K on a Stoe IPDS diffractometer (Mo-Kα radiation, λ = 0.71073 Å). The structure was solved by direct methods (SIR92) and refined against F using the CRYSTALS software. ASSOCIATED CONTENT Supporting Information. Crystallographic and structure refinement data. Crystallographic (CIF) files for [Cu(phen)(dppb)]BF 4 , [Cu 2 (Bphen) 2 (µ-dppm) 2 ](BF 4 ) 2 ,

Table 2 .

 2 Proportion of heteroleptic complex obtained upon reaction of the various PP ligands with Cu(CH 3 CN) 4 BF 4 and dmp, dpep or dpp as deduced from the integration of the 1 NMR spectra of the crude product mixture.

		dmp	dpep	dpp
	dppm	30%	10%	traces
	dppe	80%	15%	traces
	dppp	80%	10%	traces
	dppb	65%	5%	traces
	dppFc	> 99%	> 99%	traces
	POP	> 99.5%	> 99.5%	traces

Table 3 .

 3 Bond distances and bond angles within the coordination sphere of [Cu(dmp)(PP)]BF 4
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SYNOPSIS

Whatever the bis-phosphine ligand, stable heteroleptic [Cu(NN)(PP)] + complexes are obtained from the 2,9-unsubstitued-1,10-phenanthroline ligands. By contrast, heteroleptic complexes obtained from 2,9-substitued-1,10-phenanthroline are generally stable in the solid state but a dynamic ligand exchange reaction is systematically observed in solution and the homoleptic/heteroleptic ratio is highly dependent on both the nature of the bis-phosphine ligand and the size of the substituents at the 2,9-positions of the 1,10-phenanthroline ligand.