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Phosphasalen ligands can be viewed as the phosphorous analogues of salen, in which the imine functions were replaced by iminophosphoranes (P=N). Their divergent stereo-electronic properties compared to salen, i. e., larger electron-donation, higher flexibility, and larger steric hindrance due to the presence of two substituents on the tetrahedral phosphorus atoms, were exploited in coordination chemistry and catalysis. They were proved to be able to stabilize metals in unusual oxidation states; square planar copper(III) and nickel(III) complexes were isolated. Because of the redox noninnocent character of these ligands, the electronic structure of the one-electron oxidized complexes was studied in depth to determine the metallic vs ligand contribution in the overall delocalization. In addition, the catalytic activity of different phosphasalen complexes was proved in ring opening polymerization of lactide, and rare-earth phosphasalen complexes were shown to be powerful, rapid, controlled, and stereoselective initiators. Importantly, the stereochemical outcome of the reaction can be tuned by changing the ligand structure or the metal. In particular, efficient iso-selective initiators were developed.

Introduction

N,N-bis(salicylidine)ethylenediamines, generally called in short "salen", are a family of very successful ligands in coordination chemistry. [START_REF] Bellemin-Laponnaz | Coordination Chemistry and Applications of Salen, Salan and Salalen Metal Complexes[END_REF] Their applications encompass catalysis, [2] bioinorganic chemistry, [3] as well as material science. [3b, 4] Their popularity stems from their easy synthesis allowing facile structural variations and their ability to coordinate a wide range of metals in various oxidation states. However, among all the skeleton variations proposed, only few concern the introduction of a heteroatom in place of the carbon in the imine function, with the exception of some azo derivatives. [5] The introduction of phosphorus gave phosphasalen ligands, as we termed them, in which the imine groups have been substituted by iminophosphorane (P=N) functions (see Figure 1). First complexes of this family were reported in 2011. The group of P. Diaconescu described the coordination of a phosphasalen type ligand incorporating a ferrocene unit (labeled as Psalfen thereafter), to cerium and yttrium centers (see Figure 2). [6] Our group reported the synthesis and characterization of group 10 phosphasalen complexes. [7] The presence of the iminophosphorane functions in the salen backbone induces both electronic and geometric changes. Regarding the electronic properties, the most important difference is the absence of a π-system. In the iminophosphorane function the nitrogen atom possesses two lone pairs which are stabilized by delocalization in the -antibonding orbitals of the P-C bonds. [8] This so-called negative hyperconjugation induces a strong interaction between the phosphorus and the nitrogen atoms which is commonly pictured by a double bond. However, iminophosphorane functions can be better described as masked amides. Thus, they are strong -and -donors with almost no accepting ability, while imine functions are -donating and -accepting. Interestingly, the electron-donating properties of the iminophosphorane functions can be tuned via the nitrogen and phosphorus substituents. Those featuring an aryl group on the nitrogen atom are less electron-donating than those bearing an alkyl because of a partial delocalization of the nitrogen lone pairs on the aromatic ring. The substituents on the phosphorus atom influence its ability to stabilize the lone pairs of the nitrogen atoms. The negative hyperconjugation increases when the phosphorus bears aromatic substituents. The donation of the iminophosphorane is therefore enhanced by the presence of alkyl substituents on P or N atoms. Regarding the geometry, iminophosphoranes are not planar as the sp 2 hybridized imines since the phosphorus atom is engaged in four bonds. Indeed, the phosphorus bears two substituents while there is only one on the carbon of the imine. In addition, the bond lengths are not comparable (PN∼ 1.58 Å vs CN ∼ 1.28 Å) Therefore, phosphasalen complexes differ markedly from their carbon analogues. The purpose of this microreview is to give an overview of the recent results obtained with this new type of phosphorus based ligands. It will be shown how the presence of the heteroatom can influence the geometry, the electronic structure, as well as the catalytic ability, compared to salen analogues. 

Synthesis, structure and electronic properties of phosphasalen complexes

Ligand synthesis, coordination and solid state structure

The structures of the first phosphasalen complexes are presented in Figure 2 together with that of their salen counterparts.

Scheme 1. Phosphasalen ligand synthesis.

The synthesis of the phosphasalen platform starts from ophosphinophenol. The introduction of the iminophosphorane function can then be achieved by two main strategies: the Staudinger reaction, [START_REF] Staudinger | [END_REF] consisting in the condensation of a phosphine and an azide, or the modified Kirsanov reaction, [10] involving the halogenation of a phosphine followed by the trapping of the intermediate by a primary amine in presence of a sacrificial base. The group of Diaconescu [6] relied on the first synthetic method to prepare the neutral H2Psalfen proligand (Scheme 1, top) because of the availability of 1,1'-diazidoferrocene. They were, by this way, able to isolate and coordinate the phosphazide intermediate (P=N-N=N) derivative. We preferred to rely on a modified Kirsanov reaction [7] allowing the use of diamines, thus avoiding the employ of potentially explosive azido compounds (Scheme 1, bottom). So, we isolated the corresponding bis(aminophosphonium) salts which are rather stable and can be stored almost indefinitely on the bench without any specific precautions. On the contrary, iminophosphorane derivatives are sensitive to moisture. Coordination reactions can be performed by mixing the neutral proligand with a metal precursor featuring basic ancillary ligands, as done for the Ce IV complex via the reaction between H2Psalfen and [Ce(OtBu)4(THF)2] (Scheme 2a). It is also possible to generate the dianionic ligand, using sodium or potassium hexamethyldisilazane or hydride, and make it react with the metal chloride precursor as done for Ce III , Y III , Pd II , and Ni II complexes (see Scheme 2b andc). In these syntheses, the anionic ligands were not isolated because of their sensitivity, but this was done in some other cases (vide section 4). The synthesis of rare-earth complexes was completed by metathesis with tBuOK. All diamagnetic complexes were characterized by multinuclear NMR spectroscopy. Coordination is evidenced by a deshielding of the 31 P nuclei compared to the corresponding proligands: P = 34. 6, 32.6, 33.7, and 32.8 

ppm for [Ce(Psalfen)(OtBu)(THF)], [Y(Psalfen)(OtBu)], [Pd(Psalen H )],
and [Ni(Psalen H )] respectively, to compare with 27.1 ppm for H2Psalfen and 18.6 ppm for K2Psalen H . Scheme 2. Formation of phosphasalen complexes.

The characterization of [Ce(Psalfen)(OtBu)2], [Pd(Psalen H )], and [Ni(Psalen H )] by X-ray diffraction analysis allows discussing the geometrical modifications compared to the structures of the salen analogues. For these three complexes, the M-O and M-N distances measured are larger than in the corresponding salen complexes. The deviation from planarity also increases with the introduction of the phosphorus. In the cerium complex, the NCeOCO torsion angle (see Figure 3 for labeling) was measured at about 45 ° in the Psalfen complex [6] vs 4.5 ° in the salfen analogue. A larger distortion was also observed in [Pd(Psalen H )] and [Ni(Psalen H )] [7] compared to their salen counterpart: [11] the NMOCO torsion angle was measured at 25.64 and 22.57 ° in [Pd(Psalen H )] and [Ni(Psalen H )] respectively, while these are at 3.02 and 3.30 ° in the corresponding salen derivatives. This evidences the bending of the phenoxide rings relative to the main coordination plane. These geometrical differences arise from the tetrahedral arrangement of the phosphorus bearing one additional substituent compared to the imine carbon and the difference in bond lengths between C=N and P-N. These differences make phosphasalen ligands more flexible than salen ones. 

Influence of iminophosphorane on electronic and magnetic properties

Phosphasalen ligands also differ a lot in terms of electronics as show by cyclic voltammetry experiments.

Table 1. Redox events for phosphasalen [6][7] and salen [12] complexes. F 4]; scan rate = 250 mV s -1 . c c = 1.5 mmol L -1 . d c = 2.0 mmol L -1 . e in DMF/CH3CN 60/40, with 0.12 mol L -1 NBu4BF4; scan rate = 100 mV s -1 . f c = 2.0 mmol L -1 . g c = 1 mmol L -1 in CH3CN with 0.1 mol L -1 NBu4ClO4 see ref.

Entry

[12b]. h c = 3.8 mmol L -1 i c = 1 mmol L -1 in CH3CN with 0.1 mol L -1 NEt4ClO4 see ref.

[12a] j anodic potential. k cathodic potential.

Data of yttrium, cerium, palladium and nickel phosphasalen complexes, and those of their salen analogues are gathered in Table 1. All potentials given are relative to Fc + /Fc for sake of comparison.

The oxidation turns out to be easier for phosphasalen complexes than for salen ones. Indeed, the potential measured for the oxidation of the ferrocene unit in yttrium(III) and cerium(IV) Psalfen complexes is lowered by 0.38 and 0.10 V compared to salfen ones (Table 1, entries 1 and 5 vs 2 and 6). [6] In palladium and nickel Psalen H complexes, the oxidation is lowered by about 0.2 V when introducing the iminophosphoranes (Table 1, entries 7-10). [7] Reduction was only observed with the cerium(IV) complexes (Ce IV /Ce III ), and is more difficult in presence of the Psalfen ligand than with the salfen one. [6] The better electron-donating ability of iminophosphoranes is responsible for the observed shifts in the redox potentials. The presence of the phosphorus also influences the magnetic properties. [Ni(Psalen H )] complex presents a low magnetic moment in solution, measured at 1.4 B at room temperature by the Evans method whereas [Ni(salen H )] did not, suggesting a low lying triplet state. To understand the origin of this behavior, which contrasts with the diamagnetism of [Ni(salen H )], DFT calculations were performed. They confirmed the small singlettriplet energy difference and demonstrated that the easier ionization of the Psalen H complex is responsible for the lowering of the singlet-triplet energy gap. [7] 

One-electron oxidation of phosphasalen nickel and copper complexes

The oxidation of salen complexes was largely studied in order to bring a better understanding of reaction mechanisms in homogeneous catalysis or at the active site of metalloenzymes. Indeed, their N2O2 coordination sphere can in some cases be mimicked by the salen platform. From a fundamental perspective, the determination of the electronic structure of oneelectron oxidized salen complexes is challenging because of the redox-non innocence of the ligand. The oxidation can take place either on the ligand, leading to a phenoxyl radical or on the metal. As galactose oxidase (GO) was proved to incorporate in its active site a copper(II) center and a tyrosyl radical, the electronic structure of mono-oxidized copper(II) salen complexes was much investigated. They were generally characterized as a Cu II -ligand radical complex (Cu III was evidenced in only two cases). [3a, 13] Nickel complexes received also much attention, which may be explained by the vicinity of both metals in the periodic table and the involvement of Ni-based metalloenzyme, such as superoxide dismutase (SOD), in enzymatic oxidation reactions. [14] In that case, the catalytic relevant species was characterized as a Ni III complex. Salen proved capable to stabilize a high-valent Ni III center in an octahedral environment, [15] while mono-oxidation leads to nickel(II) phenoxyl radical complexes in absence of exogenous ligands. [16] Because of the geometric and electronic differences due to the presence of the phosphorus atom, the electronic structures of one-electron oxidized phosphasalen complexes merits further study. As the iminophosphorane function can be viewed as a phosphoniumnitrogen ylide (P + -N -), its incorporation within the ligand backbone should decrease the electron density on the phenolates (because of the presence of an electropositive phosphorus atom) as well as increase the electron donation from the nitrogen atoms. The phosphasalen platform should therefore favor a metal-centered oxidation (compared to salen) and may be able to stabilize the high-valent metal in a tetracoordinated environment. Copper and nickel complexes were investigated because of the precedent studies on salen derivatives and the recent interest for the synthesis and characterization of high-valent copper(III) [17] and nickel(III/IV) complexes. Examples of Ni IV complexes remain scarce, [18] while the Ni II /Ni IV redox couple [19] has started to be considered as an alternative to the Pd II /Pd IV couple in bond forming reactions. Ni III complexes have also recently found applications in synthesis, [20] and Cu III have been established as key intermediates in various catalytic reactions. [21] Most importantly, the precise determination of the electronic structure of a complex can be very complicated in presence of redox non-innocent ligands [22] such as those containing phenoxide units. Depending on the nature of the redox-active orbitals in such complexes, the redox processes can take place either on the metal or on the ligand. Therefore, different electronic configurations are possible for nickel and copper complexes. In the former, the oxidation leads to a paramagnetic complex which can be either a high-valent d 7 Ni III complex or a ligand radical complex (Figure 4). In the case of copper, the oxidation can give a diamagnetic Cu III complex (closed-shell singlet configuration), if the oxidation takes place on the metal. If the electron is removed from the ligand, the resulting d [START_REF] Staudinger | [END_REF] complex can be either diamagnetic, if the unpaired electron on the metal and the one on the ligand couple antiferromagnetically (open-shell singlet configuration), or paramagnetic if they couple ferromagnetically leading to a triplet (Figure 5). Figure 6 shows the structure of the four phosphasalen complexes investigated and their salen precedents (Figure 6). For this study a ligand featuring ortho and para-substituted phenoxide rings was employed, tert-butyl substituents were chosen for solubility reason (Psalen tBu ). [23] In order to determine the influence of the phenoxide substituents, the Psalen OMe ligand, where the para position on each phenoxide ring is occupied by a methoxy group, was also employed. [24] The electronic structure of the corresponding salen complexes was investigated: [Ni(salen tBu )] + was described as a delocalized radical complex in the absence of exogenous ligands, [15c, 25] while the introduction of a methoxy group ([Ni(1,2-salcn OMe )] + ) favors the formation of a localized phenoxyl radical complex. [13b] The same structure was established for [Cu(1,2-salcn OMe )] + , [13b] whereas [Cu(1,2-salcn tBu )] + was described as a Cu III complex in the solid state. In solution, a spin equilibrium between the highvalent and the ligand radical species was suggested. The phosphasalen ligands and complexes shown in Figure 6 were synthesized following the described methodology (see Schemes 1 and 2), and their electronic properties were investigated by cyclic voltammetry. Nickel phosphasalen complexes exhibit three oxidation waves: a first reversible, a second pseudo-reversible and a last one irreversible, which accounts for the possibility to oxidize the metal and the two phenoxide rings. The copper complexes display two reversible oxidations, which can correspond to the sequential oxidation of both phenoxide rings or that of the metal and one phenoxide. Table 2 gathers oxidation potential values for the phosphasalen complexes and their carbon analogues. As already noticed, oxidations are easier for phosphasalen complexes than salen ones. In the case of the nickel derivatives, the better electrondonating ability of Psalen ligands allows the observation of three oxidations, while in salen complexes, only two oxidation waves are observed. Moreover, oxidations are further facilitated by the electron-rich methoxy groups in the same extent for nickel and copper complexes (E = 0.07 and 0.06 V). The gap between the first and the second oxidation (E1-2) was used as an indication of the delocalization within the one-electron oxidized complex, translating how the first oxidation influences the second one. [15c] A large value in the case of [Ni(salen tBu )] (0.46 V) was ascribed to a strong electrochemical communication. This gap was measured at 0.81 and 0.53 V for [Ni(Psalen tBu )] and [Ni(Psalen OMe )], at 0.85 and 0.50 V for [Cu(Psalen tBu )] and [Cu(Psalen OMe )] respectively. These comparable E1-2 values for nickel and copper complexes when featuring the same ligand suggest similar electronic structure of the mono-oxidized species.

The gaps observed for phosphasalen complexes are much larger than those reported for the corresponding salen derivatives suggesting that the metal is more and more affected by the first oxidation on going from salen tBu , Psalen OMe to Psalen tBu ligands. a measured in CH2Cl2 and expressed in V versus Fc + /Fc. b c = 3 mmol L -1 for the complex, 0.12 mol L -1 NBu4PF6, see ref. [24]; c c = 1 mmol L -1 for the complex, 0.1 mol L -1 NBu4PF6. d ref.

[15c]. e ref.

[13b]. f ref. [26].

To investigate the electronic structure of the cationic phosphasalen complexes, [20b] they were synthesized in high yield using Ag I salts as oxidant (Scheme 3).

Scheme 3. Oxidation of phosphasalen complexes.

Their structure was studied employing various spectroscopic technics and quantum chemical calculations. X-ray structures of cationic nickel complexes showed a contraction of the coordination sphere, which is not identical for all atoms so that a long NNiO axis appears upon oxidation. The oxidation is accompanied by an amplification of the distortion relative to an ideal square planar geometry. Meanwhile, the phenoxy units do not experience much change; no quinoid pattern was observed. All these data therefore point towards the formation of highvalent Ni III complexes. In addition, the solid state magnetic measurements gave slightly different giso values: 2.22 for [Ni(Psalen tBu )](SbF6) and 2.16 for [Ni(Psalen OMe )](SbF6). In agreement with X-ray data, these g values indicate a substantial metallic character of the magnetic orbital. Nevertheless, the slightly decreased g value for [Ni(Psalen OMe )](SbF6) can be the sign of a lower metal character as suggested by the CV measurements. In solution, no 31 P resonance was observed for both complexes while their 1 H NMR spectra are typical of paramagnetic complexes, reinforcing the picture of d 7 complexes. However, subtle differences appear when considering their chemical shifts and in particular the isotropic paramagnetic shift ( para =  obs - dia ). The isotropic shifts are larger for [Ni(Psalen OMe )](SbF6) than for [Ni(Psalen tBu )](SbF6). This was proposed to be related to a larger spin density on the phenoxy ring in [Ni(Psalen OMe )](SbF6).

The cationic phosphasalen complexes were also characterized by EPR spectroscopy since Mono-oxidized nickel(II) complexes have a doublet multiplicity. An unresolved signal centered at g = 2.034 was observed for [Ni(salen tBu )] + at 200 K, [15c] while [Ni( [Ni(Psalen tBu )](SbF6) and [Ni(Psalen OMe )](SbF6) present different EPR spectra. At 290 K, [Ni(Psalen OMe )](SbF6) exhibits an isotropic complicated pattern centred at giso = 2.005 corresponding to an organic radical (Figure 7, top right). When decreasing the temperature, the spectrum broadens, and below 100 K a new rhombic signal appears (g1 = 2.22, g2 = 2.14, and g3 = 2.07, gav = 2.14, Figure 7, top left). It corresponds to a Ni III d 7 center in rhombic environment. A rhombic S = 1/2 signal was also observed for [Ni(Psalen tBu )](SbF6) at 5 K. For this complex, the signal broadens when increasing the temperature (see Figure 7, bottom right) without showing any other feature. For both complexes however, the solid state EPR spectrum agrees with a Ni III structure and no ligand signal was seen. The observation of both features (metallic and radical) in the EPR spectrum of [Ni(Psalen OMe )](SbF6) (Figure 7, bottom right) is not usual in these systems and can be explained by a strongly delocalized orbital, or a multi-configurational ground state with several configurations having either metallic or ligand character,

or by an incomplete valence tautomerism. [13c, 15c, d, 16e] It is very difficult to distinguish between these two last hypotheses. Nevertheless, a value of 1.9 B, exceeding the spin-only value, was obtained as the effective magnetic moment of this complex in solution. This may indicate an orbital contribution to this moment and seems to tip the balance in favor of the multiconfiguration rather than the valence tautomerism hypothesis.

For copper complexes, X-ray diffraction shows a contraction of the coordination sphere upon oxidation. This contraction is larger for [Cu(Psalen tBu )](SbF6) than for [Cu(Psalen OMe )](SbF6) which may be the sign of a different electronic structure. This contraction, together with the absence of significant variation in the metrics of the phenoxide, suggests in both case a metalcentred oxidation. Accordingly, these complexes are EPR silent between 77 and 293 K. However, EPR spectroscopy was poorly informative even for [Cu(1,2-salcn OMe )] + and [Cu(salen tBu )] + , for which oxidation occurs on the phenoxide. Their silent EPR spectra were explained by the nature of the coupling between the spin of the radical species and that of the Cu II center. [13b, 26] Nevertheless, the magnetic data for the cationic phosphasalen copper complexes do not fit with a pure d 8 configuration as they both present a temperature independent paramagnetism (TIP). This corresponds to a singlet ground state and a high energy triplet state, which is almost not populated at room temperature (gap beyond 1000 cm -1 ). Noteworthy, the  value measured on [Cu(Psalen tBu )](SbF6) crystals was much lower than that of [Cu(Psalen OMe )](SbF6) (0.0001(1) vs 0.00070(5) cm 3 mol -1 ), suggesting again some differences in the electronic structure of the two complexes. This was further evidenced by NMR studies. While [Cu(Psalen tBu )](SbF6) displays a diamagnetic behavior: 31 P and 1 H NMR signals were observed at room temperature with almost no variation with the temperature, [Cu(Psalen OMe )](SbF6) presents no 31 P signal at room temperature and a broader 1 H NMR spectrum with some resonances being particularly shifted.

The variable temperature NMR study evidenced a nonlinear evolution of the chemical shifts, which fitting allowed the determination of various parameters. The energy gap between the singlet and triplet state evaluated at 1420 cm -1 (~ 17 kJ mol - 1 ) is in agreement with that anticipated by magnetic measurements. The chemical shifts corresponding to the singlet state were also obtained; they slightly differ from those observed at -90 °C. DFT calculations were unable to give further indications about the electronic structure, since the computed HOMOs are very similar for all the oxidized complexes. CASSCF calculations were conducted pointing in each case to multi-configurational ground states in agreement with the experimental observations. This means that several configurations are necessary to accurately depict the ground state. It happens in a transition metal complex when, despite a decreased orbital overlap, the ligand and the metal remain close in energy so that bonding electrons can be located in different orbitals. [22b, d, e, 27] Very interestingly, the differences found depending on the ligands were well reproduced by these calculations. Thus, the main configuration obtained for [Ni(Psalen tBu )] + corresponds to a single electron in a metal based orbital. For [Ni(Psalen OMe )] + , the single electron is mainly localized in metal-ligand orbital with a strong contribution of the phenoxide orbitals. For [Cu(Psalen tBu )] + , the major configuration corresponds to a closed-shell singlet, while this configuration is minor in [Cu(Psalen OMe )] + , for which the open-shell singlet was calculated to be major. This larger ligand character found experimentally and confirmed by the calculations can be ascribed to an increased electron density on the phenoxide rings when substituted by a methoxy group. Nevertheless, aside electronic factors the different coordination geometry offered by the phosphasalen platform may explain the differences observed with respect to salen derivatives. A better orbital mixing may be possible in phosphasalen compared to salen, and even more for the Psalen OMe ligand than the Psalen tBu one. For the Psalen tBu and Psalen OMe nickel and copper complexes, the  and  angles (see Figure 8) range from 125 to 130 ° and 32 and 44 ° respectively. These values are comparable with those of galactose oxidase= 129 ° and  = 75 ° but differ much from those measured for salen complexes (180 ° and 90 °). Thus, in phosphasalen complexes the orbital overlap increases resulting in a delocalized bonding orbital with both metal and ligand character. Moreover, a slight difference in the  angle was found in Psalen OMe (44 ° on average) compared to Psalen tBu ligand (36 ° on average) which may be at the origin of the larger ligand radical character evidenced in [M(Psalen OMe )] + complexes. This geometrical factor may also play a role in the differences observed experimentally between solution and solid state measurements.

As this investigation of four mono-oxidized phosphasalen complexes points towards a multi-configurational ground state, in which the configuration corresponding to an oxidized metal is preponderant, further oxidations are assumed to be centered on the phenoxide rings. Nevertheless the precise electronic structure of [M(Psalen)] 2+ or even [Ni(Psalen)] 3+ would require a complete spectro-electrochemical study.

Moreover, the influence of other parameters such as nature of the N,N linker, as for salen ligands, but also that of the phosphorus substituents has to be investigated. This would impact the electronic structure, the reactivity of the complexes, and in fine the catalytic ability.

Catalytic application of phosphasalen ligands in (lactide) ring opening polymerization

Up to now, the only reported catalytic performances for phosphasalen complexes concern the ring opening polymerization (ROP), of lactide mostly. Polylactide (PLA) is a biodegradable polymer which has found numerous applications for packaging [28] and bio-medical materials. [29] The lactide derives from lactic acid which is produced from high starch content plant and can therefore offer a sustainable alternative to petrochemicals. That is why there is a growing interest in the preparation of well-defined PLA, which is efficiently obtained by a controlled polymerization of lactide. This can be catalyzed by enzymes, [30] organic molecules, [31] and metal amide or alkoxide complexes, [32] for which a careful design of the ancillary ligand may lead to high stereoselectivities. Indeed, lactide has two chiral centers and can exist as three stereoisomers: the Dlactide (combining two R-lactic acids), the L-lactide (containing two S-lactic acids) and the meso-lactide (a combination of R and S-lactic acids, Scheme 4). Initiators able to promote the stereoselective production PLA from rac-lactide are highly desirable. Most initiators yield atactic or heteroatactic-PLA (formed by the alternative incorporation of R,R and S,S-lactic acids) whereas isotactic PLA (resulting for the incorporation of the same enantiomer, either R,R or S,S) have superior thermal and mechanical properties. [33] Group 3, and in particular Y III based initiators, are efficient and can be stereoselective. [34] This has stimulated the evaluation of yttrium phosphasalen complexes for lactide ROP. The [Y(Psalfen)(OtBu)] complex described by Diaconescu and coworkers (Figure 9), catalyzes the ring opening polymerization of lactide; 74 % conversion is observed for L-lactide after 3 h (Table 2, entry 1) and 95 % for rac-lactide using 100 equivalents of monomer. Most interestingly, the catalytic ability can be switched off by oxidizing the ferrocene unit present in the ligand backbone; [35] [Y(Psalfen)(OtBu)](BAr F 4) was found unable to polymerize lactide. A stoichiometric experiment shows that the process stops with the insertion of one monomer molecule, because the propagation is hampered. In a reverse manner, they proved that trimethylcarbonate polymerization can be accelerated by oxidation in the case of an indium initiator ([In(Psalfen)(OPh)]). [35b] Yttrium phosphasalen initiators were also developed for rac-LA polymerization. As coordination of the Psalen H ligand to Y III gave dimers (Figure 9), Psalen tBu was used to avoid dimerization and improve solubility. [36] Complexes were obtained by coordination of the Psalen R ligands to [YCl3(THF)3.5] followed by metathesis of [Y(Psalen R )Cl] with R'OK (R' = tBu, Et), as depicted in Scheme 2. These complexes are rapid initiators for lactide polymerization and the process is well controlled (Table 4, entries 2-5). In particular, the performances of the monomeric [Y(Psalen tBu )(OtBu)] outstrip those of the dimers (Table 4, entries 2-4). This initiator is extremely active and shows a good control in presence of an exogenous alcohol as a chain transfer agent, as well as an excellent heteroselectivity at room temperature. It can be used at low loadings (down to 5000, see Table 4, entry 5), allowing the preparation of high molecular weight polylactide. Moreover, this initiator tolerates the use of unpurified lactide (Table 4,entry 6). [START_REF]Usually lactide used for ROP is sublimed and recrystallized several times to ensure a high level of purity. Impurities present are among other water and lactid acid. Lactide obtained from chemical supplier is indicated as 98% or 99% pure[END_REF] The control of the molecular mass is not optimal with the tertbutoxide complex but it was improved by adding one equivalent of isopropanol as a chain transfer agent (see Table 4, entries 4, 8, and 9). Most importantly, these yttrium based catalysts are stereoselective, leading to heterotactic polylactide. The best stereoselectivity in this series was observed for [Y(Psalen tBu )(OtBu)] with Ps around 0.9. These performances are much better than those of the salen analogues which present higher Lewis acidity. [38] This exceptional activity was ascribed to an easier migration of the alkoxide chain thanks to the higher electron-donating ability of the phosphasalen, which facilitates the propagation. This more than compensates the more difficile coordination of the monomer (due to the reduced Lewis acidity). Moreover, the flexibility of phosphasalen ligands may also be beneficial since the coordination sphere of the yttrium is expected to change much during the coordinationinsertion steps in the ring opening polymerization. [36] In order to improve the catalytic performances, the structure of the phosphasalen ligand was modified. Psalen OMe was employed (Figure 9) to further increase the electron density at the metal.

[Y(Psalen OMe )(OtBu)], is a slightly more rapid initiator than [Y(Psalen tBu )(OtBu)] (Table 4, entries 4 and 7); the polymerization control was also improved by adding one equivalent of isopropanol. Importantly, the tacticity control remains excellent. [39] Other yttrium complexes differing by the nature of the nitrogen linker were synthesized. The rate of polymerization as well as the heterotactic bias decrease when replacing the ethylene linker by a cyclohexene, phenylene , or propylene one. [40] However, the use of a pentadentate ligand incorporating a supplementary coordinating amine led to a powerful initiator. [39] Noteworthy, in [Y(PsalenN tBu )(OR')] (R' = Et, tBu) complexes (Figure 4), the yttrium has a different coordination environment since the phosphasalen adopts a cis- configuration and not a trans one. These complexes were found very active in the lactide ROP, although less rapid than [Y(Psalen tBu )(OR')] (Table 4, entries 4, 8, and 10). [39] Again, with a tert-butoxide initiator, the addition of an exogenous alcohol is necessary to ensure a good control of the polymerization (Table 4, entry 8 vs 10). The most striking point is the stereoselectivity, as [Y(PsalenN tBu )(OR')] initiators yield isotactic polylactide with Pi values of about 0.73 at 298 K to a maximum of 0.84 at 258 K (Table 4,entry 9). [39] This unexpected change of stereoselection by a simple modification of the ligand backbone was quite unprecedented and was explained by the more congested and constrained active site in hexacoordinated yttrium complexes. The modification of the ligand via the introduction of methoxy substituents allows an increased activity with a comparable isoselectivity (Table 4, entries 10 and12). [41] In attempt to further improve the catalytic performances, the group of C. K. Williams employed other metals (Figure 10). With lutetium, a lanthanide with a slightly smaller covalent radius than yttrium (1.87 vs 1.90 Å), the iso-selectivity of the polymerization was improved to reach Pi = 0.87 at room temperature (Table 4, entry 12) and 0.89 at 257 K. [42] This higher stereoselectivity was ascribed to a more constrained coordination sphere for the lutetium, which also induces a lower catalytic activity compared to yttrium ( Following this trend, no lactide polymerization was observed for the scandium based initiator ([Sc(PsalenN tBu )]). [41] But this initiator allows a slow but controlled polymerization of caprolactone. Conversely, lanthanum initiator incorporating a larger metal (covalent radius of 2.07 Å) gave a very rapid polymerization, with a moderate heteroselectivity (Ps = 0.72, Table 4, entry 14). [42] NMR studies evidenced a more fluxional structure for La compared to Y and Lu complexes, suggesting that the stereocontrol depends on the level of the rigidity dictated by the ligand. Aiming at developing more rapid and isoselective lactide polymerization initiators, the Williams' group investigated the combination of phosphasalen ligand and In 3+ cation. [43] As coordination experiments with the pentadentate PsalenN tBu ligand gave a mixture of products, the study was conducted with two tetradentate ligands featuring an ethylene linker, Psalen tBu and Psalen PhMe2 , which differ from the precedent by the replacement of tert-butyl groups on the phenoxide by cumyl ones (Figure 10). [43] Solid state structures were different for both complexes as [In(Psalen tBu )(OtBu)] was characterized as a monomer, and [In(Psalen PhMe2 )(OEt)] as a dimer with bridging ethoxide. These differences were related to the size of the alkoxide ligand. Nevertheless, in a coordinating solvent such as THF, both complexes were found mononuclear, and the same is presumed during polymerization. The best isoselectivity was observed with [In(Psalen PhMe2 )(OEt)] (Table 4, entry 15), giving Pi = 0.92 at 258 K. Interestingly, this catalyst allows a high degree of isoselectivity together with a rapid polymerization; it is as rapid as [Y(PsalenN tBu )(OtBu)] (Table 4, entries 8 and 15) and more selective than [Lu(PsalenN tBu )(OEt)] (Table 4, entries 13 and 15). Therefore, indium Psalen complexes show much higher polymerization rates than indium salen complexes with isoselectivity comparable to those of aluminium salen initiators. These first catalytic studies evidenced that the performances of the phosphasalen complexes can be nicely tuned by modifying the phenoxide substituents, the N,N linker, as well as the metals.

To date, no report deals with the influence of the phosphorous substituents on the catalytic ability. Moreover, considering the numerous applications of salen or salan ligands in catalysis, far beyond polymerization processes, this new family of ligands should find in the future other interesting applications.

Conclusion

Phosphasalen ligands were first described six years ago and have since shown interesting properties. Importantly, they are relatively easy to synthesize; the Kirsanov method have the advantage to use commercial diamine but the Staudinger reaction is also a valuable option when the diazide is stable and easy to access. As expected, phosphasalen exhibit better donating abilities compared to salen. They also offer a larger coordination sphere (longer M-N and M-O bonds). The P=N bond, which is longer than the imine one, and the tetrahedral geometry of the phosphorus compared to the sp 2 hybridization of the imine carbon in salen, play an essential role in the properties of phosphasalen. This leads to a more sterically hindered second coordination sphere and allow an increased flexibility compared to salen. The investigation of the one-electron oxidation of phosphasalen complexes showed that this ligand favors a metal-centered oxidation, allowing the stabilization of nickel(III) and copper(III) centers in a square planar environment. Thus, phosphasalen is a valuable alternative to salen when seeking to stabilize electron deficiency on the metal center. Moreover, the oxidation locus can be finely tuned by modifying the ligand structure of Psalen as exemplified with the introduction of methoxy groups. Both electronic and geometric considerations can explain the higher ligand radical character of the Psalen OMe mono-oxidized complexes. Most importantly, the contradictory experimental results as well as theoretical investigations point towards a multi-configurational ground state for these complexes. This is another contribution to the literature concerning the difficult description of the spectroscopic oxidation state in presence of redox non-innocent ligands. The peculiar coordination environment created by the phosphasalen platform was also exploited in catalysis for the ring opening polymerization, of lactide mainly. It was demonstrated that the reduced Lewis acidity of those complexes did not hamper their reactivity since it is compensated by an easier migration of the alkoxide, allowing a rapid propagation. Yttrium, lutetium and indium phosphasalen complexes are outstanding catalysts for the ROP of lactide exhibiting a high activity, a good control of the molecular mass, as well as a high stereoselectivity.

Heteroselective and isoselective catalysts were described. The switch in the stereochemical outcome of the reaction was, in some cases, done by modifying the N,N linker in the ligand backbone. These studies are very promising concerning the potential of phosphasalen complexes in catalysis, especially for reactions involving the transfer of a nucleophile from the metal to the substrate. As its carbon analogue salen, has been established over the years as a powerful ligand in catalysis and especially in asymmetric catalysis, developments of phosphasalen complexes in this area are expected in the future.

MICROREVIEW

Phosphasalen complexes featuring a tetradentate N2O2 ligand can be viewed as the phosphorous analogues of salen in which iminophosphoranes (P=N) replace imines. The presence of the phosphorus influences both the electronic properties and the steric hindrance. This was demonstrated by studies regarding the electronic structure of one-electron oxidized complexes as well as the catalytic abilities of phosphasalen complexes in ROP reactions. 
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 1 Figure 1: Salen and Phosphasalen general structure
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 2 Figure 2. Structure of the first phosphasalen complexes and their salen analogues.
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 3 Figure 3. Labeling for geometrical considerations.

Figure 4 .

 4 Figure 4. Representation of the possible electronic configurations for oneelectron oxidized nickel complexes in a square planar environment.
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 5 Figure 5. Representation of the possible electronic configuration for oneelectron oxidized copper complexes in a square planar environment.

Figure 6 .

 6 Figure 6. Structure of Psalen tBu and Psalen OMe complexes and their salen analogues.
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 7 Figure 7. EPR spectra of [Ni(Psalen OMe )](SbF6) (top: left at 10K, right at 290 K) and [Ni(Psalen tBu )](SbF6) (bottom: left at 5 K, right at 252 K) in CH2Cl2 solution.
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 8 Figure 8. Definition of  and  angles.

Scheme 4 .

 4 Scheme 4. rac-Lactide polymerization.

Figure 9 .

 9 Figure 9. Yttrium phosphasalen initiators for lactide Ring Opening Polymerization.

Table 2 .

 2 Redox potentials for Psalen and salen nickel and copper complexes. a

	Compound	E 1 1/2	E 2 1/2	E1-2	Ea 3	E2-3
	[Ni(Psalen tBu )] b	0.001	0.82	0.81	1.07	0.26
	[Ni(Psalen OMe )] b	-0.06	0.47	0.53	1.00	0.53
	[Ni(salen tBu )] c,d	0.59	1.05	0.46	-	-
	[Ni(1,2-salcn OMe )] c,e	0.22	0.64	0.42	-	-
	[Cu(Psalen tBu )] b,	0.10	0.95	0.85	-	-
	[Cu(Psalen OMe )] b	0.04	0.54	0.50	-	-
	[Cu(salen tBu )] c,f	0.55	0.75	0.20	-	-
	[Cu(1,2-salcn OMe )] c,e	0.28	0.44	0.16	-	-

  1,2salcn OMe )] + gave a rhombic signal with g values of 2.015, 1.992, and 2.054 (gav = 2.02) at 100 K.[13b] 

  Table 4, entries 10 and 13).

	Entry	Initiator	[LA]0 : [I](:[ i PrOH])	time	Conv.	Mn	Mn calc	PDI	Ps
						(%)	(kg mol -1 )	(kg mol -1 )	
	1	[Y(Psalfen)(OtBu)] a		100:1	3 h	74	7.5	10.7	1.07	-
	2	[Y(Psalen H )(OEt)]2 b		200:1	56 min	90	27.1	25.9	1.36	0.78
	3	[Y(Psalen H )(OtBu)]2 b		200:1	40 s	91	57.6	26.2	1.42	0.78
	4	[Y(Psalen tBu )(OtBu)] b		1000:1:1	70 s	80	105	115	1.08	0.90
	5	[Y(Psalen tBu )(OtBu)] b		5000:1	30 min	98	720	700	1.23	0.88
	6	[Y(Psalen tBu )(OtBu)] b		1000:1 [c]	120 s	99	144	332	1.31	0.87
	7 Figure 10. Other phosphasalen initiators for ROP. [Y(Psalen OMe )(OtBu)] b	1000:1	20 s	88	165	128.7	1.50	0.87
	8	[Y(PsalenN tBu )(OtBu)] b		500:1:1	56 min	92	41	66.2	1.05	0.26
	9	[Y(PsalenN tBu )(OtBu)] b,d		100:1:1	3 h	77	16	11.1	1.01	0.16
	10	[Y(PsalenN tBu )(OEt)] b		500:1	48 min	85	61.7	61.2	1.04	0.28
	11	[Y(PsalenN tBu )(OEt)] b,d		500:1	3 h	73	13.5	10.5	1.01	0.19
	12	[Y(PsalenN tBu )(OEt)] b,d		500:1	30 min	85	48.6	61.2	1.08	0.22
	13	[Lu(PsalenN tBu )(OEt)] b		500:1	8.25 h	86	53.4	61.9	1.02	0.18
	14	[La(PsalenN tBu )(OtBu)] b		500:1:1	20 s	98	57.3	70.6	1.05	0.72
	15	[In(Psalen PhMe2 )(OEt)] b		500:1	1 h	96	65.3	69.2	1.15	0.13
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