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Phosphorhydrazones as useful building-blocks for special architectures: macrocycles and dendrimers.

Introduction

Among the huge number of phosphorus derivatives that have been already synthesized, phosphorhydrazides, which comprise the fragment (X)PN(R)NH2, and phosphorhydrazones, which correspond to the condensation of this fragment with aldehydes (eventually ketones), have been successfully used for the synthesis of special macromolecular architectures. The first members of this family have been synthesized more than one century ago for X = O by reaction of P-Cl functions with hydrazine derivatives, affording the first phosphorhydrazide derivatives, in particular Cl2CHCONHP(O)(NHNHPh)2 from phenylhydrazine, [1] and (PhO)2P(O)NHNH2 from hydrazine. [2] Derivatives of thiophosphorhydrazide (X = S) have been synthesized slightly later, to produce in particular PhOP(S)(NHNH2)2, MeC6H4OP(S)(NHNH2)2, and EtO(OH)P(O)NHNH2, [3] also by reaction with hydrazine. Methylhydrazine was used later for the synthesis of phosphorhydrazides, but problems were experienced, such as the difficulty to isolate the product of reaction between Ph2PCl and HNMeNH2, [4] or the presence of two regioisomers in the reaction of (PhO)2P(O) Cl with HNMeNH2, corresponding to the reaction of either the HNMe or the NH2 side of methylhydrazine. [5] The first successful use of methylhydrazine in phosphorus chemistry was proposed by one of us, with the synthesis of four phosphodihydrazide of type RP(X)(NMeNH2)2, with R = Ph, NMe2 for X = O, and R = PhO, NMe2 for X = S. [6] The inductive effect of the methyl group favors the reaction on the HNMe side. This work was developed towards the reaction of methylhydrazine with P(S)Cl3. The 3 possible derivatives, corresponding to the reaction of 1, 2 and 3 equivalents of methylhydrazine have been isolated, namely Cl2P(S)NMeNH2, ClP(S)(NMeNH2)2, and (S)P(NMeNH2)3. [7] It has been shown later by Infra-red studies that the lone pair of the nitrogen connected to phosphorus is partially delocalized towards phosphorus, inducing a weakening of the interaction of this lone pair with the NH2 group, in contrast with ordinary hydrazine derivatives. In consequence, the NH2 group has a comparatively higher basicity and nucleophilicity, which are comparable to that of amines. [8] Such behavior was confirmed later by reaction of paraformaldehyde with a dihydrazide and a hexahydrazide (based on cyclotriphosphazene), affording stable methylene hydrazone units. [9] Indeed, ab initio calculations have shown the electronic particularities of the (S)PNN=C linkage, in which the nitrogen linked to P is a weak n-donor for the electron enrichment of the nitrogen carbon double bond. [10] The work carried out in refs [6,7] constitute the starting point for the synthesis of special phosphorus-containing architectures, namely macrocycles and dendrimers obtained by condensation reactions of phosphorhydrazides that will be displayed in this review.

Synthesis of phosphorhydrazone macrocycles and cryptands

The discovery of crown ethers by C.J. Pedersen, [11] has boosted the researches about macrocyclic compounds. However, the synthesis of large cycles is not easy, and many researches are still devoted to modified methods of synthesis, such as for instance diversity oriented macrocyclization strategy, termed multiple multicomponent macrocyclization including bifunctional building blocks. [12] Macrobicycles, [13] also named cryptands, [14] are a special family of macrocycles. In this part of the review, we will show how phosphorhydrazide derivatives are powerful building blocks for the synthesis of phosphorus-containing macrocycles and cryptands. The first series of phosphorhydrazone macrocycles was obtained by condensation reactions between phosphodihydrazides RP(X)(NMeNH2)2, with R = Ph, PhO, NMe2, for X = O, and R = Ph, PhO, for X = S, and dialdehydes of furane, pyridine or benzene, as shown in Scheme 1. Only macrocycles issued from the condensation of two equivalents of phosphodihydrazides with 2 equivalents of dialdehydes could be obtained, and the reaction yields were very high (isolated yield up to 95% in some cases), without using any templating or high dilution strategies. This work was the first demonstration of the usefulness of the phosphorhydrazide linkages for the elaboration of complex molecular architectures. [15] Scheme 1. The first macrocycles obtained by condensation of two equiv. of phosphodihydrazides with two equiv. of dialdehydes.

All the intermediates obtained during the reaction process were characterized by 31 P NMR, as shown in Scheme 2. Modifying the temperature (-20°C) and the ratio between reagents helped to decipher this pathway, and some intermediates could be isolated. Single crystals of the corresponding final macrocycle permitted to confirm the macrocyclic structure, in the form of a butterfly when viewed from the P…P axis. The phosphoryl groups are in the cis position, and the nitrogen atoms in the βposition relative to the same phosphorus atom are at short distance. [16] These macrocycles are stable but a few reactions have been attempted. The reduction of the hydrazones was very difficult, and could be observed only using a large excess of LiAlH4. In other experiments, methyltriflate was used to alkylate the sulphur of the P=S groups, whereas trimethylsilyl triflate was used to silylate the oxygen of the P=O groups. [17] Scheme 2. Reaction pathway and 31 P NMR data for the synthesis of a macrocycle obtained by condensation of phosphodihydrazides with furane dialdehyde.

Many other types of dialdehydes have been used for the synthesis of phosphorhydrazone macrocycles. This includes a tetrathiafulvalene (TTF) derivative, [18] diverse phosphorylated diladehydes, [19] and silane dialdehyde [20] (Figure 1). Even if the condensation of two equivalents of each component is the most frequently observed reaction (noted [2+2]), [21] the geometry of the dialdehyde influences the type of condensation. [22] With a large dialdehyde, one equivalent of each component was sufficient to afford a macrocycle ([1+1] condensation), characterized by X-ray diffraction, [23] whereas with a short dialdehyde, a macrocycle issued from the reaction between 3 equivalents of phosphodihydrazide and 3 equivalents of pyrrole-2,5-dicarboxaldehyde ([3+3] condensation) and even 4 equivalents of each ([4+4] condensation), was observed. [24] Other examples of [1+1], [16,19b,22,25] and [3+3] [16,22,25] cyclocondensation reactions have been published. Figure 2 displays the type of cyclocondensation reactions observed, in function of the size (number of bonds) of the macrocycle, together with the chemical structure of one of the smallest macrocycles (18 bonds) issued from a [1+1] [23] cyclocondensation, and of the largest macrocycle (44 bonds), issued from a [2+2] [22] cyclocondensation. Another type of method has been used for the synthesis of phosphorhydrazone macrocycles, in which the first step is the condensation of a phosphodihydrazide with two equivalents of monoaldehydes bearing a phenol. Theses phenols were used in a second step for the substitution in basic conditions with RP(X)Cl2, [26] R2SiCl2, or even metal dichlorides, [27] in the presence of triethylamine (Scheme 3). The macrocycles can be functionalized by either Cl or azide at the level of the phosphodihydrazides or of phosphorylated dialdehydes. [START_REF] Mitjaville | Synthesis-Stuttgart[END_REF] The azide groups display a versatile reactivity towards phosphines as expected, but they also display a pseudo-halogen behaviour, [29] which has led to the grafting of small dendrons. [30] However, N3 has been used mainly for the synthesis of cryptands (macrobicycles), and also of a spherand. [31] The first step is the synthesis of functionalized macrocycles, then the azides are used to react in Staudinger reactions with diverse diphosphines bridged by a long chain, which constitutes the third link of the cryptand (Scheme 4). Scheme 3. Another type of method for the synthesis of phosphorhydrazone macrocycles.

Scheme 4.

Step-by-step synthesis of cryptands.

A macrocyclic diphosphine used in the same type of reaction with a macrocycle bearing two azides afforded the first example of a spherand based on phosphorus (Scheme 5). [31] Scheme 5. First example of a spherand based on phosphorhydrazides.

The additional functions were also used for the synthesis of multimacrocyclic systems. [32] Cryptands can be also obtained in a single step by the reaction of 2 equivalents of a phosphotrihydrazide with 3 equivalent of a dialdehyde (Scheme 6). [33] This reaction is very sensitive to the geometry of the dialdehyde. Indeed, polymers constituted of associated macrocycles are obtained in most cases with this method, instead of the expected cryptands. [34] All this work demonstrates that the phosphorhydrazone linkage constitutes an excellent building block for the construction of special and sophisticated architectures such as macrocycles and cryptands. This method is by far the easiest and most powerful way to synthesize phosphorus-containing macrocycles. [35] However, despite the presence of numerous heteroatoms, these macrocycles have relatively poor complexation ability. [21] Besides macrocycles, the phosphorhydrazide linkage has been found also extremely useful for the synthesis of even more complex molecular architectures that are dendrimers and dendritic species, as will be emphasized in all the next paragraphs.

Synthesis of phosphorhydrazone dendrimers and dendrons

Dendrimers [36] are macromolecules constituted of branched units radially arranged around a central core, whereas dendrons [37] are dendritic wedges. Tens of thousands of publications concern dendrimers and dendrons, [38] but only a few of them concern heteroatom-containing dendrimers. [39] Over 450 publications, and two books (one in part, [START_REF] Dendrimers | Towards Catalytic, Material and Biomedical Uses[END_REF] the other entirely [START_REF]Phosphorous Dendrimers in Biology and Nanomedicine: Syntheses, Characterization, and Properties[END_REF] ) concern dendrimers based on phosphorhydrazone linkages. We will give here an overview of the synthesis and the functionalization of these dendrimers. The first publication, as most of the others, is based on the phosphorhydrazide H2NNMeP(S)Cl2. Even if H2NNMeP(O)Cl2 has been synthesized, the corresponding dendrimers [42] are less stable than those obtained with the P(S) derivative. For the synthesis of dendrimers, the NH2 function is used in condensation reactions with aldehydes, and the P(S)Cl2 function in substitutions with phenols. The phosphorus atoms constitute the branching points in the structure of the phosphorhydrazone dendrimers. The first attempt was made from P(S)Cl3 used as core. The substitution and condensation reactions were used repeatedly to ensure the growing of the dendrimer. The number of terminal functions is doubled every two steps, and a new "generation" is created (Scheme 7). This work was first carried out up to the fourth generation, [43] then the seventh generation, [44] the tenth generation, [45] and finally the twelfth generation, [46] which has been the highest generation for any type of dendrimers for almost 20 years. In Scheme 7, the generation 1 is shown both as the full structure and in a linear form with parenthesis after each level of branching points. Generation 2 is shown only in the linear form; the number of terminal functions is obtained by multiplying all the numbers after the parentheses. In almost all the following Schemes and Figures, the structure of the dendrimers will be written in the linear form. Different types of cores have been used for the synthesis of phosphorhydazone dendrimers. The most widely used is the cyclotriphosphazene N3P3Cl6, [45,47] which affords at each generation twice the number of terminal functions, compared to the (S)PCl3 core. Furthermore, N3P3Cl6 offers the possibility to regio-and stereo-chemically control the nucleophilic substitutions, to have one (or several) function(s) different from the others. [48] Scheme 7. Synthesis of phosphorhydrazone dendrimers from the P(S)Cl3 core. The first generation is represented both as a full chemical structure and in a linear form with parenthesis. This form is used also to represent generation 2.

Two ways are possible for obtaining functions in a 1/5 ratio from the cyclotriphosphazene core: either grafting one function, then the other five (way A Scheme 8), or beginning by grafting five functions, then grafting the other one (way B, Scheme 8). These reactions have been applied to a lot of different compounds, as illustrated in Scheme 8. The R1 and R2 functions for way A can be: R1 = pyrene, R2 = CHO or PPh2; [49] R1 = CO2Me, R2 = CHO; [50] R1 = CHO, R2 = maleimide; [51] R1 = Boc or CHO, R2 = dansyl or dabsyl derivatives; [52] R1 = NHBoc, R2 = CO2Me; [53] or R1 = tyramineBoc, R2 = CHO. [54] Way B has been used less frequently, but it has been found useful in the following cases: R1 = NMeNH2, R2 = PPh2; R1 = N3, R2 = CHO; [55] R1 = julolidine derivative, R2 = CHO; [56] or R1 = thioctic acid derivative, R2 = CHO. [57] In a few cases, two cyclotriphosphazenes have been associated with a short (double bonds, blue emitting) [58] or long (triple bonds, green emitting) [59] fluorescent compound bearing two identical functions (phenols), as shown in the bottom of Scheme 8. Several other cores have been used for the synthesis of phosphorhydrazone dendrimers, bearing in particular aldehyde functions (Figure 3, left part). This family includes: a phthalocyanine bearing 8 aldehydes, [60] an ammonium bearing 3 aldehydes, [61] a ferrocene [62] and a pyridine [63] bearing two aldehydes. Monoaldehydes bearing an alkyl chain, [64] a methylester, [65] or a polyethyleneglycol chain (n = 42) [66] have been used for the synthesis of dendrons. Diverse types of phosphines have been used also as core, but the first step is the reaction with a phosphorus azide bearing two aldehydes, [31] in Staudinger reactions (see the insert in Figure 3) to afford aldehyde functions. Several monophosphines have been used in this way for the synthesis of dendrons, starting from a triethoxysilylphosphine, [67] the vinylphosphine [68] a phosphonatephosphine, [69] and other types of monophosphines. [63] A ferrocene bearing two phosphines, [70] two diphenylphosphines bridged by an alkyl chain, [71] and a triazatriolefinic macrocycle bearing 3 phosphines [START_REF] Badetti | Synthesis-Stuttgart[END_REF] have been used as core of dendrimers (Figure 3). In all cases, the synthesis of the dendrimers/dendrons is carried out as shown in Scheme 7, starting from the aldehydes. Furthermore, the presence of a P=N-P=S linkage at the core of dendrons induces an activation of the vinyl group, which displays a versatile reactivity with amines. [START_REF] Maraval | Synthesis-Stuttgart[END_REF][START_REF] Maraval | [END_REF] Scheme 8. Two ways for the functionalization of N3P3Cl6 with two functions in a 1/5 or 5/1 ratio. In the bottom, two cyclotriphosphazenes associated by fluorescent diphenols As shown in Scheme 7, the synthesis of phosphorhydrazone dendrimers necessitates the use of 4-hydroxybenzaldehyde in the branches. However, this compound can be replaced by other compounds possessing both a phenol and an aldehyde, to obtain modified branches in the dendritic structure. Several examples are given in Figure 4. They comprise several ferrocene derivatives, [62,75] eventually chiral, [76] slightly longer branches incorporating an alkene [77] or another aryl group, [78] or an azobenzene, [79] green [START_REF] Mongin | Nanobiosystems: Processing, Characterization, and Applications Ii[END_REF] and blue [START_REF] Mignani | [END_REF] fluorene fluorophores, but also hydroxydialdehydes, either 5hydroxyisophthaldehyde, [82] or another one based on triazine, [83] for multiplying more rapidly the number of terminal functions at each generation. Besides changing the nature of the phenol-aldehyde, the synthesis of phosphorhydrazone dendrimers can accommodate different other methods, in particular those based on the Staudinger reaction, as shown for the cores in the insert of Figure 3. Such reaction can be carried out at only a specific layer during the construction of the dendrimer, creating P=N-P=S linkages only at this specific layer (see an example in Scheme 9). This linkage has a mesomeric form with a positive charge on the phosphorus of the P=N group, and a negative charge on sulfur (see insert in Scheme 9). This form increases the reactivity of the sulfur atom compared to that included in the phosphorhydrazone linkage. For instance, it is possible to complex gold(I) selectively on the S of the P=N-P=S linkages, [84] but also to alkylate them specifically using methyltriflate [71] (Scheme 9) or other alkyl triflates. [85] Alkylation on sulfur induces a weakening of the P=S bond, which can be cleaved easily and cleanly using a nucleophilic phosphine such as P(NMe2)3, to afford phosphines in the internal structure of the dendrimers. [86] All the reaction steps can be monitored by 31 P NMR, in particular on the P=S group which gives a doublet at 52 ppm, then at 28 ppm after methylation of S, and 144 ppm after desulfurization (Scheme 9). 31 P NMR is indeed a precious tool for the characterization of dendrimers. [87] The tricoordinated phosphorus atoms inside the structure has been used for the complexation of gold, for alkylations with alkyl triflates, but mainly for Staudinger reactions with azides, allowing the internal functionalization with primary amines, isothiocyanates, [85] pyrene derivatives, [88] and aldehydes. Scheme 9. Synthesis of phosphorhydrazone dendrimers incorporating P=N-P=S linkages, and specific reactivity of this linkage for the internal functionalization of these dendrimers. 31 P NMR data to monitor the changes.

Several reactions have been carried out from internal aldehydes, [89] but the most important is the growing of new branches inside the dendrimers built from a cyclotriphosphazene core and having 6 P=N-P=N-P=S groups. The two-step process shown in Scheme 7 has been applied 3 times to afford the first example in Figure 5, but also a 3-step process that creates P=N-P=S linkages at each layer, as shown in the second example of Figure 5. These compounds are still amongst the most original examples of dendritic structures. [90] Attempts to graft directly dendrons to the internal aldehydes inside the dendrimers was not possible for dendrons of the third generation, and very long for the second on (10 days). [START_REF] Maraval | [END_REF] More details about these synthetic aspects can be found in two reviews. [91,92 ] Other special dendritic structures obtained through such types of reactions include layer block dendrimers, [68,[START_REF] Maraval | [END_REF] and Janus dendrimers. [53,93] Other examples of dendrimers incorporating both phosphorhydrazone and P=N-P=S linkages have been synthesized. In a first example, the synthesis necessitates three steps to build one generation, starting from aldehyde groups: i) condensation with methylhydrazine, ii) reaction with Ph2PCl in basic conditions, and iii) Staudinger reaction between the phosphine end groups and an azido dialdehyde, which affords again aldehydes as end groups. [94] In a second example, a twostep process consists in condensation reactions between terminal NH2 groups issued from methylhydrazine and a monoaldehyde of triphenylphosphine. The second step is a Staudinger reaction between the phosphine and a phosphorus azide bearing two methylhydrazine. [95] Mixing several methods of synthesis can produce "onion-peel" dendrimers, [96] in which each layer is different [97] (Figure 6). Other examples concern accelerated methods of synthesis, in which the number of terminal functions is multiplied at each step, using two types of branched units bearing complementary functions, where A reacts only with D, and B reacts only with C. In view of our previous experiences, A should be NH2, B PPh2, C N3, and D CHO, as shown in Figure 7. The first example concerned the use of AB2 and CD2 monomers, then CA2 and BD2 monomers, [98] and finally AB2 + CD5, AB5 + CD2, and AB5 + CD5 monomers, [55] based on the cyclotriphosphazene, used as branching elements (Figure 7).

Recently, a new family of small dendrimers based on tri-or hexaphosphorhydrazide cores and repetitive viologen units was synthesized. [99] One example is shown in Scheme 10. Other types of "onion peel" dendrimers have been synthesized by grafting carbosilane dendrons to phosphorhydrazone-viologen cores. [100] Scheme 10. One example of synthesis of viologen-phosphorhydrazone dendrimers. The presence of either CHO or P(S)Cl2 terminal functions of phosphorhydrazone dendrimers, depending on the synthetic step considered, has enabled the grafting of a huge number of types of functions. From the aldehydes, many condensation reactions with functionalized hydrazines [101,102] and amines [103,104] have been carried out. Reductions have been carried out, either on the aldehydes, affording benzylalcohols, [105,106] or on the imines affording amines. [107,108] Additions of compounds having a P-H group have been also carried out on both aldehydes [51,109] and imines. [110] Wittig and related reactions, [44,[111][START_REF] Prevote | Synthesis-Stuttgart[END_REF][113] and Doebner-like [114,115] procedures (to cinnamic acids), have been also performed on the aldehydes. All these reactions will not be described in details, as they do not concern the phosphorhydrazones, which are the topic of this review, thus only the reactions on the P(S)Cl2 groups will be detailed. Substitution reactions with phenols bearing another function are the most widely used on P(S)Cl2 terminal groups of phosphorhydrazone dendrimers. Different types of such functions can be seen in Figure 8; they will be indicated from up to bottom. They comprise several ferrocene derivatives functionalized in most cases with a phosphine, [116] eventually linked to the cyclopentadienyl ring through a spacer. [117] Many functionalized phenols have been prepared from tyramine; [50,53] this includes functions having biological properties such as azabisphosphonic acid salts [78,118] of different types, [110] diverse amido phosphonates, [119] azabis carboxylate and azabis sulfonate salts, [120] several mannose derivatives, [121] ethacrynic acid, [122] diverse phosphines such as an azabisphosphine, [123] a thiazolylphosphine, [124] and an iminophosphine, [54 ] diverse fluorophores such as a maleimide, [125] and a derivative of rhodamine. [126] Other functionalized phenols comprise ligands for catalysis, such as phosphine, [67] and diphosphine, [127] iminophosphine, [128] aminophosphine, [108] diketone, [129] pyridineimine, [130] terpyridine, [131] bisoxazoline, [132] prolinol derivative, [133] and cinchonine, [134] diverse other compounds, such as aminophosphoniums, [135] , thioesters [136] and thioamides, [137] two types of ethacrynic derivatives, [122,138] long chains of type alkyl or perfluoroalkyl, [139] or PEG (polyethyleneglycol), [START_REF] Mongin | Nanobiosystems: Processing, Characterization, and Applications Ii[END_REF] and fluorescent groups based on stilbazole [140] or fluorene derivatives. [59,141] Miscellaneous functions are nitrile and dimethylamino, [68] or alkyne and azide, [142] or D-xylose, [143] or ammonium [144] (Figure 8). Attempts to graft specifically two different phenols have been assayed, as shown by the reaction of a phenol ethacrynic derivative and hydroxybenzaldehyde or azabisphosphonate tyramine, but contrarily to amines (see below), the reaction is not totally specific. [138] The P(S)Cl2 functions are also able to react with diverse functionalized primary amines (in some cases secondary amines), such as allyl and propargylamine, and imidazole, [START_REF] Prevote | Synthesis-Stuttgart[END_REF] diamines such as diethylethylene diamine and its methyl salt, [145] and diverse diamines issued from pyrrolidine, morpholine, methyl piperazine, or phenyl piperazine. [146] After the grafting of allylamine, only one NH on each P(NHAllyl)2 terminal group is able to react with Ph2PCH2OH, affording tetrafunctionalized terminal functions (two allyl, one NH, one phosphine). [147] The diamines have been used mainly to afford water soluble dendrimers after the protonation of the tertiary amines. [148] Several types of macrocycles have been used to obtain heterocycles comprising one phosphorus and two nitrogen atoms in a five-or six-membered ring. The macrocycles used were 1,4,8,11-tetraazacyclotetradecane, 1,4,8,12tetraazacyclopentadecane, 1,4,8,11-tetraazacyclotetradecane-5,7-dione, [149] and a tri-olefinic triazamacrocycle having a diamine pendant arm. [150] The reaction of amines proceeds cleanly step-by-step, thus it is possible to isolate the dendrimers issued form the reaction of a single Cl on each P(S)Cl2 function. This concerns for instance diallyl amine, [44] monoallyamine and propargylamine, [111] two pyrene derivatives, [151] Bocmonoprotected ethylene diamine and 3-(triethoxysilyl) propylamine. [50] The second Cl can react in the reaction with a second amine, differently functionalized [50,[START_REF] Prevote | Synthesis-Stuttgart[END_REF] (Figure 9). 

Properties of phosphorhydrazone dendrimers

Most of the properties of dendrimers depends on the nature of their terminal functions. Phosphorhydrazone dendrimers have been used in very different fields, ranging from catalysis [152] to nanomaterials, [153] fluorescence, [154] and biology/ nanomedicine. [155] All these fields have been reviewed relatively recently, thus only selected examples will be given here.

Catalysis with phosphorhydrazone dendrimers

In the field of catalysis with phosphorhydrazone dendrimers, the main aims are to increase the efficiency, to reuse the catalysts, and to trigger the catalyst efficiency. The early experiments have been carried out with diverse phosphine complexes, [156] then nitrogen ligands have been used too. [132] In some cases, grafting a poorly efficient catalysts on the surface of the dendrimers can boost the efficiency, as illustrated in Figure 10 for copper complexes of pyridine-imines. The monomer (M) has practically no activity for the arylation of pyrazole with PhI, whereas all the generations from G1 to G3 are very efficient (Figure 10 left). An increase of the efficiency when the generation increases has been observed when using PhBr instead of PhI (Figure 10 right). [130] It must be noted that the quantity of copper is identical in all cases. For instance, 12 equiv. of the monomer are used to be compared with 1 equiv. of the first generation dendrimer, which possesses 12 complexes as terminal functions. The differences observed are an illustration of the so-called dendrimer (or dendritic)

effect. [157] In another example, the enantiodiscrimination has been largely increased for [2+2+2] cycloaddition reactions catalyzed with dendritic phosphoramidite complexes of ruthenium; [108] the corresponding monomeric complex induced no enantioselectivity. The dendritic catalysts can be generally recovered by precipitation, as they are often less soluble than the reagents and products, and then, they can be re-used. The re-use has been carried out up to 12 times, with only a slight decrease in the efficiency on the twelfth run of Friedel-Crafts acylations using terpyridine lanthanide (Sc(OTf)3) surface complexes of phosphorhydrazone dendrimers. [158] To try to improve still the efficiency of the recovery, small dendrimers (generations 0 and 1) having a pyrene linked to the core, and phosphines suitable for the complexation of palladium as terminal groups were synthesized. The pyrene interacts by π-stacking with graphene layers covering magnetic cobalt nanoparticles. Desorption of the dendrimers from the surface of the nanoparticles was observed when heating the suspension to 60°C, thus the catalysis can occur in homogeneous conditions. Desorption is reversible, and the dendrimers are again completely absorbed onto the nanoparticles on cooling. This assembly is very easily separated from the reaction media using a magnet, and re-used. This assembly has been assayed for catalysing Suzuki couplings, in particular for the synthesis of the anti-inflammatory drug Felbinac, obtained in quantitative yields from run 1 to Run 12 (Figure 11). [49] Figure 11. Non-covalent grafting of a dendritic catalyst onto magnetic cobalt nanoparticles, and their use for Suzuki couplings. Eleven recycling experiments carried out using a magnet for the synthesis of felbinac.

Catalyses in which oxidation and reduction both influence the electron-donating ability of a ligand and thus result in altered activity or selectivity of the catalyst are named Redox-Switchable Catalyses (RSC). [159] The very first example in the field of dendrimers concerned phosphorhydrazone dendrimers bearing as terminal functions ferrocenes (that will undergo the oxidation and reduction), functionalized with ruthenium pcymene complexes of phosphines. The first generation dendrimer was used as catalyst in the isomerization of allylic alcohols. In the oxidation step, addition of 1 equiv. of [Fe{η 5 -C5H4C(O)Me}Cp][BF4] per catalytic function induces a markedly reduced isomerization rate, due to the oxidation of the ferrocene (Figure 12). After reduction with [FeCp*2] (Cp* = C5Me5), full conversion was observed, with an activity similar to that of the catalyst before oxidation. [117] Besides organometallic catalysis in organic solvents, [160] recent developments in the field of catalysis with dendrimers concern the use of water as reaction media, [106,124] and organocatalysis, [161] with phosphorhydrazone dendrimers decorated for instance with prolinol [133] or cinchonine [134,162] derivatives.

Nanomaterials based on phosphorhydrazone dendrimers

In the field of nanomaterials, [163] three main domains have emerged concerning the use of phosphorhydrazone dendrimers, either the elaboration of materials incorporating dendrimers in their structure (hybrid materials), or materials exclusively composed of dendrimers, or the modification of the surface of materials, in particular towards sensors. The first example of hybrid materials incorporating phosphorhydrazone dendritic structures concerned silica (Figure 13). Different types of dendrons having a triethoxysilyl group linked to the core, in combination with Si(OMe)4, used in hydrolysis condensation afforded silica xerogels, which were mesoporous in some cases. [67] Other examples of incorporation of phosphorhydrazone dendrimers inside silica concerned dendrimers bearing ammonium terminal functions, which were used together with cationic surfactants and sodium silicate in water to elaborate periodic mesoporous silica of type MCM-41. [164] Recently, dendrimers and dendrons having in their structure triethoxysilyl groups were graft to nanoporous silica and used for the trapping of CO2. [50] Other inorganic materials incorporating phosphorhydrazone dendrimers (Figure 14) concerned first titanium oxo clusters Ti16O16(OEt)32 bridged with small dendrimers functionalized with alcohols or carboxylic acids. [114] Recently, generation 4 dendrimers with different terminal functions were used as mould for controlling the nucleation and growth of titanium-oxospecies. [165] Unexpectedly, the dendritic medium provided at low temperature (60°C) discrete anatase nanocrystals, and prevented up to 800°C, the commonly observed anatase-torutile phase transformation. [166] Positively charged small dendrimers were used for obtaining clay nanocomposites. Generation 2 afforded exfoliated clays, whereas generation 1 was incorporated inside clay, affording an expanded space between the layers, suitable for trapping pollutants such as chromate ions [167] or methylene blue. [168] Other examples of hybrid materials concern metallic nanoparticles obtained thanks to phosphorhydrazone dendrimers (Figure 15). The first examples were based on dendrimers having thiol terminal functions which were able to peel the surface of gold clusters, to afford nanocrystals of naked Au55 protected by a shell of dendrimers. [102,169] Triazatriolefinic macrocycles grafted as terminal functions were able to produce discrete nanoparticles of Pd, usable as catalyst for Heck reactions. [170] Even a single macrocycle at the core of phosphorhydrazone dendrimers having phosphine imines as terminal functions was able to produce Pd nanoparticles. [171] Networks of Pt nanoparticles stabilized by the dendrimers having triazatriolefinic macrocycles terminal functions were also obtained. [150,172] Ru nanoparticles were obtained by milling under air RuCl3, NaBH4 and phosphorhydrazone dendrons having an alkyl chain at the core and triarylphosphines as terminal functions. The resulting Ru nanoparticles were used as efficient catalyst for the hydrogenation of styrene. [64] Phosphorhydrazone dendrimers grafted on silica nanoparticles, and bearing as surface functions phosphonates with lateral poly(ethyleneglycol) (PEG) chains have been used to host silver and silver oxide nanoparticles. The resulting nanocomposites exhibited antibacterial activity. [173] Figure 15. Examples of dendrimers and dendrons suitable for obtaining diverse types of metallic nanoparticles. Some phosphorhydrazone dendrimers are materials by themselves. For instance, long alkyl chains (C12) linked to a triazatriolefinic macrocycle or to its open form, and grafted as terminal functions of phosphorhydrazone dendrimers from generation 0 to 4 display liquid crystal properties of type columnar, and mesomorphic properties over a wide temperature range. [107] Benzyl dithiobenzoate functions as terminal groups of a first generation dendrimer were used to afford hybrid star copolymers consisting of a dendritic core surrounded by polystyrene branches obtained by reversible additionfragmentation chain transfer (RAFT) (Figure 16). [136] Star polymers based on phosphorhydrazone dendrimers were obtained by grafting poly(vinylidene fluoride) (PVDF) (Figure 16); an increased crystallinity of PVDF when grafted was observed. [174] Three-dimensional polymers constituted of dendrimers as repeating units were obtained by hydrazine-toaldehyde Schiff-base formation (from aldehyde and hydrazine terminal functions of dendrimers) and amine-to carboxylic acid peptide-like coupling (from hydrazine and carboxylate terminal functions). [175] Using the layer-by-layer (LbL) deposit of positively and negatively charged phosphorhydrazone dendrimers, different nano-objects have been obtained. When carried out in nanoporous alumina templates, this LbL process with 20 bilayers of dendrimers afforded after destruction of the template, nanotubes [176] exclusively composed of positively and negatively charged dendrimers, for which the length (80 μm) and the external diameter (400 nm) are those of the template. [177] Some layers of negatively charged dendrimers have been replaced by negatively charged quantum dots. By choosing the order depending on the emission wavelengths of the quantum dots, graded bandgap architectures were obtained, suitable for detecting the hybridization of DNA inside the nanotubes. [178] If using smaller pores for the template, the deposit of the dendrimers can be inhibited, even when the pores are by far larger than the dendrimers, due to electrostatic interactions, which are greater than on flat surfaces. [179] The LBL experiments with dendrimers have been carried out also on nanoporous gold membranes. [180] Microcapsules have been obtained by LBL deposit in alternation of dendrimers and polymers of opposite charges (poly(styrenesulfonate) (PSS) and positively charged dendrimer or poly(allylamine hydrochloride) (PAH) and negatively charged dendrimer) on the surface of melamine/formaldehyde microspheres. The microcapsules are obtained after destruction of the template microspheres. [181] Stiffening of these capsules is observed when using THF. [182] The microcapsules have been used for the encapsulation of small dye molecules. [183] DNA has been used instead of PSS, with positively charged dendrimers, also for obtaining microcapsules. [184] Dendrimers deposited or covalently grafted to flat surfaces have been used in many cases as chemical sensors or as biological sensors. [185] In the first case, thick layers of different generations (up to G9) of phosphorhydrazone dendrimers having aldehyde terminal functions were deposited on a quartz microbalance. Exposition of these layers to vapours of 30 organic solvents modified the quartz response, depending on the solvent and the generation of the dendrimers. A good correlation was observed between the solubility of dendrimers in a given solvent and their capacity to host vapours of this solvent. [186] Another example concerned the LbL deposit of anionic gold nanoparticles and cationic phosphorus dendrimers also on a quartz crystal microbalance. After prolonged UV irradiation, the dendrimers were destroyed to afford only gold nanoparticles, which were used for the detection of several alcohols. [187] TNT (trinitrotoluene) was detected by fluorescence quenching of thick layers of dendrimers having two-photon absorption properties. [188] Other nitroaromatic compounds were detected by the quenching of fluorescence of a single layer of maleimide small bifunctional dendrimer grafted to titania thin films (Figure 17). [51] Figure 17. Examples of fluorescent phosphorhydrazone dendrimers used as sensors for nitroaromatic compounds.

However, the largest use of phosphorhydrazone dendrimers as sensors is for the detection of biological entities. The first example concerned dendrimers having aldehyde terminal functions, covalently grafted to quartz surfaces modified with aminopropyltriethoxysilane, which were used for the clustering of human serum albumin, as detected by AFM. [186] The same dendrimers grafted to glass surfaces were then functionalized by a single stranded oligonucleotide, then this device was used as sensor for the detection of fluorescent complementary oligonucleotides. [190] The best sensitivity was observed with generations 4 and 5, which enable detection up to 10 -12 M [191] (Figure 18). This method is very robust, and it has been used also for the detection of gold nanoparticles, [192] of functionalized fluorescent liposomes, [193] and for probing single molecule interaction by AFM. [194] The robustness and sensitivity of these types of devices has led to the creation of a start-up (Dendris), in particular for the detection of respiratory pathogens. [195] Other types of DNA sensors [196] were obtained by grafting the probe DNA to the top layer of positively and negatively charged dendrimers deposited LbL. Detection of DNA hybridization was also detected by fluorescence, with a sensitivity of 30 10 -12 M. [197] A largely improved sensitivity was obtained when using only two layers on 35 nm Ag film and 5 nm Au film evaporated onto a glass substrate. One layer was constituted of a negatively charged perylene diimide labelled star polymer, and the other of a positively charged phosphorhydrazone dendrimer, to which the probe DNA was attached. Detection of hybridization was done using Surface Plasmon Enhanced Fluorescence Spectroscopy (SPFS) technique. The very high sensitivity of this method permit the detection of hybridization up to 10 -18 M [198] (Figure 18). Phosphorhydrazone dendrimers bearing aldehyde terminal functions were also grafted to super-paramagnetic beads functionalized by NH2 groups. The beads were used for the capture of genomic DNA, and afforded better performances over the conventional method using streptavidin-coated magnetic beads. [199] An analogous process was used for identifying lowabundance target nucleic acids in a complex matrix. [200] The coated magnetic beads were also used for the selective removal of host nucleic acids, in view of increasing the detection sensitivity of low-abundance pathogenic species by PCR (polymerase chain reaction). [201 ]A recent sequel of this work consisted in the capture of RNA, to increase the detection sensitivity of bacterial or viral agents in complex host-pathogen mixtures. [202] In between nanomaterials and biology, some phosphorhydrazone dendrimers have been used as supports for the culture of cells. Using the LbL method, foetal cortical rat neurons were cultured on the dendrimer films in order to investigate the influence of the surface charge of the outermost layer on their adhesion and maturation. In that case, it was shown that rat neurons attached preferentially and matured slightly faster on charged dendrimers. [203] On the contrary, when using a single bifunctional dendrimer having one thioctic acid at the core to be covalently grafted to a thin layer of gold, human osteoblasts proliferated well on negatively charged dendrimers, whereas cell apoptosis was observed on positively charged dendrimers [57] (Figure 19). 

Fluorescent phosphorhydrazone dendrimers

A few examples of fluorescent dendrimers have been displayed in the previous paragraphs (see in particular Figure 17), but many other examples of fluorescent phosphorhydrazone dendrimers have been synthesized. The fluorophores can be located at the core, or close to the core, in the branches, or most frequently as terminal functions, either on all of them, or on a few of them, in a stochastic way. Early attempts have been carried out for fundamental reasons, to detect for instance the presence of voids in the internal structure, [88] or the interaction between the terminal functions, [125] and to propose an organic alternative to quantum dots, with the synthesis of dendrimers having two-photon absorption (TPA) properties. [141] Attempts to produce blue Organic Light Emitting Diodes (OLEDs) with dendrimers having pyrene terminal functions have even been carried out. [204] However, most of the work about fluorescent dendrimers has been carried out for biological purposes, for imaging and for deciphering mechanism of action of biologically active compounds. A fluorophore having TPA properties and linked to two N3P3 functions (Scheme 8), from which dendritic branches surrounded by ammonium groups were built, was used for imaging in vivo the vessels of a rat olfactory bulb. [58] A phthalocyanine used as core (see Figure 3) of positively charged dendrimers [60,205] and a maleimide linked to the core [206] were tentatively used to detect their penetration inside cells. A julolidine derivative linked to the core of negatively charged dendrimers was used to detect the penetration inside human monocytes [207] (see Scheme 8). Fluorene derivatives constituting one layer (see Figure 4) of dendrimers having copper complexes as terminal functions were used to decipher the mechanism of the anti-cancer properties of these families of dendrimers. [START_REF] Mignani | [END_REF] An azabisphosphonate dendrimer stochastically functionalized with fluorescein isothiocyanate (FITC) has been used to study its interaction with monocytes. [118] A trimannoside dendrimer stochastically functionalized with julolidine has been used to study its interaction with the human DC-sign receptor. [121] This fluorescence part is an introduction to the biology/nanomedicine part of this review, which will be organised depending on the charge of the terminal functions of the phosphorhydrazone dendrimers, [208] in particular charged functions, which ensure the solubility in water. [209] 4.4.

Phosphorhydrazone dendrimers in biology/nanomedicine

Positively charged phosphorhydrazone dendrimers, in particular the fourth generation, which has been used for LbL deposit on various surfaces (see Figures 16 and18), has also many biological properties. The full structure of the third generation of this family of compounds is shown in Figure 20. The positively charged phosphorhydrazone dendrimers have been shown first to be efficient transfection agents to carry the plasmid of the luciferase inside mammalian cells. Generations 4 and 5 were the most efficient. [145] Other transfection experiments concerned fluorescein-labelled oligodeoxyribonucleotide into HeLa cells, [205] and the plasmid inducing an increased GDNF expression (the Glial cell line-Derived Neurotrophic Factor) into Schwann cells, isolated from sciatic nerves, in view of regenerating transected peripheral nerves in rats. [210] The same dendrimer was used as carrier of a photosensitizer (rose Bengal) to enhance the photodynamic therapy efficiency, a cancer treatment alternative to chemotherapy and radiotherapy. [211] Analogous experiments were carried out with a negatively charged phosphorhydrazone dendrimer and methylene blue. [212] Phosphorhydrazone dendrimers bearing other types of ammonium terminal functions have been used to deliver single-and double-stranded DNA into cancerous cells, [146] and to complex anti-TNF-alpha siRNA having anti-inflammatory properties. [213] These nanocomplexes were administered intra-nasally in a murine acute lung injury model. [214] Figure 20. Full chemical structure of the generation 3 phosphorhydrazone dendrimer having 48 ammonium terminal functions.

These

dendrimers have been used also against neurodegenerative diseases. They display a high anti-prion activity against the scrapie form of several strains of prions (PrP), which are responsible for several types of spongiform encephalopathies, such as Creutzfeldt-Jakob disease and mad cow disease, including in vivo. [215] A sequel of this work concerned the interaction of dendrimers with the PrP 106-126 peptide, [216] which is suspected to be involved in the formation of amyloid fibrils in these encephalopathies, as well as the Aβ 1-28 peptide for Alzheimer's disease. [217] The interaction of the same family of dendrimers with heparin, which is involved in the process of fibril formation in the prion diseases, was also measured. [218] The viologen phosphorhydrazone dendrimers are also positively charged dendrimers, but the charges are inside the structure, and not as terminal groups (see examples in Scheme 10). Some biological properties of these viologen phosphorhydrazone dendrimers have been tested. [99] They display low cell toxicity, [219] they inhibit the cholinesterase activity (potential agents against neurodegenerative diseases), [220] and they can prevent rotenone induced cell damages. [221] Neutral phosphorhydrazone dendrimers are generally not soluble directly in water, the only exception being the mannose capped dendrimers (an example in Figure 8), which are directly soluble in water, and which were even used in vivo as an efficient preventing agent against acute lung inflammation. [121] In the other cases, the dendrimers are first dissolved in a small quantity of DMSO, then the solution is added to a large quantity of water, to have about 1% of DMSO in the final solution to be tested. This process has been applied for instance to high generation dendrimers (G3, G4) with neutral azabisphosphonate terminal functions, which inhibit macrophage-mediated inflammation response in vitro and in vivo. [222] This has been done also for dendrimers capped with different types of pyridine imine ligands and for their Cu and Au complexes, all tested against cancer cells. Among them, the third generation dendrimer capped with pyridineimine functions issued from tyramine has been found the most efficient, [223] probably because it forms the most stable complex with copper, [224] and for which the mechanism of action has been studied. [START_REF] Mignani | [END_REF] A systematic study has been carried out by varying the type and number of complexes, on the surface of the third generation dendrimer, by complexing not only Cu(II), but also Au(III), eventually with additional PEG units. Figure 21 illustrates the stochastic functionalization with 8 PEGs, 10 free ligands, 10 gold complexes, and 20 copper complexes on the surface of the third generation phosphorhydrazone dendrimer. The presence of gold, even in small amounts largely increased the anti-cancer efficiency. [225] Negatively charged phosphorhydrazone dendrimers have essentially either carboxylic acid or azabisphosphonate terminal functions. The carboxylic acid functions have been used for the protonation of amines of interest, affording electrostatic associations. This process has been first carried out with Nhexadecylamino-1-deoxylactitol, [115] (Figure 22) which is a chimera of galactosylceramide (galcer), a cellular receptor involved in the early stages of HIV infection. Analogous experiments were then carried out with dendrimers ended by different types of phosphonic acids [119] instead of carboxylic acids, but the stability of the association in all cases is relatively low. [226] The same concept has been applied to another phosphorus dendrimer, for the delivery of carteolol, which is an ocular antihypertensive drug against glaucoma (Figure 22). The efficiency of the delivery has been tested in vivo. [61] Figure 22. Electrostatic interaction between N-hexadecylamino-1-deoxylactitol with a dendrimer bearing carboxylic acid terminal functions, and between cartéolol and another carboxylic acid dendrimer.

However, the most important negatively charged dendrimer is the first generation ended by 12 azabisphosphonic salt functions, for which the full structure (ABP) is shown in Figure 23. This dendrimer ABP is able to penetrate in less than one minute inside monocytes, which are a key population of the human immunity in blood, and activate them, [118,227] through an antiinflammatory pathway. [228] The ABP dendrimer induces also a multiplication by several hundreds of the number of natural killer (NK) cells [110,229] which are another key population of the innate immunity, in particular able to fight against cancers. A crosstalk between the activated monocytes and the NK cells is necessary to induce the multiplication of the NK cells. [230] In view of these properties a large structure/activity study has been carried out, by varying many different parameters of the dendrimers structure, such as the number of terminal functions, [56] their nature, [120,207] but also the nature of the internal structure. Surprisingly, the most well-known dendrimers such as PAMAM, PPI, and polylysine equipped with the azabisphosphonate terminal functions were non active, whereas all the dendrimers having phosphorus, or even silicon as branching points are efficient for the activation of monocytes. [78,231] The antiinflammatory properties have led to use this dendrimer ABP in vivo against different diseases. The first assay concerned rheumatoid arthritis. The ABP dendrimer induces an antiosteoclastic activity in human cells, and inhibits the development of inflammatory arthritis in vivo in two mouse models. ABP was either injected (ip) or given orally (per os) with an almost analogous efficiency. [232] In view of these very promising results, the dendrimer ABP was also tested in model of several inflammatory diseases, such as induced uveitis, [233] and neuroinflammation, in mice suffering from a model disease of multiple sclerosis. [234] In order to assess the preclinical safety of dendrimer ABP, it was injected repetitively to monkeys, and no adverse effect was observed. [235] 

Conclusion

Mono-, di-, and even tri-and hexa-phosphorhydrazide derivatives are indeed very powerful building blocks for the synthesis of special and aesthetic macromolecular architectures. In this Minireview, we have shown that the robustness and the reactivity of phosphorhydrazide derivatives has produced on one side large macrocycles and cryptands in high yields without using any templating strategy, and on the other side dendrimers, dendrons and very original dendritic architectures, in almost quantitative yields. All these families of macromolecules display also a versatile reactivity, in particular the dendrimers family, which has also afforded new properties and uses in different fields. Indeed, highly efficient and re-usable catalysts, original nanomaterials, with improved sensitivity as biosensors, and above all, many biological properties have been implemented with phosphorhydrazone dendrimers. Furthermore, comparison of the properties of these dendrimers with that of other dendrimers have shown that these dendrimers are unique among others. [78] This is certainly due to the presence of the phosphorhydrazone linkages, that induce an increased rigidity of the branches, as shown by X-ray crystal structures of small dendrimers [42,46,50,68,84,85] which display flat arms for the O-C6H4-CH=N-N(Me)P(S) linkage. Such behavior undoubtedly increases the stability of the structures in which this linkage is incorporated. Thus we believe that the phosphorhydrazone linkages have not only a brilliant past, but also a bright future.

Figure 1 .

 1 Figure 1. Other examples of dialdehydes used for the condensation with phosphodihydrazides as in Scheme 1.

Figure 2 .

 2 Figure 2. Types of condensations observed, depending on the size of the final macrocycle. The most frequently observed is the [2+2] condensation (2 equivalents of each reagent). Chemical structure of one of the smallest macrocycles, and of the largest one.

Figure 3 .

 3 Figure 3. Other types of cores used for the synthesis of phosphorhydrazone dendrimers, functionalized either by aldehydes or phosphines. In the latter case, a Staudinger reaction with a dialdehyde azide is carried out to afford aldehyde functions (see insert) from which the synthesis of the dendrimers begins.

Figure 4 .

 4 Figure 4. Examples of branches used instead of 4-hydroxybenzaldehyde for the synthesis of phosphorhydrazone dendrimers.
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 5 Figure 5. Result of the step-by-step synthesis of new branches within dendrimers; chemical and schematized structures.

Figure 6 .

 6 Figure 6. Examples of dendrimers in which phosphorhydrazone and P=N-P=S linkages are closely associated, and of an "onion peel" dendrimer (bottom).
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 7 Figure 7. Results of accelerated methods of synthesis of phosphorhydrazone dendrimers, using two branched monomers.
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 8 Figure 8. Examples of phenols grafted as terminal functions of phosphorhydrazone dendrimers from the P(S)Cl2 functions.

Figure 9 .

 9 Figure 9. Examples of amines grafted as terminal functions of phosphorhydrazone dendrimers from the P(S)Cl2 functions. In the bottom, examples of grafting two different amines.

Figure 10 .

 10 Figure 10. Copper catalyzed arylations. Comparison of the efficiency of a monomer and of generations 1-3 of the phosphorhydrazone dendrimers.

Figure 12 .

 12 Figure 12. Switch ON/OFF/ON experiments carried out with a first generation dendrimer for the isomerization of 1-octen-3-ol into 3-octanone.

Figure 13 .

 13 Figure 13. Examples of phosphorhydrazone dendrons and dendrimers used for obtaining hybrid silica.

Figure 14 .

 14 Figure 14. Examples of phosphorhydrazone dendrimers used for obtaining hybrid materials by reaction with metal alkoxides.

  Figure 16. Examples of materials exclusively constituted of phosphorhydrazone dendrimers, from liquid crystals to star polymers, and to nanotubes.

Figure 18 .

 18 Figure 18. Examples of devices for the sensitive detection of DNA hybridization based on phosphorhydrazone dendrimers.

Figure 19 .

 19 Figure 19. Examples of thin films of dendrimers used for the culture of cells.

Figure 21 .

 21 Figure 21. Stochastic functionalization of the third generation phosphorhydrazone dendrimer with 8 PEGs, 10 free ligands, 10 gold complexes, and 20 copper complexes.

Figure 23 .

 23 Figure 23. First generation of phosphorhydrazone dendrimer called ABP bearing azabisphosphonic acid salts as terminal functions.

Scheme 6. Phosphotrihydrazides for the synthesis of cryptands and macrocyclic polymers.
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