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Introduction

Since their discovery by Villiers at the end of 19 th century, 1 cyclodextrins (CDs) have gathered huge interest among the scientific community. 2 The considerable number of publications related to CDs (no less than 72000 since their discovery) reflects the many applications these naturally-occurring and non toxic cyclic oligosaccharides have found in fields as diverse as drug formulation, 3 analytical chemistry, 4,5 biomimetic chemistry, 6,7 inorganic chemistry, 8 catalysis, [9][10][11][12][13][14] polymers, [START_REF] Harada | Supramolecular Polymer Chemistry[END_REF] artificial sensors, [START_REF] Mirsky | Artificial Receptors for Chemical Sensors[END_REF] and food industry. [START_REF] Szente | [END_REF]18 The commercially available CDs, which are the only ones with well-defined and rigid cavities, are made of six, seven or eight glucopyranose units (-, and -CD, respectively). [START_REF] Atwood | Cyclodextrins, Comprehensive Supramolecular Chemistry[END_REF] With their -1,4-linked D-(+)-glucopyranose units rigidly held in the ubiquitous 4 C 1 chair conformation, these CDs, whether native or chemically modified, adopt a stable conical shape. [START_REF] Saenger | [END_REF]21 Native CDs comprise primary hydroxyl groups located at the narrow end of the cone called primary hydroxyl face or primary face, and secondary hydroxyl groups at the wider rim called secondary hydroxyl face or secondary face (Fig. 1). Unlike most synthetic cavitands, native CDs behave as water-soluble and chiral host molecules for many lipophilic compounds in aqueous media. [START_REF] Szejtli | Cyclodextrins and Their Inclusion Complexes[END_REF][START_REF] Dodziuk | Cyclodextrins and Their Complexes[END_REF] Fig. 1 Two different representations of native CDs. In the left one, the CDs are depicted as seen from the secondary face, with the successive glucose units being designated by letters ranged counterclockwise in alphabetical order.

Because of the possibility of introducing various donor groups at given locations on the macrocyclic structure, the CD skeleton (native or chemically modified) constitutes a versatile preorganisation platform for the synthesis of ligands that can act both as first and second coordination spheres for transition metals. This particular feature is of prime importance when the stabilisation of unusual metal organic species, notably catalytic ones, is sought. [START_REF] Alston | [END_REF][25][26][27][28] Among all coordinating atoms that have been anchored to a CD, [29][30][31] phosphorus (III) is certainly the one that has generated the most interest in recent years because of its widespread use in catalysis. [START_REF] Atkins | Shriver and Atkins' Inorganic Chemistry[END_REF] Thus, numerous CD derivatives bearing appended P(III) ligands have been designed to combine the exceptional host-guest properties of the chiral CDs with the versatile coordination and catalytic properties of the P(III) atom. This perspective article focuses on the synthesis and applications of these hybrid ligands, most notably in coordination and catalytic chemistry. Aqueous organometallic catalysis as well as supramolecular assemblies involving non-covalently bonded CDs and P(III) ligands will not be discussed here as this has already been recently reviewed by Monflier et al.. [START_REF] Hapiot | [END_REF]34 The perspective consists of two parts, the first dealing with CDs substituted with a single P(III)containing unit (Scheme 1, left part), the second concerning multisubstituted CDs (Scheme 1, right part). Special emphasis will be placed on the ability of the CD-P(III) hybrids to stabilise unusual organometallic species, to behave as encapsulating units and to act as supramolecular catalysts. Where possible, comparison between different systems will be made in order to clarify the influence of the CD cavity on the coordination properties of the P(III) atom(s) and the catalytic outcome of reactions. Also, a rapid overview of the various functionalisation methods enabling introduction of the phosphorus moiety on the torus will be given.

In Schemes and Figures fat arrows designate molecular structures recovered from the

Cambridge Crystallographic Data Centre (CCDC). For clarity, these do not include counterions and solvents nor hydrogen atoms. Carbon atoms are depicted in beige, whilst oxygen, nitrogen, phosphorus, and sulfur atoms are in red, blue, orange and yellow, respectively. Scheme 1 CD receptors with covalently appended phosphorus(III) units and their metal complexes. Left frame: CDs of which a single anchoring point has been substituted; right frame: multisubstituted CDs.

Monosubstituted CDs

Several CD platforms have been equipped with coordinating atoms in order to take advantage of the remarkable host-guest properties of CDs for stabilising unusual transition metal complexes or delivering a substrate with a given shape and size to a catalytic centre. Both features could lead to the development of new transition metal catalysts with improved selectivities and activities. Because of the ease with which they can be obtained, both native and modified CDs substituted with a single coordinating fragment, whether monodentate or multidentate, were the first to be studied. This section will start with a brief overview of the methods giving access to monofunctionalised CDs that can be used for grafting a P(III)containing fragment. Monodentate P(III) ligands will be considered first, before focusing on systems having a dangling chelating fragment, whether homo-or heteromultidentate.

CD monofunctionalisation

CDs monosubstituted at either the primary or secondary face have become available since the 1990's and a number of these derivatives are now commercially available. [START_REF]Monosubstituted CD derivatives can be purchased from CycloLab Cyclodextrin[END_REF] In fact, CD monofunctionalisation has been covered as far back as 1998 by D'Souza et al. in a special issue of Chemical Reviews dedicated to CDs. 21 A good method for synthesising CDs monosubstituted by a P(III) fragment consists in performing S N 2 reactions on permethylated mono-6-O-tosyl-CDs with various P(III) containing nucleophiles, notably phosphides [START_REF] Machut-Binkowski | [END_REF] or PR 2 -substituted phenolates. 37 Permethylated mono-6-O-tosyl-CDs themselves can be obtained straightforwardly by methylating a (non alkylated) mono-6-O-tosyl-CD with methyl iodide in the presence of NaH as base (preferred solvent: DMF). [38][39][40] Note that large quantities of pure mono-6-O-tosyl-CD can only be obtained from -CD, 41 and unsurprisingly, most monosubstituted, P(III)-containing CDs are -CD derivatives. In some cases, the P(III) fragment was introduced after the tosyl group had been reacted with a nucleophile suitable for further functionalisation (typically sodium azide 42 or amines 43 ). Permethylated mono-6-Otosyl-CDs offer more possibilities than their polyhydroxylated counterparts for the introduction of phosphine groups because these derivatives are compatible with strongly basic conditions and are easier to purify. Nevertheless, with weakly basic nucleophiles, the substitution can be performed directly on -mono-6-O-tosyl-CD. 44 Scheme 2 Typical approaches for anchoring a single P(III)-containing unit on a -CD platform On rare occasions, native or partially methylated CDs were reacted with P(III) containing electrophiles (e.g. R 2 PCl) under basic conditions to generate CDs monosubstituted at either the primary 45 or the secondary face. 46 Scheme 2 summarises the various approaches that have been used for introducing a single P(III)-containing fragment.

Monodentate ligands

Phosphinites 1 and 2 were synthesised by Ichikawa et al. by reacting respectively and -CD with chlorodiphenylphosphine in pyridine. Both ligands were tested in the hydroformylation of mixtures of 1-decene and 4-phenyl-1-butene in DMF (Scheme 3). 45 While 1 showed practically no substrate selectivity (like PPh 3 ), 4-phenyl-1-butene was hydroformylated 1.7 times faster than 1-decene when using 2. Contrary to the authors' suggestion, this effect cannot arise from the formation of an inclusion complex between the aromatic substrate and the -CD cavity, as DMF is known to prevent such non-covalent interactions. 34 Hydroformylation regioselectivities were determined for 1-decene, 4-phenyl-1butene, 1-octene, and styrene only in the case of ligand 2. The linear to branched aldehyde selectivities (l/b = 2.8, 2.8, 0.4 and 1.8 for the four above substrates, respectively) are comparable to those obtained with Rh/PPh 3 catalysts. [47][48][START_REF] Van Leeuwen | Rhodium Catalyzed Hydroformylation[END_REF] Scheme 3 Ichikawa's phosphinites 1 and 2 and olefins used for substrate-selective hydroformylation studies.

From 2010 onwards, Monflier et al. developed a series of phosphines in which the P(III) coordinating unit is covalently linked to a fully methylated -CD (4 and 5) or to the more water-soluble, randomly methylated -CD (RAME--CD) platform (6). All of them were tested in metal catalysed reactions (in water or heptane) such as hydrogenation or hydroformylation of olefins. [START_REF] Machut-Binkowski | [END_REF] proved that one of the phenyl rings of 4 is included in the -CD cavity, however this being no longer the case in organic solvents. The observed self-inclusion is strong enough to prevent the formation of a stable inclusion complex in water with 1-adamantanecarboxylate (ACNa), known for being an excellent guest molecule for -CDs. Note that the -CD analogue of 4 was reported in a PhD thesis, but a possible inclusion of a PPh ring was not considered for this ligand. [START_REF] Engeldinger | [END_REF] The catalytic system [Rh(COD) 2 ]BF 4 /4 (COD = 1,5-cyclooctadiene) turned out to be a robust catalyst for hydrogenating the water-soluble olefin 2-methyl-3-buten-2-ol in water. Ligand 4 was also used for the rhodium-catalysed hydroformylation of methyl 4pentenoate (S1, Table 1). Good activities were observed in water (Table 1, entries 1-3), but both chemoselectivity and regioselectivity were in the same range as those observed in heptane (Table 1, entries 4-6). These results are nearly identical to those obtained under the same conditions with the related TPPTS/water (TPPTS = tris(3-sulfophenyl)phosphine trisodium salt) and PPh 3 /heptane systems indicating that the presence of the CD cavity has limited impact on the catalytic outcome (Table 1, entries 17 and 20). Entrapment of one of the phenyl rings of 4 makes the formation of inclusion complexes with hydrophobic substrates highly unfavourable, hence the poor selectivity observed. Scheme 4 Synthesis of phosphines 4 and 5.

Ligand 5 (Scheme 4) was synthesised in order to prevent a similar self-inclusion phenomenon. In this ligand the CD platform is equipped with a longer and more rigid coordinating arm. 37 Unlike 4, ligand 5 is poorly soluble in water, probably because the hydrophobic PPh 3 unit is here fully exposed to the aqueous outside environment. However, rhodium complexes of 5 are noticeably more water-soluble than the free ligand. In fact hydrogenation in water of 2-methyl-3-buten-2-ol with 5 was nearly as fast as with 4.

Table 1 Rhodium-catalysed hydroformylation using 4, 5 or 7. [a] Entry L Substrate Solvent Competitive Guest (equiv.) [b] t [h]

Conv [c] [%] l/b [d] Ref 

1 4 S1 water - 2 1.8

Multidentate ligands

The very first CDs bearing appended P(III) ligands were reported independently by the groups of Ito and Reetz in 1993. The group of Ito managed to attach a chiral ferrocenyldiphosphine to the secondary face of a 2,6-permethylated-β-CD (DM-β-CD) by reacting a mesylated derivative of hydroxyethoxy-substituted 1,1'bis(diphenylphosphino)ferrocene with the fully deprotonated DM-β-CD. 46 Although the resulting ligand (10) is practically insoluble in water, the corresponding [PdCl 2 (10)] complex displays high solubility in this medium (Fig. 2). Conductivity measurements showed that [PdCl 2 (10)] assembled in micelle-like aggregates above a given concentration. So far, no catalytic studies involving ligand 10 have been reported. The CD cavity of diphosphine 17 is also responsible for the high chemoselectivity observed in the reduction of halo-nitro aromatic compounds under organic solvent-free biphasic conditions using either [PtCl 2 (COD)] or [Rh(COD) 2 ]BF 4 (Scheme 9). 60 Thus, hardly any dehalogenation products were observed with these metal catalysts, which also behave as phase transfer agents (dehalogenation product < 0.5% for the reduction of both 3,4dichloronitrobenzene and 2-chloronitrobenzene). For comparaison, much lower chemoselectivity was observed when using the water-soluble, cavity-free TPPTS ligand instead (10% decrease in selectivity in the reduction of 4-chloronitrobenzene).

Scheme 9 Chemoselective, metal catalysed reduction of chloronitrobenzenes and 3,4dichloronitrobenzene.

Diphosphines 17 and 19-21 were also used in the hydroformylation of 1-octene under biphasic conditions (Scheme 10). Although very robust and remarkably active (150 times more active than the TPPTS catalyst at 80°), the catalysts showed low regioselectivity (l/b = 3.2 vs. 2.8 for the Wilkinson catalyst). 47 The presence of a flexible coordinating arm probably prevents the cavity from having any significant impact on regioselectivity.

Scheme 10 Rhodium-catalysed hydroformylation of 1-octene and (E)-3-hexene.

Remarkably, (E)-3-hexene could be hydroformylated with 20/[Rh(COD) 2 ]BF 4 when operating at 60°C under 100 bar CO/H 2 (1:1), giving 2-ethyl-hexanal as the major aldehyde (90%). For comparaison, this internal olefin does not react at all with the standard TPPTS/Rh system.

In and [PtCl 2 (25)]. 61 Note that, according to the authors, ligand 25 behaves as a tridentate P,P',N ligand in the five-coordinate [Rh(25)(COD)]BF 4 complex unlike analogous 24, which behaves as a chelating diphosphine in [Rh(24)(COD)]BF 4 . Surprisingly, none of these rhodium complexes have been tested in asymmetric hydrogenation in spite of the potential they represent for this particular reaction.

Scheme 12 Platinum and rhodium complexes obtained from diphosphines 24 and 25.

Very recently, sulfonated phosphinyl and 6-mono-amino-RAME--CD units were successively grafted onto a polymer (polyNAS) to generate water-soluble macromolecules (26) that were used as additives in the aqueous Rh-catalysed hydroformylation of the long chain -olefin 1-hexadecene (Scheme 13). 62 The catalyst activity was shown to be highly dependant of the CD:phosphine ratio. In fact, effective recognition of the substrate by CD receptors to ensure high mass transfer between the substrate-containing organic phase and the catalyst-containing aqueous phase requires the presence of more CD than phosphine units in the polymeric chain to overcome a self-inclusion phenomenon involving the grafted phosphine and CD units.

Scheme 13 Polymers (26) equiped with CD units and phosphine moieties and their use in 1hexadecene hydroformylation.

Polysubstituted CDs

Exact positioning of the metal as close as possible to the CD interior appears to be essential for forcing the metal centre to interact with the CD inner wall, so as to fully exploit the potential CD cavities have in terms of metal protection, chiral induction and hemilabile behaviour. Such a goal can be achieved by creating at least two anchor points on the macrocyclic structure, which can then be used for grafting either pendant or capping P(III)

handles. In the former, close proximity between the metal centre and the CD interior is ensured by the propensity of the multidentate ligands to form large chelate rings directly above the cavity, whereas in the latter, it is the inward-pointing nature of the donor atoms that forces the metal centre to stay in close proximity to the CD cavity upon complexation. In the following, all the CD multifunctionalisation methods that have allowed the introduction of one or more P(III) atom onto the CD macrocyle will be detailed. As for section 2, monodentate ligands will be considered next, before dealing with mutidentate systems capable of forming large chelate rings.

CD multifunctionalisation

Differentiating hydroxyl groups in CDs, which is needed for the selective introduction of various P(III) units onto the macrocycle, has been thoroughly investigated over the last 20 years. Whereas D'Souza et al. reported only a handful of moderate yielding methods for accessing multisusbtituted CD derivatives in his review of 1998, 21 many different approaches have been developed since to get hold of gram-scale quantities of CD derivatives, most of them dealing with the introduction of two, three and four identical groups onto the CD primary face. Some of these more modern methods, which have been recently reviewed, 63,64 have allowed to go a step further since access to tri and tetradifferenciated CDs and even penta-and hexadifferenciated ones 65 (i.e. CD derivatives bearing three, four, five and six different substituents, respectively) have also become possible. Since no CDs equipped with P(III) units at the secondary face have been so far prepared, only primary face derivatisation will be mentioned in the following. Since 1998, two main strategies have been implemented

for achieving effective regioselective multifunctionalisation.

i) The first one is based on the use of sterically hindered protecting groups (trityl and supertrityl), including bridging ones (bis-supertrityl groups), for promoting the formation of given multisubstituted species. After the tritylation step and subsequent alkylation of the residual hydroxyl groups, chromatographic separation of the various alkylated species can be achieved (Scheme 14). [66][67][68][69][70] The protecting trityl groups (and their analogues) are subsequently removed under aqueous acidic conditions. This reaction pathway, dubbed the "long" method, is classical in glycochemistry and allows the synthesis of many multisubstituted CDs, including challenging -CD derivatives. 70 In order to introduce P(III) fragments onto the CD platform, the deprotected hydroxyl groups are converted into leaving groups, usually mesyl or the more reactive triflyl groups, 71 before being reacted with nucleophiles, notably phosphides. 72 ii) The second strategy also relies on steric hindrance but in a reverse sense. Starting from perbenzylated CDs, benzyl groups are surgically removed by adding precise amounts of DIBAL. [73][74][75][76] The observed high regioselectivity results from very specific steric interactions between the benzylated primary face and the bulky hydride reagent. Compared to the first one, this method is equally efficient for the and -CD series and affords higher yields of the AD regioisomer. However, it does not allow the synthesis of all isomers, notably A,Bdifunctionalised CD derivatives. Remarkably, this method is also effective in the case of persilylated CD derivatives. 77,78 As for the first strategy, the hydroxyl groups are converted to leaving groups before undergoing nucleophilic attack of a reagent containing the appropriate P(III) fragment. 79 Scheme 14 General strategies for the synthesis of multiply substituted -CD derivatives suitable for the introduction of P(III)-containing units.

Monodentate ligands

CD derivatives rigidly capped with a coordinating handle have found many applications in various fields of chemistry, most notably enzyme mimicry. 8,80 CDs of this type are expected to maintain the metal centre as close as possible to the cavity entrance for optimal metal confinement. As far as monodentate ligands are concerned, this is only possible if the lone pair of the coordinating atom is oriented toward the cavity centre. In this respect, the length of the capping unit as well as its rigidity are crucial. [68][69][70][81][82][83][84][85] In the case of phosphine ligands, Armspach and Matt achieved this goal by bridging two CD glucose units with a single P(III)

atom. The first derivatives with a phosphorus lone pair pointing towards the cavity interior (31-34), were obtained by reaction of dilithium phenylphosphide (Li 2 PPh) in THF with dimesylates 27-30, respectively (Scheme 15). 69,86,87 Remarkably, the ring-closure reaction, which does not require high dilution, is 100% stereoselective. Although not as efficient as for While in many metal-catalysed reactions the formation of catalytic intermediates bearing a single phosphine is highly desirable, such a feature is rarely observed under standard catalytic conditions. Indeed, to prevent rapid decomposition of the catalyst, the phosphine/metal ratio is usually kept above one, which in turn promotes the formation of multi-phosphine complexes, even in the presence of bulky phosphines. [START_REF] Kamer | Phosphorus(III) Ligands in Homogeneous Catalysis: Design and Synthesis[END_REF][START_REF] Christmann | [END_REF][93][94][95][96][97][98][99][100] With "embracing" phosphines like 31-34, very robust, air stable Rh(I) complexes ([Rh(acac)(31)(CO)] and [Rh(acac)(33)(CO)]) were produced. They were used as catalysts for the hydroformylation of styrene and gave equally high branched selectivity and enantioselectivity (98.3 % and 95 % (R), respectively) (Scheme 18). 90 Remarkably, no other CD-based catalysts give rise to such an efficient chirality transfer when operating in organic media. 14,71 Furthermore, these catalysts are the first rhodium complexes derived from monodentate phosphines capable of combining high chiral induction with high branched regioselectivity. 101 In situ high-pressure NMR and IR experiments revealed that under hydroformylation conditions the reaction between 33 and [Rh(acac)(CO) 2 ] gave exclusively the mono-phosphine complex trans-[RhH(CO) 3 (33)] (Scheme 19). 90 Once formed, this complex induces the selective formation of a key  3 -styrenyl intermediate, which is responsible for the formation of the branched aldehyde, rather than a  1 -styrenyl one. [START_REF] Van Leeuwen | Rhodium Catalyzed Hydroformylation[END_REF] The high chiral induction is a direct consequence of the embracing nature of the ligand.

31
Scheme 19 Selective formation of complex trans-[RhH(CO) 3 (33)] under 40 bar CO/H 2 at 80°C.

Monophosphines 31 and 33 have also been tested in the palladium-catalysed Mizoroki-Heck coupling of bromoarenes with styrene. 102 Even if the catalysts display activities in the range expected for this type of reaction (up to 81 % conversion after 1h reaction at 130°C with a catalyst loading of 1 mol-%), it is noteworthy to underline the fact that maximum activity is reached with only one phosphine ligand per metal and not two as usually observed. This again points to an active species consisting of a singly phosphineligated complex. Moreover, the authors suggest that the substrate is located outside the cavity during the whole catalytic cycle since the catalyst with the smaller -CD unit is the most active one. to the CD interior consists in using CDs equipped with two rigid coordinating arms. Upon metal complexation, these podands form large chelate rings in which the metal centre sits above the cavity entrance. 80 Bidentate triarylphosphines 36 and 37 were the first diphosphines of this type to be synthesised.

Both were obtained from -CD using a regioselective difunctionalisation procedure, 66 which allows the convenient introduction of two mesylate leaving groups onto diametrically opposed (A and D) glucose units. 103 and 37, which differ from each other only by the aromatic substitution pattern, clearly underlines the fact small structural changes in the CD ligand have a major impact on its coordination mode.

Scheme 21 Coordination chemistry of 36 and 37.

The complex trans-[RhCl(36)(CO)] catalyses the hydroformylation of 1-octene in a 6:4 mixture of H 2 O and MeOH. The complex being not soluble in pure water, the presence of methanol was needed, this, however, precluding the formation of a strong inclusion complex between the olefin and the CD host. This is in line with the observed linear / branched aldehyde ratio, l/b = 2.3, which is typical of hydroformylation tests carried out in organic media with PPh 3 /Rh complexes (See above, Table 1).

In order to maximise the chances of interaction between the first coordination sphere of the metal and the CD walls, very short pendant phosphine groups were grafted onto the CD macrocycle. This was achieved by reacting either the C 2 symmetric dimesylate 6 A ,6 Ddimesylate--CD 35 or its regioisomer 6 A ,6 C -dimesylate--CD 28 with an excess of "in situ"

prepared LiPPh 2 at -78° in THF. 72 (38)], [PtCl 2 (38)],

[PdCl 2 (39)], and trans-[PtCl 2 (39)]) (Scheme 23). However, small amounts of oligomeric material was also detected in the corresponding reaction mixtures. With their short Scheme 23 trans-spanning behaviour of 38 and 39.

coordinating arms that force the metal centre to stay close to the CD mouth, diphosphines 38

and 39 behave both as first and second coordination sphere ligands. Indeed, weak C-H•••Cl-M interactions force the M-Cl bond to stay inside the CD cavity in all chlorido complexes derived from 38 and 39, including those having exogenous ligands different from chloride. 25 Interestingly, chloride substitution with hydride in trans-[RhCl(CO) (38)] and trans-[RhCl(CO) (39)] causes the {X-Rh-CO} rod (with X = Cl or H) to rotate about the P•••P axis In the case of the octahedral complex trans-cis-cis-[RuCl 2 (CO) 2 (38)], the cavity captures both chlorido ligands, each competing for the CD central position. This generates an exchange between two rotamers, which correspond to different orientations of the {Ru(CO) 2 Cl 2 } cross (Fig. 4). In solution, this movement is fast at room temperature since both IR and 1 H NMR spectra of the complex reflect an apparent C 2 -symmetry. 72 Scheme 24 Synthesis of diphosphine 41 built upon -CD. Because of their spatial proximity, the two phosphorus atoms give rise to a strong throughspace J(P,P) coupling as revealed by a 31 P{ 1 H}-31 P{ 1 H} NMR COSY experiment. Complex [Rh(41)(COD)]BF 4 was used in the rhodium-catalysed asymmetric hydrogenation of prochiral α-dehydroamino acids and esters. The highest ee (92%) was observed for the hydrogenation of itaconic acid (Scheme 25). This remarkable study constitutes the first example of metallocyclodextrins giving rise to high chiral induction without the presence of an additional auxiliary chiral group on the CD. The precise location of the metal centre with respect to the CD torus was not determined. 106 Scheme 25 Rhodium-catalysed asymmetric hydrogenation using [Rh(41)(COD)]BF 4 .

Introduction of two different substituents on an achiral conical cavitand may lower its symmetry and generate inherent chirality. This term was used for the first time by Böhmer to describe calixarenes with a non-symmetrical substitution pattern. 107 Strictly speaking, this definition cannot apply to CDs because their numerous stereogenic centres make them chiral molecules anyway. However, two CDs that have "mirror image" substitution patterns can be considered as "pseudo" enantiomers. Sollogoub et al. employed this terminology for describing regioisomers 42a and 42b, which were prepared from the corresponding benzylated dimesylates (Scheme 26). 108 These were assessed in the palladium-catalysed asymmetric allylic alkylation of 1,3-diphenyl-2-propenyl acetate with dimethylmalonate. As expected for a pair of "pseudo" enantiomers, 42a and 42b produced opposite enantioselectivities (ee = 30% for both ligands), whereas 43, with its "achiral substitution pattern", did not induce any selectivity. 109 The "pseudo" enantiomeric complexes [(η 3 -PhCH-CH-CHPh)Pd(42a/b)] + were also studied by circular dichroism and gave rise to opposite Cotton effects in the region above 350 nm in keeping with enantiomeric environments around the metal. Scheme 26 Diphosphines 42a, 42b and 43 tested in asymmetric Tsuji-Trost allylic alkylations.

A much more rigid and preorganised diphosphine was prepared by introducing two short phenyl phosphinidene caps on the primary face of an -CD derivative. Thus, tetramesylate 44, which can be prepared in gram-scale quantities following a tetrafunctionalisation method devised by Armspach and Matt, reacts with dilithium phenylphosphide (Li 2 PPh) in THF to give diphosphine 45. 67 As for phosphines 31-34, the ring-closure reaction is next to quantitative as well as being 100% diastereoselective (Scheme 27). It is also regiospecific as only adjacent glucose units are being bridged. Unlike phosphines 31-34 that readily oxidise in air, 45 is much less prone to oxidation because the two lone pairs, which are spatially close to each other within the CD cavity are shielded from the outside environment. Clear evidence for the inwardly pointing character of the phosphine units came from the existence of through space coupling between the equivalent phosphorus atoms and C-6 C,F atoms of non bridged glucose units. Diphosphine 45 was found to be the first authentic trans-spanning diphosphine since it forms neither bimetallic complexes nor polynuclear oligomers upon metal complexation, but only trans-chelate complexes when reacted with d 8 and d 10 cations, unlike many diphosphines that have been sold as such. [110][111][112][113][114][115] Scheme 27 Synthesis of TRANSDIP (45) and formula of TRANSPHOS.

The exclusive trans-spanning character of 45 does not only originate from its rigid CD backbone combined with an ideal P...P separation, but also from the inability of the small -CD cavity to host more than one small exogenous ligand such as chlorido at a time. 116 For example, when reacted with [PdCl 2 (PhCN) 2 ], a trans-chelate complex (trans-[PdCl 2 (45)]) with a P-M-P angle of about 173° is being formed. When engaged in the unsymmetrical complexes [RhCl(CO) (45)] and [PdCl(Me) (45)] (Scheme 28), the chlorido ligand is embedded in the CD cavity, exactly as observed in the analogous complexes obtained from 38 and 39 (see above, Scheme 23). 81 Complex trans-[PdMe(45)(pyridine)]BF 4 undergoes major conformational changes upon substituting pyridine with chloride, the methyl group moving out of the cavity and the chlorido ligand being captured by the receptor (Scheme 28). While 45 displayed (nearly) perfect trans-chelating behaviour towards square planar metal ions, its reaction with AgX moieties resulted in [Ag (45)]X complexes (X = Cl, Br, I, OAc, NO 3 , BF 4 or BPh 4 ) in which the silver atom adopts a distorted trigonal or tetrahedral coordination geometry. 27,117 The corresponding P-M-P angles range from 139° for [Ag (45)]NO 3 to 152° for [Ag (45)]BF 4 , as revealed by X-ray diffraction studies. Anions that are compatible with the cavity in terms of size, such as Cl -, Br -, NO 3 -and BF 4 -form weak, noncovalent bonds with inner cavity H-5

protons, in addition to coordination bonds with silver. For those that have low affinity for silver such as BF 4 -, the metallocyclodextrin behaves as a true ditopic receptor since here, anion encapsulation is a direct result of the synergistic binding of the anion to both metal cation and cavity inner wall. Remarkably, the 31 P{ 1 H} NMR chemical shifts of the P(III) atoms are very sensitive to the nature of the included anion.

Scheme 28 Coordination properties of 45 towards late transition metals.

The natural bite angle of diphosphine 45 is likely to be somewhat smaller than 180°, since for complex [Au(45)]PF 6 , 118 which lacks cavity-interacting exogenous ligands, a slight deviation from linearity was observed in the solid state (P-M-P : 164°). Note that in this complex the two P-Au vectors are directed toward the cavity centre. The important variations in terms of P-M-P angles may originate from the ability or not of the CD torus to act as a second coordination sphere. Depending on the strength of the weak interactions at work, 105 the metal centre sits more or less deeply in the cavity, thus affecting the P-M-P angle (Fig. 5). 27,117 OMe OMe Being a trans-spanning ligand, TRANSDIP should not be able to form organometallic complexes capable of mediating the formation of a carbon-carbon bond, since ciscoordination of the groups that are being coupled is required. 119,120 To test this hypothesis, the synthesis of Ni and Pd complexes with two metal-methyl units was attempted. Thus, reaction of [NiBr 2 (45)] with MeLi, even in excess, led quantitatively to the exceptionally stable monomethylated complex [NiMeBr (45)], but not to the expected dimethyl species, 81 this because the CD provides adequate steric protection against nucleophilic attack by a second MeLi (Scheme 29). In the same vein, reaction of [PdCl 2 (45)] with one equivalent of MeLi resulted in the quantitative formation of the expected monomethylated complex ([PdMeCl(45)]). However, when [PdCl 2 (45)] was reacted with excess MeLi, a cascade of transormations leading to the production of ethane occurred (Scheme 30) 121 in stark contrast with other trans-spanning diphosphines, 111 which give very stable trans chelate dimethylpalladium complexes. 119,122 Scheme 29 Alkylation of [NiBr 2 (45)] with excess MeLi.

Once again, the inner cavity protons were used as NMR probes for exploring the different organometallic processes at work. 105 Thanks to a series of low temperature 2D NMR experiments, the mechanisms of the whole set of reactions could be established (Scheme 30).

First, addition of one equivalent of MeLi to [PdCl 2 (45)] led quantitatively to [PdMeCl (45)] via the trigonal bipyramidal intermediate [PdMeCl 2 (45)], which precipitated out of C 6 D 6 , allowing its purification and spectroscopic characterisation. Complex [PdMeCl (45)] reacted with two extra equivalents of MeLi at -40 °C, to give [PdMe 3 (45- 1 P)]Li, in which one phosphorus atom is dissociated. Because this transient species has methyl groups that are disposed cis to each other, reductive elimination was possible in this case and took place at room temperature to afford ethane, together with the Amatore-Jutand-type 123 Pd 0 complex [PdCl (45)]Li with an embedded chlorido ligand. 124 The latter was easily oxidised by air, affording peroxo complex [Pd( -O 2 )(45)], 125 the molecular structure of which constitutes the first example of a structurally characterised metallo-cavitand containing a {M( -O 2 )} unit.

The P-M-P angle (111.5°) in [Pd( -O 2 )(45)] is the smallest for a complex derived from trans-chelating 45. It is however significantly larger than that of the only other reported [Pd( -O 2 )(diphos)] chelate complex (104.5°). 126 Scheme 30 Reaction pathway leading to the production of ethane from [PdCl 2 (45)] and the formation of peroxo complex [Pd( -O 2 ) (45)]. Unexpectedly, nickel complexes such as [NiCl 2 (45)], [NiBr 2 (45)], [NiMeBr (45)] in which ligand 45 acts as a trans-chelator, were found to be highly active in -olefin dimerisation after activation with methylaluminoxane (MAO). 81 In the case of ethylene and for all three catalysts, activity and selectivity to C-4 products lie in the range found for the standard [NiBr 2 (Ph 2 PCH 2 CH 2 PPh 2 )]/MAO system. The TRANSDIP-based catalyst was found to be very robust as it remained active over a prolonged period with a TOF reaching its maximum value after an hour (up to 4.3 x 10 4 mol(C 2 H 4 )mol(Ni) -1 h -1 ). As far as propylene is concerned, the observed activity was about eightfold lower than that of the reference system, probably because of greater crowding about the nickel centre. 127 Since the formation of a C-C bond requires a cis arrangement of the metal-bonded alkyl and olefin units undergoing migratory insertion, 119,120 the two phopshorus atoms of TRANSDIP cannot be simultaneously bound to the metal. Possibly, one of the two phosphorus atoms dissociates during the course of the catalytic cycle as described above for the formation of [PdMe 3 ( 1 P-45)]Li. 121 However, a mechanism involving a strong distortion of chelated TRANSDIP that brings the two coordinated phosphorus atoms in cis position (as proposed initially) cannot be totally excluded. A larger analogue of TRANSDIP, coined WIDEPHOS (48), was recently synthesised from -CD. 69 Similarly to HUGPHOS and TRANSDIP ligands, the synthesis of 48 relies on the regiospecific and 100% stereoselective reaction of adjacent mesylated glucose units of 6 A ,6 B ,6 D ,6 E -tetramesylate -CD 46 with excess Li 2 PPh in THF. In contrast with TRANSDIP, the double-capping reaction is far from being quantitative (40% yield) as significant amounts of elimination products are being formed. For purification purposes, 48 had to be protected with BH 3 •THF to afford the non-oxidable phosphine-borane adduct 47, which after purification could be deprotected with HNEt 2 (Scheme 31). Proof that the double-capping reaction had occurred was inferred from an X-ray diffraction study on the oxidised ligand.

Unlike TRANSDIP, 48 behaves as an imperfect trans-chelator because the P...P separation is rather large (6.91Å) and the two phosphorus lone pairs do not face each other but are at an angle much lower than 180° (151.8° according to the above molecular structure). 28 This means that in all trans-chelate complexes of WIDEPHOS, whether square planar ([PtCl 2 (48)],

[PdCl 2 (48)] and [RhCl(48)(CO)]), or linear ([Au (48)]PF 6 ) , overlapping between metal and phosphorus orbitals is not optimal. Such constraints on the metal first coordination sphere manifests itself by a balance wheel-like oscillation of the macrocyclic ligand around the coordinated metal during which the two P lone pairs alternately maximise their overlap with the metal d x 2 -y 2 orbital. This motion, christened oschelation, does not involve any M-P bond dissociation (Scheme 32). [128][129][130][131][132][133] Unsurprisingly, these complexes are rather unstable and sensitive to oxidation. For example, [PdCl 2 (48)] reacted readily with air in methanol to afford an equimolar mixture of 49a and 49b. In each compound, one of the two P atoms underwent dissociation followed by oxidation. While a genuine trans-chelator like TRANSDIP only binds one metal centre at a time, WIDEPHOS is capable of accommodating up to two metal centres. 89 Bimetallic complexes are ubiquitous in catalysis and molecular recognition, [134][135][136][137][138][139] but the confinement of two metal centres within a molecular cavity, [140][141][142][143] as much as diphosphines designed to bring two metal centres close together are a rare occurrence. 111,[144][145][146] Because of the unique location of the two P(III) donor atoms within the rigid macrocyclic framework, the binding of one metal centre strongly influences the coordination behaviour of the second donor atom in dinuclear complexes of WIDEPHOS. For example, one of the two {P-Au-Cl} fragments in [Au 2 Cl 2 (48)] is coordinated in the same way as in the unconstrained monophosphine complex [AuCl (34)] while the coordination sphere of the second one is significantly distorted by the catalysed Mirozoki-Heck coupling of bromoarenes with styrene. Not surprisingly, the reaction was totally inhibited when using a metal/ligand ratio of 1:1, presumably because of the formation of a non catalytic trans-chelate complex. However, when the metal/ligand ratio was raised to 2:1, catalytic activity was restored to a certain extent although this catalytic system is only half as active as the monophosphine-based catalysts. A likely explanation for these results is the formation of a dinuclear active species that is not as active as the mononuclear Indeed, the presence of bulky tert-butyl groups in 64b slows down the reaction but is highly beneficial in terms of enantioselectivity. Since chiral groups other than the CD unit are absent from this ligand, only the sugar macrocycle is responsible for the observed chiral induction (60% ee). Furthermore, in the case of 64c and 64d a clear match/mismatch relationship between the chirality of the torus and the chirality of the binaphtyl substituent was established. While the (S)-binaphthyl and CD combination led to a significant ee increase, reaching 92% for the bulky naphthyl-containing substrate S9, the replacement of the Sbinaphthyl group with a R-binaphthyl one reversed the sense of enantiodiscrimination and resulted in much lower ee's (< 70%) (Scheme 43). Rhodium complex [Rh(COD)(63b)]BF 4 was also assessed in asymmetric hydroformylation of styrene, leading to an ee of 50% with reasonable TOF values, but without significant modification of the l/b ratio (TOF = 374, l/b = 0.3). Scheme 43 Rhodium-catalysed asymmetric hydrogenation of prochiral olefins S5-S9 with phosphine-phosphite comlexes [Rh(COD)(64a-d)]BF 4 .

Conclusion

With their well-defined chiral cavity, CDs decorated with P(III) donor atoms display a rich coordination chemistry that has led to many catalytic applications. The recent development of new methods of CD functionalisation has played a pivotal role in the design and synthesis of a variety of P(III)-functionalised CDs capable of maintaining a coordinated metal centre within or at least close to their hollow, this leading to complexes where the second coordination sphere properties of the sugar macrocycle can be fully expressed and metal confinement achieved. These two features have proved essential for stabilising highly reactive intermediates, for finely controlling the selectivity of numerous catalytic reactions as well as for improving the robustness of the catalysts. When associated with P(III) donor atoms, CDs also constitute effective chiral inductors in metal-catalysed asymmetric reactions, provided their phosphorus atom(s) is(are) rigidly held close to the cavity. Reflecting on the work that has so far been achieved, a delicate balance has to be found in the degree of metal confinement, so that maximum selectivity can been achieved without compromising activity.

Ways of combining P(III) atoms with other donor atoms such as nitrogen and sulfur on a CD platform will have to be found in the future to fully exploit the potential cyclodextrins have to offer in homogeneous catalysis. 
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  Run carried out with P(CO/H 2 ) = 25 bar. [g] ACNa and SD stand for sodium adamantylcarboxylate and sodium dodecanoate, respectively.

	the linear regioisomer (Scheme 6). 49 However, steric crowding around the donor atom is
	probably more severe in the self-included species than in the guest-occupied one. Such a
	feature is known to be a key factor for promoting the formation of monophosphine complexes
	The three olefins S1, S2 and S3 were hydroformylated in water with a Rh/5 catalyst system at the expense of bis(phosphine) ones. Because singly phosphorus-ligated complexes are
	(Table 1, entries 7-13). Hydroformylation of S1 and S2, which show no affinity for the -CD known to promote the formation of branched aldehydes, the unusual regioselectivity observed
	cavity, resulted in about the same l/b ratios and conversions as for 4 and TPPTS (Table 1, here is probably a direct consequence of a higher than usual proportion of P-monoligated
	entries 1 and 17). The presence of competitive CD guests such as sodium dodecyl sulfate complexes under hydroformylation conditions.
	(SDS) or 1-adamantanecarboxylate (ACNa) did not alter the catalytic outcome (Table 1,
	entries 8 and 10, respectively). Conversely, substrate S3, which forms an inclusion complex Scheme 7 ROMP of olefin S4 using [RuCl 2 (8)(H 2 O)] and [RuCl 2 (9)(H 2 O)]. MeO groups of
	with 5 in water, displayed remarkable activity (TOF up to 1980 h -1 ) and led to a noticeably the primary face are probably coordinated to the ruthenium centres.
	higher l/b ratio (2.8) than for the two other olefins (Table 1, entry 11). Because the CD cavity
	plays an active role in the catalytic process, addition of ACNa reduced dramatically the
	2 [e] activity but had no real impact on selectivity (Table 1, entries 12-13). 4 -3 [f] 4 -A phosphine with guest-tunable properties (7) was obtained by copper catalysed azide-1.8 1.7 4 4 heptane -2 alkyne cycloaddition between borane-protected diphenylpropynylphosphine and 6-mono-1.2 5 [e] 4 -azido-RAME--CD 6 followed by phosphine deprotection (Scheme 5). While in 4 one of the 1.2 6 [f] 4 -phenyl rings is firmly held in the CD cavity and cannot be displaced by a competitive guest in 1.2 7 5 S1 water -2 1.1 37 water, the buried phenyl group of phosphine 7 can be expelled from the cavity by ACNa. Scheme 6 Guest tuneable conformation of 7 and main hydroformylation products for each
	case.	8	5			ACNa g (0.3)		1.1
		9	5	S2	water	-	2	0.1
		10 Recently, the group of Harada has described the use of the dicyclohexylphosphine 5 ACNa (0.3) 0.1
	11 complexes [RuCl 2 (8)(H 2 O)] and [RuCl 2 (9)(H 2 O)] in the ring-opening metathesis 5 S3 water -0.25 2.8
	12 polymerisation (ROMP) of the water-soluble diol S4 in water (Scheme 7). 51 The CD cavity 5 ACNa (1) 3.3
	13 was shown to play an active role in the catalytic reaction as conversions with these complexes 5 ACNa (9) 3.2
	14 (31 and 80 % conversion for [RuCl 2 (8)(H 2 O)] and [RuCl 2 (9)(H 2 O)], respectively within 14 h 7 S1 water -6 0.7 42
	15 Scheme 5 Synthesis of 7 via click-chemistry. 7 at 45°C) were much higher than with CD-free water-soluble analogues. Moreover, CD-guest ACNa (0.3) 1.8
	16 molecules such as 3-chlorophenol or adamantane inhibit the catalytic reaction to a certain 7 SD g (0.3) 1.9
	17 The influence of such a conformational change on the catalytic performance of 7 was assessed TPPTS S1 water -2 1.8 36 extent, suggesting that supramolecular catalysis is at work in this case. As expected, the best
	18 by carrying out rhodium-catalysed hydrofomylation reactions in water with olefin S1. In the TPPTS ACNa (0.3) 1.8 42 host-molecule for olefin S4, namely [RuCl 2 (9)(H 2 O)], was more active than its smaller
	19 presence of competitive guests (ACNa or sodium dodecanoate (SD)), standard l/b ratios of TPPTS SD (0.3) 1.8 42 analogue [RuCl 2 (8)(H 2 O)]. Note that possible self-inclusion of a P-bound cyclohexyl ring into
	20 around 2 were observed (Table 1, entries 15-16 and 17-19) whereas without, the branched PPh 3 S1 heptane -2 1.8 36 the macrocycle was not discussed.
	product became the major product (Table 1, entry 14). The authors suggest that with a guest
	molecule included, 7 is bulkier than on its own, a feature which may favour the formation of

[a] substrate/rhodium = 500, ligand/rhodium = 4, P(CO/H 2 ) = 50 bar, (CO/H 2 ) = 1/1, T = 80 °C. [b] Equivalent of competitive guest added with respect to substrate. [c] Determined by GC using decane as internal standard. [d] l/b aldehyde ratio. [e] Run carried out with ligand/rhodium = 8. [f]

  Similarly, the cationic chelate complexes [Au(36)]BF 4 and [Ag(36)]BF 4 , which both display a linear geometry, were the only species formed after metal complexation. In contrast, 37 gives a mixture of the equilibrating chelate complexes trans-[PtCl 2(37)] and cis-[PtCl 2(37)], when treated with [PtCl 2 (PhCN) 2 ]. The observed difference of coordination properties between 36

	Despite the large number of bonds separating the P atoms in 36 and 37, these ligands
	afforded solely chelate complexes with a number of metal cations, independently of the

Reacting the C 2 -symmetric dimesylate 35 with either 3or 4-iodophenol afforded iodoaryl ether compounds that produced respectively 36 and 37 in 70% overall yields following a palladium-catalysed carbon-phosphorus cross coupling developed by Stelzer (Scheme 20). 104 Scheme 20 Synthesis of bidentate ligands 36 and 37. reagent concentrations. Diphosphine 36 appears to strongly favour trans-chelation as exemplified by the exclusive formation of the complexes trans-[RhCl(36)(CO)] and trans-[PtCl 2 (36)] when reacted with [RhCl(CO) 2 ] 2 and [PtCl 2 (PhCN) 2 ], respectively (Scheme 21).

  Ag(38- 3 P,P',OMe]BF 4 was achieved by adding acetone, which is known to promote ligand-substitution reactions, prior to evaporation. Replacing acetonitrile with benzonitrile gave only a mononitrile complex, as only one PhCN fits inside the CD cavity (Scheme 22). MeO coordination. It is noteworthy that in the case of 39, only the formation of [Ag(39- 3 P,P',OMe]BF 4 , [Ag(39)(MeCN)]BF 4 and [Ag(39)(PhCN)]BF 4 was observed, but not that of [Ag(39)(MeCN) 2 ]BF 4 . 72 In stark contrast with 37, diphosphines 38 and 39 form exclusively trans-chelate complexes with d 8 metal cations rather than cis-ones (trans-[PdCl 2

					Ph 2	P	OMe Ag MeO	P	Ph 2	BF 4
		38		AgBF 4	MeO	N	N		OMe
				MeCN						
							Me	Me	
			MeCN, 15 equiv.							large excess of MeCN
				vacuum	(OMe) 12 [Ag(MeCN) 2 (38)]BF 4	PhCN, 7 equiv.
	P Ph 2	OMe Ag MeO	P Ph 2	BF 4				large excess of MeCN	P Ph 2	OMe Ag MeO	P	Ph 2	BF 4
	MeO										PhCN, 3 equiv.	MeO	N	OMe
					vacuum					
	(OMe) 12 [Ag(38- 3 P,P',OMe]BF 4		slight excess of MeCN				[Ag(PhCN)(38)]BF 4	(OMe) 12
				vacuum							PhCN, 3 equiv.
		slight excess of MeCN	P Ph 2	OMe Ag MeO	P Ph 2	BF 4	large excess of MeCN
					MeO		N		OMe
							Me			
							(OMe) 12	
					Reaction of 38 with one equivalent of AgBF 4 in MeCN
	led quantitatively to the complex [Ag(38)(MeCN) 2 ]BF 4 , which comprises two CD-included

MeCN ligands

(Scheme 22)

. This complex enabled to study ligand-exchange processes taking place within the cyclodextrin core.

105 

Thus,

[Ag(38)

(MeCN) 2 ]BF 4 readily releases one or two acetonitrile molecules depending on the MeCN concentration. Formation of the MeCN-free complex [Scheme 22 Diphosphine 38 as probe for nitrile ligand-exchange process. The complex [Ag(38- 3 P,P',OMe]BF 4 shows fluxional behaviour at the 1 H NMR time scale, each of the four primary face methoxy groups being involved alternately in the coordination of the silver cation. Unlike its AD counterpart, [Ag(39- 3 P,P',OMe]BF 4 (not drawn) displays a sharp 1 H NMR spectrum, suggesting non-fluxional ligand behaviour, probably because here the methoxy group of glucose unit B is ideally positioned for

[Ag(MeCN)(38)]BF 4 

  Whereas 38 and 39 give rise solely to trans-chelate complexes, the analogous 6 A ,6 Bdisubstituted CD 41 reported by Jia behaves as an exclusive cis-chelator when opposed to

[PtCl 2

(COD)

] or [Rh(COD) 2 ]BF 4 .

71 

Harsher reaction conditions or the use of the better leaving group triflate are required to introduce two PPh 2 units on adjacent glucose units, probably because steric hindrance is more severe in 41 than in 38 and 39 (Scheme 24).

Dalton Transactions
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