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Styrene hydroformylation with cavity-shaped ligands

EHICS). In 1994, he appointed as a lecturer at EHICS and passed his

Hydroformylation of olefins constitutes the most important homogeneous process with a world production of over 12 Mtons per year, including hydrogenation and oxidation products. [1] One of the most important current challenges is the control of the specific reaction (hydroformylation instead of isomerisation and hydrogenation), the regioselectivity (linear (l)

or branched (b) aldehydes) and, if required, the enantioselectivity (Scheme 1).

Scheme 1. Hydroformylation of α-olefin with side reactions.

Until the early 1970's, cobalt catalysts dominated industrial hydroformylation, but due to the low reactivity of the cobalt catalysts, high pressure as well as high temperature were required. However, the hydroformylation of α-olefin under mild conditions can be efficiently catalysed using rhodium / triphenylphosphine systems as been shown by Osborn, Young and

Wilkinson [START_REF] Osborn | [END_REF] in 1965. Since this time, rhodium triarylphosphine catalysts have gradually replaced the cobalt systems and since 2004, around 75 % of all hydroformylation processes are based on rhodium triarylphosphine catalysts. Nevertheless, such [Rh(H)(CO)(PAr 3 ) 2 ]

catalysts require an excess of phosphine to prevent ligand dissociation and promote formation of more active but less regioselective complexes (Scheme 2).

Scheme 2. Equilibrium between rhodium species.

Although the lack of industrial applications, styrene is an olefinic substrate of choice for benchmarking the selectivity of new catalysts and is considered as a model for the asymmetric hydroformylation of vinylarenes, able to give readily access to nonsteroidal anti-inflammatory drugs like Ibuprofen, Naproxen or Ketoprofen. [3] During the catalytic cycle, the formation of 2-phenylpropanal (branched aldehyde) and/or 3-phenylpropanal (linear aldehyde) can be explained by the presence of two types of rhodium-alkyl intermediates, [L n Rh-CH(Me)Ph] (iisomer) and [L n Rh-CH 2 CH 2 Ph] (n-isomer), resulting from the migration of the hydride of the active species [L n RhH(CO)(styrene)] to the styrenyl C-1 and C-2 carbon atom, respectively (Scheme 3). In the latter complexes the Rh-C bond is polarized with a partial negative charge on the carbon atom. Due to the presence of the phenyl substituent, which allows the formation of a η 3 -complex, the negative charge is delocalised only in the i-isomer, which led mainly to the formation of the branched aldehyde.

Scheme 3. Catalytic cycle for styrene hydroformylation.

In the last two decades, cavity-shaped molecules, especially calixarenes, [4] resorcinarenes (also called cavitand when rigidified) [5] and cyclodextrins (CD), [6] have attracted increasing attention due to their successful applications in transition metal catalysis and particularly in styrene hydroformylation (Figure 1). Although the recent development of sophisticated ligands able to sterically or supramolecularly control the first and the second coordination sphere of the catalytic center, [7] the following pages will show how the latter macrocyclic molecules can act as pre-organisation platforms able to strongly modify the steric environment around the metal center to influence the catalytic outcome leading predominantly to branched, eventually optically active or linear aldehydes. 

Rhodium-catalysed styrene hydroformylation

Branched selectivity -formation of 2-phenylpropanal

Two bis-phosphines in which the Ph 2 PCH 2 moieties were grafted on the upper rim of a calix[4]arene were studied by the group of Matt [8] (1) and Kubas [9] (2). After reaction with the dimeric [RhCl(cod)] 2 precursor (cod = 1,5-cyclooctdiene), the two bis-metallic [1-

(RhCl(cod)) 2 ]
(3) and [2-(RhCl(cod)) 2 ] (4) complexes (Figure 2) were assigned in styrene hydroformylation in the presence of NEt 3 (Table 1). The catalysts activities were weak with a TOF (turnover frequency) of 30 and 50 mol(styrene) mol(Rh) -1 h -1 using complexes 3 and 4, respectively (Table 1, entries 1 and 3). In both tests, a high proportion of branched aldehyde was obtained and no hydrogenated products were detected. The conventional selectivities observed was not unusual for Rh/P(III)-systems like, for example PPh 3 , which led to 94 % of branched aldehyde. [10] It was suggested that, during the catalysis, the phenyl substituent is kept away from the calixarenyl cavity, especially when ligand bearing bulky tBu groups (1) was employed. An improved activity of precatalyst 3 was observed when one equivalent of 
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, or in the present revue free bis-phosphine 1 was added to the catalytic mixture (TOF = 50 mol(styrene) mol(Rh) -1 h - 1 ) without loss of selectivity towards branched aldehyde (Table 1, entry 2). According to the authors, the additional ligand may induce the formation of a more stable bis-phosphinated rhodium species, in which the electron density of the metal was increased, hence favoured the final aldehyde elimination step. Figure 2. [1-(RhCl(cod)) 2 ] (3) and [2-(RhCl(cod)) 2 ] (4) complexes.

Table 1: Styrene hydroformylation with bis-rhodium complexes 3 and 4.

Entry Rh complex Additional phosphine

Times (h) Conversion (%) l/b 1 [a] 3 / 9 90 9:91 2 [b] 3 1 equiv. 6 100 9:91 3 [c] The group of Harvey [11] studied two families of proximally (5-7) and distally (8-10) bis-phosphinated calix[4]arenes (Figure 3), in which the phosphorus atoms are directly attached to the upper rim of the macrocycle. Reaction between the latter bis-phosphines and [RhCl(cod)] 2 in the presence of TlPF 6 led to the formation of dimeric [Rh(cod)L] 2 (PF 6 ) 2 (L = 5-10) complexes (Figure 3). Dimeric rather than monomeric rhodium species may come from lower ring stress as revealed by molecular modelling. Using this complex in styrene hydroformylation gave low activities (TOFs between 5 and 30 mol(styrene) mol(Rh) -1 h -1 ; (5-7) or 1,3-diphosphinated (8-10) calixarenes, the highest branched regioselectivities were obtained with the smallest methyl substituent (l/b = 5:95 and 6:94 for 6 and 9, respectively;

Table 2, entries 2 and 5). Conditions: styrene:Rh = 1000:1, THF, P(CO/H 2 ) (1:1) = 71 bar, 50°C.

The calix[4]arene-fused benzophosphole 11 (Figure 4), prepared according Chatani's method, was studied by Elaieb et al. [10] The latter synthesis was not stereoselective, indeed, suggesting that the rhodium atom lies close to macrocycle but out of the cavity. This complex was further tested in styrene hydroformylation and led to a TOF of 100 mol(styrene) mol(Rh) - 1 h -1 with mainly the formation of the branched aldehyde (l/b ration = 5:95) (Table 3, entry 1).
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The observed regioselectivity was superior to those reported for other unsymmetrically substituted benzophospholes. [12] Addition of one equivalent of free ligand 11 increased the activity up to 115 mol(styrene) mol(Rh) -1 h -1 without impacting the regioselectivity (Table 1, entry 2). But addition of a second equivalent of 11 induced a slight decrease in activity (Table 3, entry 4). Conditions: styrene:Rh = 1000:1, toluene, P(CO/H 2 ) (1:1) = 30 bar, 60°C.

Four bis-phosphines (12-15) and one tetra-phosphine (16) were also synthesised and tested in styrene hydroformylation by the groups of Matt [13] and Kollár, [14] respectively (Figure 5). In the latter ligands, the Ph 2 P(CH 2 ) n (n = 1 or 2) moieties were grafted on the lower rim of the calix[4]arene. In the case of bis-phosphines, two additional organic functions were anchored to macrocycle. After coordination with a rhodium atom, these auxiliary substituents were closed enough to form hemilabile complexes as, for example, [Rh(12)(CO)]BF 4 (17) formed by reaction between [Rh(CO) 2 (THF) 2 ]BF 4 and the bisphosphine 12 (Figure 6). 12)(CO)]BF 4 complex (17).

For the bis-phosphines, the catalytic reactions were carried at 40°C under 40 bar CO/H 2 using well defined chelate [Rh(12)(CO)]BF 4 (17) or [Rh(nbd)(L)(CO)]BF 4 (L = 13-15; nbd = norbornadiene) complexes (Table 4). These pre-catalysts showed high regioselectivities OC towards the branched aldehyde with a l/b ratio of 5:95 but very low activities were observed especially when chelate complex 17 was employed due to the competitive binding of the functional auxiliary groups and/or the low temperature of the run (Table 4, entry 1). In fact, using tetra-phosphine 16, TOFs increased with the temperature from 120 to 660 mol(styrene) mol(Rh) -1 h -1 when the hydroformylation tests were carried out at 55°C and 135°C, respectively (Table 5, entries 1 and4). Nevertheless, lower control of the regioselectivity was observed at high temperature. In fact, the proportion of 2-phenylpropanal was reduced from 93 % to 57 % when the temperature was raised from 55°C to 135°C (Table 5). 2 [b] [Rh(13)(nbd)]BF 4 360:1 48 100 5:95

3 [b] [Rh( 14)(nbd)]BF 4 600:1 80 95 5:95 4 [b] [Rh (15) Conditions: styrene:Rh:16 = 4000:1:1, toluene, P(CO/H 2 ) (1:1) = 80 bar.

Two phosphines 18 and 19, in which the phosphorus atoms were grafted on the lower rim of a calix[6]arene (Figure 7) were tested in the styrene hydroformylation by the group of Tsuji. [15] The catalytic systems were generated in situ starting from [Rh(cod) 2 ]BF 4 and four equivalents of phosphine. After 16 h at 70°C under 10 bar of CO/H 2 , low activities were measured and the branched aldehyde was obtained with a regioselectivity of 90 and 92 %, when phosphines 18 and 19 were employed, respectively (Table 6). Reetz and Wadvogel [START_REF] Reetz | US 6087481A[END_REF] described the synthesis and catalytic application of the bisphosphine 20, in which the two PPh 2 moieties are grafted on a water-soluble β-cyclodrextrin platform (Figure 8). In a water-DMF mixture at 60°C under 100 bar of CO/H 2 , bis-phosphine 20 associated to [Rh(cod) 2 ]BF 4 cation (styrene:Rh:20 = 4350:1:1.2) was able to transform, in 18 h, 73 % of styrene into aldehydes with a l/b ratio of 11/89 (TOF = 175 mol(styrene) mol(Rh) -1 h -1 ). A less efficient catalytic system, composed of cyclodextrinyl phosphinite 21 (Figure 8) and the dimer [Rh(cod)Cl] 2 (Rh:21 = 1:1), was reported by the group of Ichikawa. [START_REF] Deshpande | [END_REF] Under 20 bar of CO/H 2 in DMF at 80°C, a TOF of 20 mol(styrene) mol(Rh) -1 h -1 was measured. Note that no enantiomeric excess were reported in the latters styrene hydroformylation using the optically pure cyclodextrinyl ligands 20 and 21. The group of Matt, tested two families of bis-phosphinites (22-24) and bis-phosphites (25-27) in styrene hydroformylation (Figure 9). [18] For these ligands, the phosphorus atoms are grafted on the low rim of a calix [4] (1:1). As general trends, bis-phosphites ligands led to higher activities than bis-phosphinites. For example, when ligands 25 and 22 were employed, TOFs of 2035 and 855 mol(styrene) mol(Rh) -1 h -1 were observed, respectively (Table 7, entries 1 and 4). The increased reaction rate came from the weaker σ-donors but stronger πacceptors P-O bonds, which facilitates the CO dissociation from the rhodium atom. The low TOF (140 mol(styrene) mol(Rh) -1 h -1 ) when bis-phosphite 24 was employed, was due to a coordination in a hemilabile fashion of a C=O function (vide supra; complex 17 in Figure 6).

The observed regioselectivities towards the formation of the branched aldehyde were in the range of 64-73 %, excepted when ligand 24 was used, l/b = 41/59 (Table 7, entry 3).

According to the authors, the relatively lower proportion of branched aldehyde (higher amount of linear aldehyde) observed with the latter bis-phosphinite should arise from its large bite angle. were assigned in styrene hydroformylation by two groups, Kollár (30) [14] and Karakhanov (28, 29, 31 and 32) [19] (Figure 10). The tests were carried out in toluene, and the catalytic systems were generated in situ by mixing either [RhCl(nbd)] 2 or [Rh(acac)(CO) 2 ] with the ligand (Table 8). Interestingly, no difference could be observed in activities (TOF = 40-45 mol(styrene) mol(Rh) -1 h -1 ) and in the catalytic outcome (l/b = 9:91), when 2 equivalents of bis-phosphinite 28 or 1 equivalent of tetra-phosphinite 29 per rhodium atom were employed for the tests realised at 50°C under 25 bar of CO/H 2 (Table 8, entries 1 and 2). The introduction of a CH 2 CH 2 O spacer between the calixarenyl platform and the PPh 2 moieties (30) led to a more efficient catalyst. Indeed, under 40 bar of CO/H 2 , the combination of [RhCl(nbd)] 2 and 30 catalysed the reaction with a TOF of 140 mol(styrene) mol(Rh) -1 h -1 and with a similar regioselectivity (l/b = 8:92). On the other hand, changing the temperature to 130°C, increased the TOF (1000 mol(styrene) mol(Rh) -1 h -1 ) but reduced drastically the amount of branched aldehyde (l/b = 48:52) (Table 8, entries 3 and 4). When hexaphosphinites 31 and 32 were employed in runs carried out at 50°C under 25 bar of CO/H 2 , lower activities (TOF of 35 and 50 and mol(styrene) mol(Rh) -1 h -1 , respectively) with the selective formation of the branched aldehyde were observed (Table 8, entries 5 and 6). Note that the high solubility of hexa-phosphinite 31 in styrene allowed to carry out the runs under solvent-free conditions. In such high styrene concentration, the activity of the catalyst was increased (TOF = 180 and mol(styrene) mol(Rh) -1 h -1 ) and the high regioselectivity towards the branched aldehyde was maintained.

Figure 10. Bis-, tetra-and hexa-phosphinites 28-32. The group of Karakhanov studied two bis-phosphites 33 and 34 as ligand in styrene hydroformylation (Figure 11). [19b, 20] With theses compounds, the two phosphorus atoms are capping three oxygen atoms of a calix[6]arene skeleton. The catalytic tests were carried out in toluene at 50°C using [Rh(acac)(CO) 2 ] as metal precursor and excess of ligand. The authors showed that using a large excess of bis-phosphites 33 or 34 per rhodium atom reduced the conversion of styrene. 31 P NMR and mass spectroscopy investigations revealed the formation of inactive complexes. The rhodium atoms are coordinated to four phosphorus atoms that belong to two macrocyclic ligands. When a Rh/L ratio of 1 (with ligand 34) or 2 (with ligand 33) were employed, under a pressure of 5 bar and with a styrene/Rh ratio of 150, TOFs of 10 and 85 mol(styrene) mol(Rh) -1 h -1 were observed, respectively, with poor regioselectivities 
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(Table 9, entries 1 and 3). The increase of CO/H 2 pressure favours the formation of branched aldehyde, unlike increasing the styrene/Rh ratio reduced its proportion (Table 1, entries 2 and 4). Conditions: [a] Rh:L = 1:2, toluene, 1 h, 50°C; [b] Rh:L = 1:1, toluene, 1 h, 50°C.

Asymmetric hydroformylation -formation of optically active 2-phenylpropanal

Although asymmetric rhodium-catalysed hydroformylation of styrene is well documented, [21] only few examples using chiral ligands built on a macrocyclic platform were reported.

The first model described by Jouffroy et al. [22] was the phosphine-phosphite 35 built on a α-cyclodextrin skeleton (Figure 12). The two phosphorus atoms were grafted on two proximal glucose units and form quantitatively, with the [Rh(cod) 2 ]BF 4 precursor, the chelate [Rh(35)(cod)]BF 4 complex. The latter was assessed in the asymmetric hydroformylation of styrene (styrene:Rh = 2500:1, P(CO/H 2 ) = 20 bar, 80°C). After 7 h, a full conversion of styrene was observed and the branched aldehyde was obtained with a regioselectivity of 76 % and an enantiomeric excess (ee) of 50 % in favour of the (R)-product. An improvement of regio-and enantio-selectivities were reported by the same authors, [23] using this time introverted chiral phosphines based on α- (36) or β-cyclodextrin (37) skeleton (Figure 13). These two crowded phosphines have their phosphorus lone pair directed towards the centre of appended cyclodextrin core. Consequently, these introverted ligands tightly embrace a rhodium center upon complexation and thus facilitate chirality transfer, but also restrict phosphine coordination to a single ligand, influencing strongly the regioselectivity towards the formation of the branched aldehyde. In fact, after optimisation of the reaction conditions (40 bar of CO/H 2 at 20°C), the branched aldehyde was obtained with a regioselectivity of 98 % and an enantiomeric excess of 95 % and 93 %, when phosphine 36 and 37 were employed, respectively (Table 10). In situ mechanistic studies carried out on [Rh(acac)(CO)(37)] complex, high-pressure NMR (HP-NMR), have revealed that rhodium hydride complex of the type [Rh(H)(CO) 3 ( 37)]
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with a P-Rh-H trans arrangement is formed as the only phosphorous containing species under hydroformylation conditions (Scheme 4). The embedding of the whole catalytic centre thereby ensured unprecedented chirality transfer from the cyclodextrin pocket to the organic substrate.

Scheme 4. Formation of the [Rh(H)(CO) 3 (37)] active specie with a P-Rh-H trans arrangement.

The last study was recently reported by Natarajan et al. [24] and deals with two mono-(38 and 39) and two bis-phosphites (40 and 41) built on the upper rim of a calix[4]arene or on a resorcin[4]arene platform (Figure 14). In the optimised hydroformylation conditions (P(CO/H 2 ) = 20 bar at 50°C for 24 h), the in situ generated catalysts obtained by mixing [Rh(acac)(CO) 2 ] and excess of ligands (10 equiv. of phosphorus atoms per rhodium atom) led to similar regioselectivities whatever the ligand employed (l/b ratio in the range of 9/91 to 17/83; Table 11). However, substantial enantiomeric excess were measured only when the two bis-phosphites ligands were employed, ees of 89 % and 50 % were observed when 40 and 41 were used, respectively (Table 11, entries 3 and 4). To explain the higher ee obtained with 15), when calixarenyl and resorcinarenyl ligands were employed, respectively. From these observations, the better enantiomeric excess observed with the calixarenyl ligand 40 can reasonably be attributed to the formation of chelated species in which the binaphthyl moieties efficiently embrace the metal centre during the catalytic cycle. In contrast, the resorcinarenyl ligand 41, which led to the formation of dimeric or oligomeric active species with a considerably less crowded metal environment, is less efficient for a possible chirality transfer. 41) 2 ]2BF 4 complexes.

Linear selectivity -formation of 3-phenylpropanal

One efficient way to drive the hydroformylation reaction towards the formation of linear aldehydes consists in using chelating bis-phosphines having a large bite angle, such as e.g. BISBI [25] (Eastman), Naphos (Hermann [26] and Beller [27] ) or Xantphos [28] (van Leeuwen) (Figure 16). According to operando NMR [29] and IR [30] studies carried out mainly by the group of van Leeuwen, [31] the performances observed with the latter ligands arise from their ability to form trigonal bipyramidal [Rh(H)(bis-phosphine)(CO)(alkene)] intermediates in which the phosphorus atoms occupy two equatorial sites (ee isomer, in which the P-Rh-P angle approaches the ideal value of 120°) rather than an axial and an equatorial sites (ae isomer, in which P-Rh-P angle is near 90°). In the ee isomer, the large P-Rh-P angle forms a tight molecular pocket, generated by the phosphorus substituents, which favours the migration of the hydride to the C-2 carbon atom of the styrene, this leading in fine to the linear aldehyde (Scheme 5). In this endeavour, we developed the synthesis of calixarenyl bis-phosphites 42-46 in which each phosphorus atom, grafted on the lower rim of a distally O-dialkylated macrocycle, was substituted with the bulky (S)-1,1'-binaphthyl-2,2'-dioxy group (Figure 17). [32] Figure 17. Pocket-shaped bis-phosphites 42-46.

Despite the rather large separation between the two phosphorus atoms, addition of these bis-phosphites to palladium or rhodium precursors led quantitatively to the formation of P,Pchelate complexes. Several crystal structures have been resolved and illustrated the large bite angle, with P-M-P larger than 100° with a metal adopting a square planar geometry, and the high degree of confinement of the metal center. [32a, 33] Thus for example, in the P,P-chelate [Rh(acac)(42)] complex, the rhodium atom sits inside a molecular pocket constituted by the 

H Ph H H O 1 2 O O O O t Bu t Bu t Bu t Bu R R P P O O O O R = CH 2 CH 2 CH 3 R = (S,S) H 2 C H C O O O O P P O O O O (S,S) R = CH 2 Ph R = (42) (44) (43) (45) (46)
two binaphthyl groups and the two auxiliary propyl substituents (Figure 18). Figure 18. Molecular structure of [Rh(acac)(42)] complex (left) and a space-filling model in which the acac moiety has not been represented (right). These representations show the high degree of confinement of the metal ion (bleu-green).

The family of ligands 42-46 was tested in styrene hydroformylation. The catalytic active species were in situ generated by mixing [Rh(acac)(CO) 2 ] with 10 equivalents of bisphosphite in toluene and activated overnight at 80°C under 15 bar of CO/H 2 . The runs were further carried out at 80°C under 10 bar of CO/H 2 . An excess of ligand was required to prevent the decoordination of the bis-phosphite and inhibited the formation of "naked" rhodium, which behaves as a non selective catalyst. As interfered from Table 12, the above bis-phosphites led mainly to the formation of linear aldehyde and its proportion increased with the size of the auxiliary substituents from propyl (65 %; Table 12, entry 1) to benzyl (76 %; Table 12, entry 2) and to methylnaphthalenyl (77 %; Table 12, entry 3). Exception was noticed with the fluorenyl group, which led to very poor linear aldehyde selectivity (21 %;

Table 12, entry 4) (vide infra). The proportion of linear aldehyde reached 82 % at the begging of the test employing the tert-butyl-free bis-phosphite 46, unfortunately, the utilisation of 46 formed a less stable active specie, which led to a decrease of the linear selectivity when reaction time was extended (Table 12, entries 5 and 6). Conditions: catalyst activation (16 h under 15 bar of CO/H 2 at 80°C), styrene:Rh:L = 5000:1:10, toluene, P(CO/H 2 ) (1:1) = 10 bar, 80°C.

Operando high-pressure NMR (HP-NMR) and IR (HP-IR) studies were carried out with two well defined [Rh(acac)( 43)] (auxiliary group = benzyl) and [Rh(acac)( 45)] (auxiliary group = fluorenyl) complexes. [33b] Treatment of the two complexes with CO and H 2 resulted, with each complexes, to the formation of [RhH(CO) 2 (L)] (L = 43 or 45) as an unique product. In the latter complexes, as deduced from their 1 H NMR spectra (J(PH) = 5.8 Hz and < 2 Hz for ligands 43 and 45, respectively), the rhodium atoms adopted a trigonal bipyramidal geometry with equatorially positioned phosphorus atoms while the hydride occupying an apical coordination site. Interestingly, HP-NMR studies show two activation pathways. Under pressure of CO, the complex bearing a benzyl ligand ( 43) was transformed into an intermediate of the type [Rh(acac)(CO)(η 1 -P-43)] in which one phosphorus atom is coordinate to the rhodium and the second phosphorus atom being pending. In the case of fluorenyl ligand 45, full ligand dissociation and formation of [Rh(acac)(CO) 2 ] were observed (Scheme 6). The latter study clearly shows that bis-phosphite 45 bearing fluorenyl auxiliary groups turned out to be a weaker chelating ligand that benzylic ligand 43 and may account the lower linear regioselectivity when 45 was employed (Table 13, entries 1 and 2). 13, entries 2 and 3). [33c] Moreover, the lower observed activity in water (TOF of 55 mol(styrene) mol(Rh) -1 h -1 ) was increased up to values similar to those measured when the reaction was carried out in toluene by adding sulfonatedcalix[4]arene as surfactant (Figure 19; Table 13, entry 4). Note that in these catalytic conditions, not optimised for asymmetric hydroformylation, the branched aldehyde was obtained with an enantiomeric excess of 21-27 %. Owing to the high solubility of bis-phosphite 43 in styrene, its corresponding rhodium complex was tested in solvent-free hydroformylation. [34] As expected, a higher activity than this measured in toluene was observed (TOF of 1695 mol(styrene) mol(Rh) -1 h -1 ) without loss of the regioselectivity towards the formation of the linear aldehyde (l/b = 85:15; Table 13, entry 5). Interestingly, the resulted 3-phenylpropanal could further react with a primary or a secondary amine in a domino reaction leading to the corresponding enamine or imine, respectively. [35] Table 13 The ability of the pocket-shaped catalysts to preferentially form linear aldehyde stems from the metal confinement exerted by the ligand. This configuration is in favour of formation of an η 3 -complex (i-isomer in Scheme 3) rather than the conventional σ-alkyl complex (n-isomer in Scheme 3) in the presence of styrene (Figure 20). Recently, Iwasawa and coll. reported the synthesis and catalytic applications of quinoxaline spanned cavitands 47-49 (Figure 21). [36] The particularity of these introverted ligands is that, due to the steric hindrance generated by the quinoxaline moieties, formation of RhL 2 complex should be excluded. Under optimized hydroformylation conditions (styrene/Rh ratio of 5000:1, two phosphorus atoms per rhodium in toluene under 20 bar of CO/H 2 ), the conversion increases with the temperature from 60°C to 120°C and the regioselectivity of the catalysis changes from branched aldehyde at 60°C to linear aldehyde at 120°C. For example, using bis-phosphoramidite 48, conversion of 52% with a l/b ratio of 16/84 ratio were observed at 60°C while a full conversion and a l/b ratio of 64/36 at 120°C were obtained (Table 14, entries 3 and 4). The modification of regioselectivity could be explained by the formation of singly ligated active species, which favours the formation of Rh(η 3styrenyl)(L)(CO) 2 over the less stable Rh(σ-ethylphenyl)(L)(CO) 2 species and in fine favours the formation of the branched aldehyde at low temperature. When the temperature increases, due to the metal confinement, thermal agitation was accountable for the generation of stronger interactions between the coordinated substrate and cavity's wall, being the cause of the formation of the linear aldehyde. The lower activity observed at 120°C for the cis-cavitand 47, compared to the trans-cavitand 48, came from a more opened structure of the macrocycle, which led to a low thermal stability of the active species and formation of colloids as observed at the end of the runs ( O 47 and 48 led to higher activities than mono-phosphine 49, especially at low temperature (Table 14, entries 1, 3 and 5). According to the authors, the higher activities observed with the bis-phosphinated cavitands came not from the formation of rhodium-chelate complexes, the two phosphorus atoms are too far away, but from a cooperation between two metal center coordinated to each phosphorus atoms of the cavitand. [37] In fact, repeating the runs with a large excess of bis-phosphoramidite 48, in a such case, only one atom of rhodium is coordinated to the ligand and the second phosphorus atom remained free. Mostly similar catalytic outcome was obtained than those observed when mono-phosphoramidite 49 was employed.

Figure 21. Introverted quinoxaline spanned cavitands 47-49. Conditions: styrene:Rh = 5000:1, 2 phosphorus atoms per Rh, toluene, P(CO/H 2 ) (1:1) = 20 bar, 5 h.

Platinum-catalysed styrene hydroformylation

Despite the fact that the ability of phosphinated platinum complexes, combinated with SnCl 2 , to efficiently catalysed styrene hydroformylation is well documented since more than 40 years, [38] only few examples using macrocyclic ligands were reported. The first illustration was described by the group of Kollár who performed the reaction by using tetra-phosphine 16 (Figure 5) and tetra-phosphinite 30 (Figure 10). [14] The runs were performed involving either a mixture of tetra-phosphine 16 with two equiv. of [PtCl 2 (PhCN) 2 ] or the well defined bimetallic [(RhCl 2 ) 2 (30)] with SnCl 2 as co-catalyst in toluene under 80 bar of CO/H 2 . Under these experimental conditions, some ethyl-benzene, coming from hydrogenation of styrene, was detected especially when 30 was employed at high temperature (Table 15, entry 4). With both tetra-dentate ligands, the activity and the l/b ratio slightly increase with the temperature.

For example, using 16, TOF of 10 mol(styrene) mol(Rh) -1 h -1 and a l/b ratio of 53:47 were obtained at 50°C against 65 mol(styrene) mol(Rh) -1 h -1 and a l/b ratio of 60:40 when the reaction was repeated at 105°C (Table 15, entries 1 and 2). Interestingly, addition of two equivalents of PPh 3 per platinum to the reaction mixture reduced the activity without drastically affecting the catalytic outcome (Table 15, entry 5). According to the authors, this phenomenon could be explained by a partial formation of [PtCl 2 (PPh 3 ) 2 ] complex, which catalyses the reaction with similar regioselectivity but with a lower activity (vide infra). phosphine 50 built on two covalently linked phosphinated cavitands. [39] The former bisphosphine could react, under high dilution, with [PtCl 2 (PhCN) 2 ] to afford the platino-capsules trans-[PtCl 2 (50)] and cis-[PtCl 2 (50)], which were separated by silica gel column chromatography and isolated in 39 and 3 % yield, respectively (Scheme 7).

Scheme 7. Formation of platino-capsules from bis-phosphine 50.

In combination with SnCl 2 , trans-[PtCl 2 (50)] complex was assigned into styrene hydroformylation. Its activity and regioselectivity towards the formation of the branched aldehyde (l/b ratio of 36:64) were significantly superior to those observed for the capsular free trans-[PtCl 2 (51) 2 ] (Figure 22) and trans-[PtCl 2 (PPh 3 ) 2 ] complexes (Table 16). Note that, under these catalytic conditions, no hydrogenated products were detected. As suggested by the authors, the higher performances observed with the capsular catalyst trans--[PtCl2(50)] may arise, from the formation of an intra-capsular hydrido intermediate [PtH(SnCl 3 )(styrene)(50)] with a distorted trigonal-bipyramidal structure, [40] which facilitates the insertion of the olefin in the Pt-H bond and in fine increases the rate of the reaction. Furthermore, the observed regioselectivity towards the branched aldehyde, as 

Conclusion

As shown in the present review, calixarenes, resorcinarenes and cyclodextrins are useful platforms for the design of sophisticated phosphinated ligands able to carry out styrene hydroformylation with high regio-and/or enantio-selectivities. The potential of macrocyclic ligands in catalysis arises mainly from their ability to sterically control the first and the second coordination sphere of a coordinated rhodium or platinum atom and thereby confine the catalytic center inside a molecular pocket / capsular. Such steric interactions of the active species with the cavity walls are the fact of the modification of the regioselectivity and the efficiency of the reaction. It can be anticipated that future research in styrene hydroformylation will use the macrocyclic platforms for the synthesis of multifunctional micro-reactors allowing cooperation between several catalytic centers in non-conventional reaction media.

Figure 1 .

 1 Figure 1. Generic calix[n]arenes (A), cyclodrextrins (α-CD and β-CD) (B), resorcin[4]arenes (C), and resorcin[4]arene-cavitands (D).

Figure

  Figure 3. 1,2-(5-7) and 1,3-diphosphinated (8-10) calix[4]arenes and their corresponding dimeric rhodium complexes.

Figure 4 .

 4 Figure 4. Racemic mixture of calix[4]arene-fused benzophosphole 11 composed of (P,R)-11 and (M,S)-11.

Figure 5 .

 5 Figure 5. Calixarenyl phosphines 12-16.

Figure 6 .

 6 Figure6. Hemilabile [Rh(12)(CO)]BF 4 complex(17).

Figure 7 .

 7 Figure 7. Phosphines 18 and 19 build on a calix[6]arene skeleton.

Figure 8 .

 8 Figure 8. Bis-phosphine 20 and phosphinite 21 built on a water-soluble β-cyclodextrin platform.

Figure 11 .

 11 Figure 11. Bis-phosphites 33 and 34.

Figure 12 .

 12 Figure 12. Phosphine-phosphite 35.

Figure 13 .

 13 Figure 13. Introverted phosphines based on α-(36) or β-cyclodextrin (37) skeleton.

  calixarenyl ligand 40, two reactions were performed by mixing bis-phosphites 40 or 41 with a

Figure 14 .

 14 Figure 14. Chiral mono-(38 and 39) and bis-phosphites (40 and 41).

Figure 16 .

 16 Figure 16. Bis-phosphines with a large bite angle.

Scheme 6 .

 6 Scheme 6. Activation pathways of [Rh(acac)(43)] (a) and [Rh(acac)(45)] (b) complexes.

Figure 19 .

 19 Figure 19. Sulfonated-calix[4]arene used as surfactant.

Figure 20 .

 20 Figure 20. η 3 -Complex vs. σ-alkyl rhodium complexes.

  Scheme 8. Styrene hydroformylation catalysed by the platino-capsule trans-[PtCl 2 (50)].

Table 2

 2 

	Rh	Cl			Cl	Rh	Rh	Cl	Cl	Rh
	Ph 2 P	t Bu	t Bu		PPh 2	Ph 2 P		PPh 2
		O	O	O	O			O	O	O	O
	EtO EtO		OEt OEt			
				3					4

) with a slight increase when the size of the phosphorus substituents grows (R: Me < Ph < i Pr). No difference in l/b ratios were observed when the runs were carried out with 1,2-

Table 2

 2 

		: Rhodium-catalysed styrene hydroformylation using dimeric [Rh(cod)L] 2 (PF 6 ) 2 (L =
	5-10) complexes.				
	Entry	Ligand (L)	Times (h)	Conversion (%)	TOF (mol(styrene) mol(Rh) -1 h -1 )	l/b
	1	5	72	84	10	7:93
	2	6	72	38	5	5:95
	3	7	48	>99	20	11:89
	4	8	48	>99	20	8:92
	5	9	72	59	10	6:94
	6	10	30	>99	30	10:90

Table 3 :

 3 Styrene hydroformylation using calix[4]arene-fused racemic benzophosphole 11.

			Ph	P			P	Ph
			O	O	O	O	O	O O O
				(M,S)-11		(P,R)-11
	Entry	Extra ligand (11)	Times (h)	Conversion (%)	TOF (mol(styrene) mol(Rh) -1 h -1 )	l/b
	1	0	7			69	100	5:95
	2	1	7			82	115	5:95
	3	1	22			100	45	6:94
	4	2	7			47	65	3:97

Table 4 .

 4 Styrene hydroformylation using bis-phosphines 12-15.

	Entry	Rh complex	Styrene/Rh	Time (h)	Conversion (%)	l/b
	1 [a]	[Rh(12)(CO)]BF 4	510:1	144	12	5:95

Table 6 .

 6 Styrene hydroformylation using phosphines 18 and 19.

	Entry	Phosphine	Conversion (%) TOF (mol(styrene) mol(Rh) -1 h -1 )	l/b
	1	18	91	10	10:90
	2	19	81	10	8:92

Conditions: styrene:Rh:phosphine = 200:1:4, benzene, P(CO/H 2 ) (1:1) = 10 bar, 70°C, 16 h.

  arene on distal phenols. The two other phenolic moieties were substituted either by a propyl (22 and 25), CH 2 CO 2 Et (23 and 26) or CO 2 cholesteryl (24 and 27) units. The runs were carried out in toluene under 20 bar of CO/H 2

	at 80°C, the catalytic systems were generated in situ by mixing a stoechiometric amount of
	bidentate ligand and [Rh(acac)(CO) 2 ]

Table 7 .

 7 Styrene hydroformylation using phosphines 18 and 19.

	t Bu	t Bu	t Bu	t Bu
	O	O	O O	
	(PhO) 2 P	R	R	P(OPh) 2

The ligand 24 is able to envelop the catalytic center inside a tight pocket, which, for steric reasons, favours in the catalytic cycle the formation of n-isomer ([L n Rh-CH 2 CH 2 Ph]) rather than i-isomer ([L n Rh-CH(Me)Ph]) intermediates (Scheme 3) (vide supra).

Figure 9. Calixarenyl bis-phosphinites 22-24 and bis-phosphites 25-27.

Several ligands like bis-(

28

), tetra-(29 and 30) and hexa-phosphinites (31 and 32)

Table 8 .

 8 Styrene hydroformylation using phosphinites 28-32.

	Entry	Ligand (equiv./Rh)	P(CO/H 2 ) (1:1) (bar)	T (°C)	Time (h)	TOF (mol(styrene) mol(Rh) -1 h -1 )	l/b
	1 [a]	28 (2 equiv.)	25	50	1	40	9:91
	2 [a]	29 (1 equiv.)	25	50	1	45	9:91
	3 [b]	30 (1 equiv.)	40	55	22	140	8:92
	4 [b]	30 (1 equiv.)	40	130	4	1000	48:52
	5 [a]	31 (0.5 equiv.)	25	50	1	35	0:100
	6 [a]	32 (0.5 equiv.)	25	50	1	50	0:100

Conditions: [a] styrene:[Rh(acac)(CO) 2 ] = 150:1, toluene;

[b] 

styrene:[RhCl(nbd)] 2 = 2000:1, toluene.

Table 9 .

 9 Styrene hydroformylation using bis-phosphinites 33 and 34.

	Entry	Ligand	P(CO/H 2 ) (1:1) (bar)	styrene:Rh	TOF (mol(styrene) mol(Rh) -1 h -1 )	l/b
	1 [a]	33	5	150	85	17:83
	2 [a]	33	5	500	90	29:71
	3 [b]	34	5	150	10	33:67
	4 [b]	34	25	150	15	17:83

Table 10 .

 10 Rhodium-catalysed asymmetric styrene hydroformylation using phosphines 36 and 37.

	Entry	Ligand	Conversion (%)	l/b	ee (%)
	1	36	61	2:98	95 (R)
	2	37	66	2:98	92 (R)
	Conditions: catalyst activation (16 h under 20 bar of CO/H 2 at 80°C),
	styrene:[Rh(acac)(CO)(L)] = 250:1, toluene, P(CO/H 2 ) (1:1) = 40 bar, 20°C, 24 h.	

  stoichiometric amount of [Rh(cod) 2 ]BF 4 in CH 2 Cl 2 . NMR ( 1 H and 31 P) and mass (ESI-TOF) analysis of the reactions revealed the formation of chelate [Rh(cod)(40)]BF 4 and dimeric [Rh 2 (cod) 2 (41) 2 ]2(BF 4 ) complexes (Figure

Table 11 .

 11 Figure 15. Chelate [Rh(cod)(40)]BF 4 and dimeric [Rh 2 (cod) 2 (

		O	P	O	O	O	P O					O	O P	O	O	O P	O	O	P	O	O	P	O
					O O	O	O	O	O	O	O	O						O O	O	O	O	O	O	O O	O
	O	O O O											O	O O O			
					H 11 C 5	H 11 C 5	C 5 H 11	C 5 H 11						H 11 C 5	H 11 C 5	C 5 H 11	C 5 H 11
		38						39						40				41
	Entry		Ligand						Conversion (%)			l/b	ee (%)
	1 [a]				38							82					9:91	6
	2 [a]				39							88					17:83	14
	3 [b]				40							82					12:88	89
	4 [b]				41							100					13:87	50
	Conditions: catalyst activation (16 h under 15 bar of CO/H 2 at 80°C), styrene:Rh = 1000:1,
	toluene, P(CO/H 2 ) (1:1) = 20 bar, 50°C, 24 h; [a] Rh:L = 1:10; [b] Rh:L = 1:5.

Rhodium-catalysed asymmetric styrene hydroformylation using mono-(

38 and 39)

and bis-phosphites (40 and 41).

Table 12 .

 12 Styrene hydroformylation using bis-phosphites 42-46.

	Entry	Ligand	Time (h)	TOF (mol(styrene) mol(Rh) -1 h -1 )	l/b
	1	42	5	220	65:35
	2	43	5.5	195	76:24

  . Styrene hydroformylation in various catalytic conditions.

				-O 3 S	-O 3 S SO 3	-	SO 3	-	4 Na +
					O O	O O
				H 17 C 8 H 17 C 8	C 8 H 17 C 8 H 17
	Entry	Ligand	Time (h)	Conditions	TOF (mol(styrene) mol(Rh) -1 h -1 )	l/b
	1 [a]	45	2.5	Toluene	80	65:35
	2 [a]	43	2.5	Toluene	230	92:8
	3 [b]	43	4		Water		55	79:21
	4 [b]	43	4	Water and surfactant	235	67:33
	5 [c]	43	1	Solvent free	1695	85:15
	Conditions: [a] styrene:Rh = 2500:1, toluene, P(CO/H 2 ) (1:2) = 21 bar, 50°C; [b]
	styrene:Rh:L = 2500:1:11, toluene, P(CO/H 2 ) (1:2) = 20 bar, 50°C; [c] styrene:Rh:L =
	5000:1:5, toluene, P(CO/H 2 ) (1:2) = 10 bar, 50°C.

Table 14 ,

 14 entries 2 and 4). Furthermore, bis-phosphoramidites

	t Bu		t Bu t Bu		t Bu	t Bu		t Bu t Bu	t Bu
	O	P	O O R Rh O O R OC O O	P	O	O	P	O O R OC Rh O O R	O P	O
		favorable					unfavorable	

Table 14 .

 14 Styrene hydroformylation using quinoxaline spanned cavitands 47-49.

	Entry	Ligand	T (°C)	TOF (mol(styrene) mol(Rh) -1 h -1 )	l/b
	1	47	60	590	33:67
	2	47	120	690	65:35
	3	48	60	520	16:84
	4	48	120	1000	64:36
	5	49	60	110	18:82
	6	49	120	910	64:36

Table 15 .

 15 Platinum-catalysed styrene hydroformylation using tetra-phosphine 16 and tetraphosphinite 30.

	Entry	Ligand	T (°C)	Time (h)	Conversion (%)	TOF (mol(styrene) mol(Rh) -1 h -1 )	l/b	PhEt (%)
	1	16	50	135	57	10	53:47	4
	2	16	105	17	54	65	60:40	7
	3	30	55	290	57	5	52:48	5
	4	30	105	28	85	60	54:46 17
	5 [a] 30 + PPh 3 105	28	71	50	56:44 14
	Conditions: styrene:Pt:SnCl 2 = 2000:1:1, toluene, P(CO/H 2 ) (1:1) = 80 bar; [a] PPh 3 2
	equiv./Pt.						

Recently, Chavagnan et al. reported the synthesis and catalytic application of bis-

Table 16 .

 16 Platinum-catalysed styrene hydroformylation using bis-phosphine 50

	Entry	Platinum complex	Conversion (%)	l/b
	1	trans-[PtCl 2 (50)]	55	36:64
	2	trans-[PtCl 2 (51) 2 ]	15	46:54
	3	trans-[PtCl 2 (PPh 3 ) 2 ]	40	53:47

Conditions: styrene:Pt:SnCl 2 = 100:1:2, toluene, P(CO/H 2 ) (1:1) = 45 bar, 100°C, 24 h. Figure 22. trans-[PtCl 2 (51) 2 ] complex.
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