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Introduction

The hydroformylation reaction (or oxo process) is the synthesis of aldehydes from alkenes by the addition of carbon monoxide and hydrogen in the presence of a metal catalyst. This process, the discovery of which stretches back to 1938, [1] currently constitutes the main route for the industrial production of linear C 3 -C 19 aldehydes (Scheme 1). These can be subsequently converted into plasticisers and detergent alcohols, as well as acids and other derivatives. The annual world production of oxo products reaches almost 10 million tons. [START_REF]Rhodium Catalysed Hydroformylation[END_REF] Scheme 1: Hydroformylation of -olefins and examples of molecules of biological interest obtained via asymmetric hydroformylation.

Until the early 1970s, most hydroformylation catalysts were based on cobalt, however their low reactivity needed to be compensated for by high temperatures and pressures. In 1965, Wilkinson, Osborn and Young found that rhodium associated with triphenylphosphine led to efficient systems able to catalyse the hydroformylation of α-olefins under milder conditions. [START_REF] Osborn | [END_REF] Since then, cobalt has gradually been replaced by rhodium, this metal being most often associated with P(III) ligands (typically phosphines or phosphites). [4] On the other hand, asymmetric hydroformylation, which can be achieved with chiral ligands, represents a valuable synthetic route for the formation of optically pure (branched) aldehydes. [5] Thus for example, the biological active molecules ibuprofen, ketoprofen and naproxen (Scheme 1) can be synthesised readily from appropriate styrene derivatives via an asymmetric hydroformylation step. [6] Note that in the case of styrene, the branched aldehyde is generally formed predominantly owing to the facile formation of a stable η 3 -allyl intermediate involving the -C atom of the nearby phenyl ring. [7] As an extension to our studies on large diphosphites built upon cavity-shaped building blocks, we now report the synthesis of two cone-shaped cavities (calixarene 1 and resorcinarene 2) having both their wider rim substituted by two chiral "O-P(bino)" units (binoH = 1,1'-bi-2-naphthol) (Figure 1). Both phosphites were assessed in the asymmetric hydroformylation of vinyl arenes. Diphosphite 1 constitutes the first example of a calixarene having phosphito units directly attached to its upper rim. Conical calixarenes bearing -OP(OR) 2 groups attached to their smaller rim had already been reported, but these were found unsuitable for the selective synthesis of branched aldehydes. [8] Figure 1: Macrocyclic diphosphites 1 and 2 synthetised and assessed in asymmetric hydroformylation.

Results and discussion

Diphosphite 1 was synthesised by double deprotonation with NaH of the dihydroxycalix[4]arene 3 [9] followed by reaction with (S)-(1,1'-binaphthalene-2,2'-diyl)chlorophosphite (Scheme 2). After purification, diphosphite 1 was obtained in 37 % yield. Its 31 P NMR spectrum displays a singlet at 143.4 ppm. In keeping with a C 2 -symmetrical structure, the These two values lie in a range typical for this conformation. [10] Scheme 2: Synthesis of the calixarenyl-diphosphite 1 and resorcinarene-diphosphite 2.

The resorcinarene-diphosphite 2 was prepared in two steps from bromo-cavitand 4, as shown in Scheme 2. Its synthesis began with a halogen/lithium exchange followed by reaction with B(OMe) 3 . Subsequent oxidation with H 2 O 2 /NaOH gave the expected dihydroxy-cavitand 5, isolated in 73 % yield. The phosphorus atoms were then introduced by double deprotonation of 5 with NaH followed by reaction with (S)-(1,1'-binaphthalene-2,2'diyl)chlorophosphite in toluene. After workup, compound 2 was obtained in 23 % yield. In keeping with a C 1 -symmetrical molecule diphosphite 2 shows two singlets in its 31 P NMR spectrum (δ = 149.7 and 149.2 ppm). The 1 H NMR spectrum reveals the presence of four AB patterns for the four OCH 2 O groups and four triplets for the bridging methine groups.

Catalytic asymmetric hydroformylation of vinyl arenes with diphosphites 1 and 2

Both diphosphites were assessed in the rhodium-catalysed, asymmetric hydroformylation of vinyl arenes. The catalysts were generated in situ by mixing [Rh(acac)(CO) 2 ] with an appropriate amount of ligand in toluene. Catalyst activation was then carried out with a CO/H 2 mixture (1:1, v/v; 15 bar) at 80°C during 16 h.

To determine the optimal catalytic conditions, a series of styrene hydroformylation tests were performed. The runs were conducted not only at various CO/H 2 and 1/Rh ratios, but also at several temperatures and pressures (Table 1, entries 1-9). We started the study by using one equivalent of ligand per rhodium atom and applying a styrene/Rh ratio of 5000. The conversion observed after 24 h for a reaction carried out at 80°C under 20 bar was 89 % with a branched aldehyde regioselectivity of 75 % and an enantiomeric excess (ee) of 46 % (Table 1, entry 1). Reaction monitoring by gas chromatography revealed that the aldehyde distribution varied during the experiment, the proportion of branched aldehyde decreasing from 92 % (after 4 h) to 75 % (after 24 h; see SI). These results are indicative of an evolution of the active species, which is probably related to gradual ligand dissociation during catalysis and formation of phosphite-free rhodium complexes. In order to prevent catalyst decomposition, we carried out a second run using a 1/Rh ratio of 10 : 1. This maintained the regioselectivity constant (b/l = 91:9) over the whole test, although the conversion was then lower (29 % vs. 89 % using a 1/Rh ratio of 1 : 1) (Table 1, entry 2). Nevertheless the conversion could be increased by applying a 1/Rh ratio of 5 : 1, this occurring without loss of branched aldehyde selectivity. In this experiment 2-phenylpropanal was formed with an enantiomeric excess (ee) of 74 % (Table 1, entry 3). Changing the partial pressures of hydrogen and carbon monoxide did not significantly affect the regioselectivities nor the ees of the branched aldehydes (Table 1, entries 4 and 5). As expected, lower temperatures slowed the reaction rate and increased the proportion of branched aldehyde as well as the enantioselectivity (Table 1, entries 6-8). At an optimal temperature of 50°C, 2-phenylpropanal was produced with a regioselectivity of 97 % and an ee of 88 % (Table 1, entry 6). Further, the olefin conversion could be increased with a higher catalyst loading. Thus, operating with a styrene/Rh ratio of 1000 led to a conversion of 82 % with a b/l ratio of 88:12 and an ee of 89 % after 24 h (Table 1,entry 9). It should be mentioned here that to date such high ee's could only be obtained with binaphthylphosphites bearing large substituents ortho to the oxygen atoms. [11] Table 1: Rhodium-catalysed hydroformylation of vinyl arenes using diphosphites 1 and 2. [a] Entry Ligand (Rh/L) T (°C) P(CO)/P(H 2 )

(bar) (v/v) Conv.

(%) [b] Aldehyde distribution l (%) [e] b (%) [e] ee (%) [f] 1 11 [b,c] Complex 6 50 20 (1:1) 59 12 88 12

12 [b,d] Complex 6 + 1 50 20 (1:1) 39 15 85 6

13 [b] 7 (1/10) 50 20 (1:1) 82 9 91 6

14 [b] 8 (1/10) 50 20 (1:1) 88 17 83 14

15 [b] 1 (1/5) 50 20 (1:1) 100 26 74 62

16 [b] 2 (1/5) 50 20 (1:1) 100 17 83 60

17 [b] 1 (1/5) 50 20 (1:1) 15 24 76 41 18 [b] 2 (1/5) 50 20 (1:1) 28 16 84 48

19 [b] 1 (1/5) 50 20 (1:1) 38 9 91 62 20 [b] 2 (1/5) 50 20 (1:1) 57 25 75 57

21 [b] 1 (1/5) 50 20 (1:1) 64 16 84 9

22 [b] 2 (1/5) 50 20 (1:1) 48 49 51 34

23 [b] 1 (1/5) 50 20 (1:1) 80 17 83 76

24 [b] 2 (1/5) 50 20 (1:1) 94 19 81 86

Reagents and conditions: [a] [Rh(acac)(CO) 2 ] (2 mol), ligand, styrene (10 mmol), toluene/ndecane (15 mL/0.5 mL), 24 h, incubation over night at 80°C under P(CO/H 2 ) = 15 bar; [b] styrene (2 mmol); [c] complex 6 (2 mol); [d] complex 6 (2 mol), diphosphite 1 (6 mol); [e] determined by GC using decane as internal standard; [f] In order to get some insight into the active species, additional hydroformylation tests were carried out with the calixarenyl-and resorcinarenyl-monophosphites 7 and 8 (Figure 2).

These tests were performed using styrene as substrate in the presence of 10 equiv. of phosphite per rhodium atom. In both cases, high conversions and good regioselectivities towards the formation of the branched aldehyde were obtained. However, the ees remained very low, respectively 6 % ( 7) and 14 % (8) (Table 1, entries 13 and 14). Similarly, repeating the runs with complex 6 (see SI), which features two  1 -bound diphosphites (Figure 2), very low ees were measured (Table 1, entries 11 and 12).

The above results show that only calixarene-diphosphite 1 allows for good chirality transfer. Interestingly, when [Rh(cod) 2 ]BF 4 (cod = 1,5-cyclooctodiene) was reacted with 1 equiv. of diphosphite 1 in CH 2 Cl 2 , the chelate complex [Rh(cod) (1)]BF 4 formed nearly quantitatively. Its ESI-TOF spectrum shows an intense peak at m/z = 1463.45, which corresponds to the [Rh(cod)( 1)] + cation (Figure 3). In the corresponding 1 H NMR spectrum, the ArCH 2 Ar protons appear as two distinct AB patterns, a feature which is in keeping with a complex displaying C 2 symmetry in solution. Molecular mechanics calculations using Spartan [12] indicate that the least-strained and sterically most favourable conformation of the hypothetical trigonal bipyramidal complex [RhH(CO) 2 ( 1)], a likely catalytic intermediate in the reactions with 1, [8g, 13] has the metal atom turned towards the exterior of the cavity (Figure 4). The calculated ligand bite angle in the complex is 118°. The simulation further indicates that the apical hydride and the equatorial carbon monoxide ligands of this intermediate lie in a sterically hindered environment created by the two "P-bino" units. This constrained, asymmetric environment may be responsible for the good chiral induction observed with 1 in the hydroformylation of vinyl arenes. Comparaison of resorcinarenes 2 and 8 showed that the ees were considerably better with 2, although the enantioselectivity remained moderate. Owing to the large separation between the P atoms in resorcinarene 2, the formation of a chelate complex is totally prevented with this ligand, unlike the observations made for 1 (see above). We found that reaction of diphosphite 2 with a stoichiometric amount of [Rh(cod) 2 ]BF 4 in CH 2 Cl 2 led to a mixture of complexes as well as another P-containing compound, which could not be separated. Careful analysis of the ESI-TOF mass spectrum of this mixture revealed the presence of a cationic species of formula [Rh 2 (cod) 2 ( 2) 2 ] 2+ (Figure 3) (peak at m/z = 1687.55 (z = 2) with expected isotopic profile). The corresponding 31 P NMR spectrum showed the presence of a major compound in the mixture). The latter is characterised by a well-resolved ABX spin system ( A = 124.7 ppm, 1 J PRh = 255 Hz, 2 J PP = 50 Hz;  B =121.3 ppm, 1 J PRh = 267 Hz, 2 J PP = 50 Hz) (see SI), consistent with the formation of a C 2 -symmetrical complex in which the P atoms bound to the same metal centre are non equivalent (Figure 3). These findings provide a good indication for the ease of forming dimeric complexes (possibly also higher oligomers) with 2 rather than chelated species. In such dimers, the metal environment is considerably less crowded than in chelate complexes formed with calix-diphosphite 1, this accounting for the less efficient chirality transfer with 2, except for large substrates such as 2vinylnaphthalene (Table 1, entry 24) for which efficient steric interactions with the ligand may occur.

Conclusion

In summary, we have prepared the first conical calixarene featuring two chiral phosphito units tethered at its upper rim (1). High branched aldehyde selectivity and good enantioselectivities could be obtained with this ligand in the hydroformylation of vinyl arenes, thereby contrasting with previously reported analogues having the phosphito groups attached to the lower rim of the calixarene, which resulted in poor amounts of branched aldehyde. The good chirality transfer observed with this ligand can reasonably be attributed to the formation during the catalytic cycle of chelated species in which the binaphthyl moieties efficiently embrace the metal centre. In contrast, the findings, made for the resorcinarene-diphosphite 2 in the hydroformylation of styrene, are consistent with the formation of oligomers when this phosphite is opposed to rhodium. Oligomeric intermediates are however not incompatible with good ee's, when large substrates such as 2-vinylnaphthalene are used.
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 1 NMR spectrum of 1 displays two distinct AB patterns for the diastereotopic ArCH 2 Ar protons. The conical conformation of the calix[4]arene skeleton was inferred from the corresponding 13 C NMR spectrum, which shows ArCH 2 Ar signals at 31.44 and 31.33 ppm.
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 2 Figure 2: Rhodium complex 6 and phosphites 7 and 8 used to rank the macrocyclic derivatives 1 and 2 in asymmetric hydroformylation.
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 3 Figure 3: Complexes formed during the reaction between [Rh(cod) 2 ]BF 4 and diphosphite 1 or 2, respectively.

Figure 4 :

 4 Figure 4: Calculated structure of [RhH(CO) 2 (1)].
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	Applying these optimised conditions (i.e. rhodium source: [Rh(acac)(CO) 2 ],
	diphosphite/Rh = 5, vinyl arene/Rh = 1000, P(CO/H 2 ) = 20 bar (1:1, v/v), 24 h at 50°C), six
	vinyl arenes, namely styrene, 4-fluorostyrene, 4-methoxystyrene, 4-tert-butylstyrene, 3-
	chlorostyrene and 2-vinylnaphthalene, were used for hydroformylation runs with 1 and 2
	(Table 1, entries 9-24). In the hydroformylation of styrene, diphosphite 2 resulted in a catalyst
	more active than 1 (100 % conversion for 2 vs. 89 % for 1), but led to a lower ee (Table 1,
	entries 9 and 10). In the case of 4-fluorostyrene, full conversions and almost identical ees
	were obtained with both ligands, although the branched aldehyde selectivity was higher for 2
	(b/l = 83:17; Table 1, entries 15 and 16). For 4-methoxystyrene and 2-vinylnaphthalene,
	higher activities were obtained for cavitand 2, which led to ees of 48 and 86 %, respectively
	(Table 1, entries 17, 18, 23 and 24). In the hydroformylation of 4-tert-butylstyrene and 3-
	chlorostyrene using calixarene diphosphite 1, only moderate conversions were measured,
	although the proportions of branched aldehydes (respectively 91 and 84 %) remained
	relatively high (

determined by chiral-phase GC after reduction with LiAlH 4 . , entries 19 and 21). With the substrate 4-tert-butylstyrene, the highest ee (62 %) was obtained with calix-diphosphite 1, while with 3-chlorostyrene the resorcinarene 2 gave the better ee (34 %, vs. 9% with 1) (Table

1

, entries 19-22).
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