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Introduction

Research in the field of capsule-based architectures has recently become a topic of considerable interest. Capsular objects are not only suitable for the formation of remarkable host-guest complexes, they may also behave as confining spaces that allow for catalytic reactions occurring in a restricted space. [1] With their internal pocket(s), capsular systems thus display similarities with enzymes, [2] and unsurprisingly were already found to modify the chemo-, regio-and stereoselectivity of catalytic reactions with respect to those carried out with classical catalysts operating in bulk solution. [3] A convenient way to access capsules relies on the selfassembly of macrocyclic, bowl-shaped precursors, such as, for example, pyrogallol [n]arenes and resorcin [n]arenes (n = 4 or 5). [4] Self-assembly processes of this type notably involve equilibria between the precursor molecules, the capsule itself and procapsular fragments so as to facilitate substrate exchange between the interior of the capsule and the external environment. [5] Originally reported by Atwood and coll. in 1997, [6] the selfassembled resorcinarene-based capsule 16 forms spontaneously in water-saturated organic solvents such as chloroform or benzene, from six macrocycles and eight water molecules (Scheme 1). The structure is held together by a network of 60 hydrogen bonds, involving eight water molecules and the 48 phenolic OH moieties, this resulting in a cavity with an inner volume of 1375 Å 3 . In the hexameric capsule 16, which has an average pKa of 5.9, two types of water molecules can be distinguished: four of them are twice donors and once acceptor of hydrogen bonds; the other four are once donor and twice acceptors of hydrogen bonds. The latter water molecules possess an hydrogen atom that points towards the interior of the capsule, making them suitable for interactions with internal guest molecules while defining an acidic microenvironment characterized by a pKa of 2.5. [7] Recently, the group of Reek demonstrated that in the presence of an excess of water, a second hexameric capsule incorporating 15 water molecules in the hydrogen bonding network is formed. In the latter capsule, a stronger acidity is observed. [8] In recent years, Atwood's hexameric capsule has been successfully used in both organo-or organometallic catalysis. [9] For example, Tiefenbacher and coll. reported the 1,4-reduction of α,β-unsaturated aldehydes in the presence of proline as the source of chirality. After optimization, owing to noncovalent interactions between the inner walls of the capsule and (chiral) iminium intermediates, the reduced aldehydes were obtained with up to 92 % enantiomeric excess. It is important to note that the same reactions performed in the absence of resorcinarene, and thus of a capsular entity, led to poor enantioselectivity. [10] Although encapsulation of cationic metal complexes such as cobalt, [11] copper, [12] gold, [13] iridium, [14] ruthenium [15] or zinc [12] Scheme 1. Self-assembled hexameric capsule based on 2,8,14,20tetra-undecyl-resorcin[4]arene ( 16) (X represents the center of mass of the resorcinarene 1).

have been reported, only few of the corresponding capsular systems were employed in catalysis. Among these are Nheterocyclic carbene gold complexes, which were used in competitive hydration of alkynes, [13c] as well as ruthenium complexes suitable for ring closing metathesis. [15b] The confinement of the reported organometallic complexes resulted from π-cation interactions with the inner walls of the cavity.

Recently, we described the synthesis and structure of the ruthenium(II) complex [RuCl2(L)(p-cymene)] (2) (L = diethyl[(5phenyl-1,3,4-oxadiazol-2-ylamino)(4-trifluoromethylphenyl) methyl]phosphonate) (Figure 1). [16] As inferred from an X-ray diffraction study this complex has a molecular volume of 818 Å 3 . We anticipated that an hypothetical capsular complex formed by combining 2 and 16 would lead to an occupancy factor of 0.59 of the capsule, that is a value close to that defined by Rebek (0.55 ± 0.09) for optimal binding of guests inside hosting capsules. [17] In this context, we report the first immobilization of a neutral ruthenium complex inside the hexameric capsule 16. The confinement of complex 2 was shown to involve supramolecular interactions between the first coordination sphere ligands and the resorcin[4]arene subunits of 16. The combination of complex 2 and capsule 16 was further assessed in the selective catalytic oxidation of primary alcohols into aldehydes. [18] 

Results and Discussion

Addition at room temperature of complex 2 to a stirred CDCl3 solution saturated with H2O of 2,8,14,20-tetra-undecylresorcin[4]arene (1) ([1] = 26 mM and [2] = 4 mM) led to the capsular complex 2⊂16. In the corresponding 1 H NMR spectrum, the P(O)(OEt)2 moieties appeared as two broad signals, respectively at -0.40 and -0.64 ppm. The strong highfield shifts undergone by the EtO signals on going from 2 to 2⊂16 reflect the proximity of the EtO groups and aromatic rings of the cavity inner-wall. For its part, the broadness of these signals is a clear indication for the existence of several equilibrating conformers of 2 moving inside 16.

In order to confirm the formation of a capsular complex, the CH2CH3 signals were further used in diffusion-ordered spectroscopy measurements (DOSY). In fact, DOSY experiments revealed the presence a species characterized by a diffusion coefficient of 215 µm 2 s -1 (hydrodynamic volume of 21,253 Å 3 ), that can reasonably be assigned to 2⊂16 in view of its closeness to the value measured for the hexameric capsule 16 (216 µm 2 s -1 ; hydrodynamic volume of 21,551 Å 3 ). Noteworthy, there was no evidence of the presence of free ruthenium complex 2 (diffusion coefficient 665 µm 2 s -1 ; hydrodynamic volume of 728 Å 3 ).

As expected, the encapsulation process of complex 2 induced significant changes in the corresponding [START_REF] Shivanyuk | Proc. Natl. Acad. Sci[END_REF] F and 31 P NMR spectra. Thus, the well-resolved doublet seen at -62.68 ppm ( 7 JPF = 2.2 Hz) in the [START_REF] Shivanyuk | Proc. Natl. Acad. Sci[END_REF] F{ 1 H} spectrum and the quadruplet at 15.8 ppm ( 7 JPF = 2.2 Hz) in the 31 P{ 1 H} NMR spectrum (Figure 2a), both became broad upon encapsulation (signals in the range -62.6/-63.1 for the 19 F signal and 16.3/17.4 ppm for the 31 P signal) (Figure 2b). These observations indicate possible motions of the complex inside the cavity. Addition of a large excess of NEt4Cl [START_REF] Shivanyuk | Proc. Natl. Acad. Sci[END_REF] generated the inclusion complex NEt4⊂16 while releasing the ruthenium complex 2 (Figure 2c), thus illustrating the reversibility of the inclusion process.

The electronic absorption spectrum of complex 2 in a water saturated chloroform solution displays a broad low energy band with a maximum at 427 nm ([2] = 0.6 mM), which can be attributed to HOMO → LUMO transition with significant d → d character. [START_REF] Marszaukowski | [END_REF] Addition of 6.5 equivalents of resorcinarene 1 to the previous solution resulted in a slight red shift (12 nm) of the absorption band, consistent with the formation of inclusion complex 2⊂16. The observed frequency difference between the free and the inclusion complex lies in the range reported for encapsulated cationic [Ir(ppy)2(bpy)]Cl [14a] and [Ru(bpy)3](OTf)2 [15a] (ppy = 2-phenylpyridinate and bpy = 2,2'bipyridine) complexes in 16. As expected, addition of a large excess of NEt4Cl released the ruthenium complex 2 in solution (λ = 428 nm) and resulted in the complex NEt4⊂16. It should be noted that no change was observed for the absorption maximum on going from the hexameric capsule 16 to the inclusion complex NEt4⊂16 (Figure 3). The encapsulation of the ruthenium complex was further analyzed by mass spectrometry (ESI-TOF). [21] Careful analysis of the spectrum revealed the presence of a cation at m/z = 1830.93 (C102H147O12N3F3PClRu) having exactly the isotopic profile calculated for the cationic species [2 + 1 -Cl] + . These observations are a clear indication for the affinity of the hexameric capsule for the inorganic complex.

In order to obtain more information on the stabilization of the inclusion complex 2⊂16, molecular dynamics simulations were performed on the hexameric capsule 16 in the absence and in the presence of the ruthenium complex 2.

Capsule 16 was first solvated in a 60 x 60 x 60 Å box containing 2000 and 30 molecules of chloroform and water, respectively. The assembly was simulated over a 10 ns period and in accordance with simulations carried out by Thompson and coll. [22] and Reek and coll, [8] diffusion of water molecules was observed. During the simulation, approximately twelve molecules of water slowly diffused from the solvent to the inner space generated by the six resorcinarenes (Figures S7 andS8). Molecular dynamics simulations carried out with the ruthenium complex included in capsule 16 showed that the neutral ruthenium complex was hosted in the cavity generated by the six resorcinarenes during the whole simulation period (Figure 4).

Consistent with the observations made by NMR, the calculations revealed that the complex is moving inside the capsule, this occurring concomitantly with slight distortions of the supramolecular structure. To evaluate possible size variations of the cavity during these motions, we determined the distances between the pairs of opposite centers of mass of the conical resorcin[4]arene units during the last ns of dynamics. The center of mass was defined as the virtual point located at the intersection of the two segments representing the top rim diameters of the macrocycle (i.e., the segments linking the OC-CH-CO aromatic carbon atoms of opposite resorcinolic rings; Figure 1). In the hexameric capsule 16, the three separations were nearly equal (13.2 ± 0.2, 13.2 ± 0.2 and 13.4 ± 0.2 Å; V = 2324 Å 3 ), in agreement with the symmetrical shape of the capsule structure. The formation of inclusion complex 2⊂16, whatever the geometrical shape of 2 inside the cavity, induced a slight distortion of the capsule, with two of the above separations shorter than those in the empty capsule (13.0 ± 0.1 and 13.1 ± 0.1 Å) and one longer (13.9 ± 0.1 Å). In contrast, the cavity volume remained practically unchanged (2367 Å 3 ). A representation of the dynamics of the ruthenium complex 2 inside the capsule is shown in Figure 5.

During the time lapse considered for the simulation, the ligands alternatively interact through weak π•••π, [23] CH•••π [24] and CF•••π [24c, 24d, 25] interactions, all involving the aromatic rings of the six conical resorcin[4]arene units. The various sets of interacting moieties are in equilibrium and contribute to maintaining the complex inside the capsule. Figure 6 shows some typical interactions between ligands of the metal's first coordination sphere and aromatic rings of the resorcinarene units, in particular interactions involving the p-cymene π-system (structure A), aromatic protons of the p-cymene ring (structure B), CH protons of the P(O)(OEt)2 groups (structure C), the CF3 substituent (structure D), and the phenyl ring linked to the oxadiazole (structure E).

The remarkable selectivity of ruthenium catalysts to a large variety of oxidation reactions motivated us to test the present inclusion arene-ruthenium(II) complex 2⊂16 as catalyst in the oxidation of primary alcohols into aldehydes. [26] Oxidation with NaIO4 in the presence of 2⊂16 led to the formation of a p-cymene-free organometallic species characterized by a broad singlet at 18.6 ppm in its 31 P{ 1 H} NMR spectrum, to which we tentatively attribute the formula 3⊂16 (Scheme 2). [27] DOSY experiments carried out in CDCl3/H2O on the crude product revealed the presence of free p-cymene (diffusion coefficient: 1490 µm 2 s -1 ; hydrodynamic volume: 65 Å 3 ) as well as that of a much bulkier species (diffusion coefficient of 216 µm 2 s -1 ; hydrodynamic volume of 21,253 Å 3 ), namely with a size close to that of 16. It is interesting that oxidation of the ruthenium(II) complex 2 into the dioxo-ruthenium(VI) species 3 did not lead to significant distortion of the hosting hexameric capsule (Scheme 2 and Figures S9-11).

Complex 3 (1 mol %) was assessed in the rutheniumcatalyzed oxidation of primary alcohols and was in situ generated from complex 2 and an excess of NaIO4 (2 equiv./substrate; Scheme 3). The catalytic runs were carried out in a CHCl3/H2O solvent mixture at 50°C. Benzyl alcohol ( 4a) was employed as model substrate. The oxidation tests were carried either in the presence of the hexameric capsule 16 alone or that of a mixture of 16 and NEt4Cl (competing guest). The catalytic reactions were monitored by gas chromatography. As seen in Figure 7, which shows the gradual conversion of benzyl alcohol (4a) into benzaldehyde (5a), encapsulation of the active species 3 (formed by reacting 2 with NaIO4) slowed down the oxidation. Thus, while the conversion of alcohol 4a was completed after 2 h in the absence of 16, full conversion required 8 h in the presence of the capsule. As expected, the use of NEt4Cl resulted in full conversion after 2 h. Note that in these latter catalytic conditions, no overoxidation of benzaldehyde into benzoic acid was detected. Furthermore, no oxidation of benzyl alcohol was detected when control experiments realized without ruthenium complex 2, in the presence of NaIO4, were carried out.

The ruthenium complex 2, in association with NaIO4, was further assessed in the competitive oxidation of three arylmethyl alcohols, namely benzylalcohol (4a), 4-phenyl-benzylalcohol (4b) and 9-anthracenemethanol (4c). As expected, when an equimolar mixture of the three alcohols in a chloroform/water mixture was submitted to oxidation in the presence of free 2, no difference in reactivity between the three alcohols was observed, full conversions being obtained after 2 h at 50°C. In contrast, addition of 2,8,14,20-tetra-undecyl-resorcin[4]arene (1) to the alcoholic mixture led to a discrimination of the substrates according to their size. [13c, 28] Thus, the reactivity decreased with the steric hindrance of the reagents, namely in the order benzylalcohol (4a) > 4-phenyl-benzylalcohol (4b) > 9anthracenemethanol (4c), i.e. in the same order as the occupancy factor of the cavity when the active species 3 and an alcohol were host, the value varies from 58 to 68 % with substrates 4a and 4c, respectively. Carrying out the reactions at 50°C, after 5 h conversions of 78, 68 and 53 % were measured for the formation, respectively, of benzaldehyde (5a), 4-phenylbenzaldehyde (5b) and 9-anthraldehyde (5c) (Figure 8).

Conclusion

In summary, we have described the first encapsulation of a neutral arene-ruthenium complex inside a self-assembled hexameric capsule derived from 2,8,14,20-tetra-undecylresorcin[4]arene and water. Our findings demonstrate that, unlike a general belief, encapsulation in 16 may occur with neutral guests. NMR measurements and molecular dynamics simulations further showed that the encapsulated complex 2 can move inside its host thereby creating a variety of weak interactions involving the ligands and the aromatic rings of cavity wall.

Mixtures of the ruthenium complex 2 and NaIO4 resulted in efficient oxidation catalysts for the conversion of arylmethyl alcohols into the corresponding aldehydes. In the presence of the hexameric capsule 16, complex 2 behaved as a sizeselective oxidation catalyst towards a ternary mixture of alcohols. Further studies are aimed at exploiting the potential of neutral complexes embedded in supramolecular capsules. 

Experimental Section Diffusion-ordered spectroscopy measurements -Methods

Measurement of self-diffusion coefficients were performed on a BRUKER 600 MHz spectrometer Avance III, equipped with a z gradient probe BBFO, developing a pulsed field gradient of 5 G cm -1 A -1 . Diffusion NMR data were acquired using a stimulated echo pulse sequence with bipolar z gradients. Limited eddy current delay was fixed to 5 ms. The gradient strength varied linearly, in a random fashion, in 34 experiments. The diffusion time and the duration of the smoothed square gradients were optimized for each sample. Typically the diffusion time was set between 90 and 170 ms, and the half-gradient delay between 900 and 1100 µs. A total recycling time of 5 s was respected between each scans. DOSY spectra were generated with Dynamics Center software from BRUKER using a multi exponential model going up to 3 components. Viscosity and density of CDCl3 saturated with H2O were measured respectively with an AntonPaar automated microviscometer (AMVn) using a rolling ball and with an AntonPaar DMA500 densitometer using an oscillating U-tube.

Classical molecular dynamics simulations -Methods

The different systems were simulated by classical molecular dynamics (MD) using the AMBER.18 GPU software [START_REF] Case | AMBER 18[END_REF] in which the potential energy U is empirically described by a sum of bond, angle and dihedral deformation energies and a pair wise additive 1-6-12 (electrostatic + van der Waals) interactions between non-bonded atoms.

Each simulated system is composed of six resorcin[4]arene molecules arranged in an a hexameric capsule form unfilled or containing a ruthenium complex 2 solvated by 2000 CH3Cl molecules and 30 H2O molecules (box size is around 60 x 60 x 60 Å). Initial structure of the capsule comes from solid state structure published by Atwood. [6] The ruthenium complex has been initially put into the center of the capsule cavity. Two initial conformations were simulated independently and lead to the same conclusions.

Force field parameters for the receptor and the resorcin[4]arene capsule come from the GAFF force field [START_REF] Wang | [END_REF] and atomic charges were obtained using the RESP methodology [31] Ruthenium parameters are from Rothlisberger and coll., [32] the catalyst was modeled fully covalent bonded. For CH3Cl we used the model of Kollmann and coll. [33] and the TIP3P model for water. [34] Cross terms in van der Waals interactions were constructed using the Lorentz-Berthelot rules. 1-4 van der Waals and 1-4 electrostatic interactions were scaled by a factor of 1.2 and 2, respectively. The MD simulations were performed at 298.15 K starting with random velocities. All simulations have been carried out using 3D Periodic boundary conditions. An atom-based cut-off of 12 Å for nonbonded interactions was applied and long-range electrostatics were calculated using the Ewald summation method in the particle mesh Ewald (PME) approximation, while a long-range correction for vdW interaction was applied. [START_REF] Allen | Computer simulation of liquids[END_REF] The different systems were first equilibrated by 0.3 + 0.3 + 0.3 ns of dynamics in the NPT ensemble at respectively 25°K, 100°K and 300°K, followed by 0.3 ns of dynamics in the NVT ensemble. Finally, production runs of at least 10 ns in the NVT ensemble were then simulated. The system temperature was controlled using a Berendsen thermostat with a time step of 1 ps. A time step of 2 fs was used to integrate the equations of motion via the Verlet leapfrog algorithm. Trajectories were saved every 1 ps. Snapshots along the trajectory were taken using the VMD software. [START_REF] Humphrey | [END_REF] General procedure for the competitive ruthenium-catalyzed oxidation of alcohols A Schlenk tube was filled with the ruthenium complex 2 (1.5 mg, 2 µmol, 1 mol %), 2,8,14,20-tetra-undecyl-resorcin[4]arene (1; 14.4 mg, 13 µmol), CDCl3 (0.5 mL) and H2O (0.1 mL). The reaction mixture was stirred at room temperature for 45 minutes before addition of benzyl alcohol (4a; 7 µL, 66 µmol), 4-biphenylmethanol (4b; 12.3 mg, 66 µmol), 9anthracenemethanol (4c; 13.9 mg, 66 µmol) and NaIO4 (85.6 mg, 400 µmol). The reaction was then stirred at 50°C for the desired time. An aliquot of the resulting organic phase was passed through a Milipore filter and analyzed by 1 H NMR spectroscopy.

Figure 1 .

 1 Figure 1. Neutral ruthenium(II) complex employed in the present study.

Figure 2 .

 2 Figure 2. 19 F and 31 P spectra of free 2 (a), capsular complex 2⊂16 (b) and of the mixture obtained after addition of NEt4Cl to 2⊂16 (c).

Figure 3 .

 3 Figure 3. UV-visible measurements of free 2 and inclusion complex 2⊂16.

Figure 4 .

 4 Figure 4. Resorcinarene capsule containing the ruthenium complex 2. Orthogonal instant views of 2⊂ 16 after 5 (left) and 10 ns (right) of dynamics. The front resorcinarene is omitted for clarity.

Figure 5 .

 5 Figure 5. Three-dimensional, cumulated views of the resorcinarene capsule with the ruthenium complex 2 (2⊂16). Front resorcinarene is omitted for clarity.

Figure 6 .

 6 Figure 6. Selected orthogonal views of selected, specific interactions between a resorcinarene unit and complex 2.

Scheme 2 .

 2 Scheme 2. Formation of the inclusion complex 3⊂16.

Figure 7 .

 7 Figure 7. Ruthenium-catalyzed formation of benzaldehyde (5a) from benzylalcohol (4a). Reaction conditions: 4a (200 µmol), 2 (2 µmol, 1 mol %) and NaIO4 (400 µmol) in CHCl3/H2O (0.6 mL) at 50°C (in red); additional addition of 1 (13 µmol) (in green); additional addition of NEt4Cl (10 µmol) (in blue).

Figure 8 .

 8 Figure 8. Ruthenium-catalyzed competitive formation of benzaldehyde (5a), 4-phenylbenzaldehyde (5b) and 9-anthraldehyde (5c). Reaction conditions: 2 (2 µmol, 1 mol %), 4a (66 µmol), 4b (66 µmol), 4c (66 µmol) and NaIO4 (400 µmol) in CDCl3/H2O (0.6 mL) at 50°C; optional additional addition of 1 (13 µmol).
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Experimental and theoretical investigations performed on a neutral ruthenium complex immobilized inside a self-assembled hexameric capsule showed that its formation is enabled by supramolecular interactions between the first coordination sphere of the ruthenium and the aromatic rings of the capsule. Substrate size selectivity was observed when the inclusion complex was assessed in the catalytic oxidation of alcohols.