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Frustrated behavior of Lewis/Brønsted pairs inside molecular cages †

Different endohedrally functionalized cages were designed to investigate the effects of the size and shape of molecular cavities on the frustrated behavior of Lewis/Brønsted acid-base pairs and on catalytic activities. The shape of the inner space above the reactive center was found to strongly affect these properties. When an acidic azaphosphatrane is inserted in the smallest cage and associated with t-BuOK or -CD 2 CN bases, a frustrated Brønsted pair is obtained. In contrast, when encapsulated in the medium or large cage, the P-H + azaphosphatrane acid is easily deprotonated under the same conditions. The resulting two supramolecular Verkade's superbases lead to frustrated Lewis pair systems in the presence of TiCl 4 .

Furthermore, the larger cage displays better catalytic activity in the MBH reaction. Thus, a small change in the cage size, which only differs by one methylene group in the linkers, can influence the frustrated properties of the related systems, and a right balance between the frustrated behavior and cage flexibility has to be reached to obtain optimal systems for catalytic applications.

Artificial cages have found a wide range of applications in guest binding, 1 transport, 2 gas adsorption, 3 drug delivery, 4 chemical purification, 5 stabilization of reactive species 6 and catalysis. 7 Such complex structures have been obtained either by self-assembly or covalent strategies. 8,9 When used as supramolecular catalysts, the nano-confinement of the reactants and/or the catalytic site can lead (i) to an increase in the reaction rate, for instance, by changing the conformation of the substrate or by stabilizing transition states, 10-12 (ii) to an improvement or change in the selectivity by substrate size selectivity, 13 by controlling the second coordination sphere or the folding of the substrate, 14,15 or by masking with a supramolecular shadow some specific reactive sites, 16 and (iii) to protection of the catalytic site, allowing for example the improvement of the stability of the catalyst or sequential catalysis with incompatible systems. 17 We recently reported that endohedral functionalization of the inner space of molecular cages can provide, in the presence of an acid, frustrated Lewis pairs (FLPs): the encapsulation of the Lewis base partner prevents its interaction with the Lewis acid, leading to FLPs active in catalysis (Scheme S1 †). 18 Indeed, the confined superbase, associated with titanium(IV) chloride as the Lewis acid, turns out to be an efficient catalyst for Morita-Baylis-Hillman (MBH) reactions, whereas the model superbase lacking a cavity exhibited no catalytic activity in MBH reactions, since these two partners interact and neutralize each other. 18 Over the past few years, FLPs have aroused huge interest, 19 for example for their ability to activate C-H or C-F bonds 20 and small molecules like H 2 , N 2 , or CO 2 , 21 and for their applications in new and original reactive systems for catalysis. 22 Several strategies have been reported to modulate the FLP properties by changing either the electronic and steric properties of the units linked to the acid or Lewis sites, 23 or the nature of the Lewis acid or basic atoms. 24 Hence, new and original approaches, like "reverse FLP", have emerged from these studies. 25 In this context, we decided to explore the frustrated behavior of Lewis/Brønsted pairs in the confined space of the inner cavity of covalent molecular receptors. This work describes the synthesis of Verkade's superbases, 26 encaged in three hemicryptophane hosts, differing only by one methylene group in each linker (Fig. 1). We demonstrate that this small structural change strongly alters their reactivity and their FLP behavior.

Results and discussion

With the aim to finely tune the inner space of hemicryptophane cages, we synthesized Verkade's superbases P@2, P@3 and P@4 with respectively one, two and three methylene groups in the linkers, leading to small, medium and large cavity sizes (Fig. 1). We first prepared cyclotriveratrylene (CTV) derivatives 5, 6 and 7 (Schemes 1 and 2). CTV 6 was obtained according to the procedure reported previously. 27 A similar synthetic pathway was followed to isolate CTV 7 (Scheme 1(a)): mixing vanillyl alcohol and 1,3-dibropropane provided compound 8 in 72% yield. The subsequent cyclisation step was performed in acetonitrile using scandium triflate as the Lewis acid and afforded the expected alkyl-brominated CTV 9 in 33% yield. The hemicryptophane precursor 7 was then obtained in 87% yield by reacting 9 with 4-hydroxybenzaldehyde in DMF in the presence of Cs 2 CO 3 . A slightly different strategy was used to synthesize CTV 5 (Scheme 1 (b)) as the reactions of vanillyl alcohol with dichloromethane, dibromomethane, or chlorobromomethane led to the di-substituted derivative instead of the expected compound. Thus, p-hydroxybenzaldehyde reacted first with chloromethyl-methylsulfide in DMF at 0 °C for 4 h, affording 10 in 61% yield. In the next step, sulfuryl chloride was used as the chlorinating reagent to provide compound 11 in 97% yield. Then, the reaction of 11 with vanillyl alcohol in DMF using Cs 2 CO 3 as a base afforded compound 12 in 51% yield. Finally, 12 was treated with scandium triflate in dichloromethane to give CTV 5 in 33% yield.

Hemicryptophane cages 2, 3 and 4 were obtained by the reaction of tris-(2-aminoethyl)amine (tren) with CTVs 5, 6 and 7, respectively, via a reductive amination using NaBH 4 (Scheme 2). The encaged azaphosphatranes P-H + @2, P-H + @3 and P-H + @4 were obtained by addition of PCl(NMe 2 ) 2 to a CH 2 Cl 2 solution of 2, 3 and 4, respectively. The 1 H NMR spectra support that the C 3 symmetry is retained in solution (Fig. S9 and S30 †), 28 and the 31 P NMR spectra show characteristic signals at respectively -32, -32 and -23 ppm evidencing the formation of the azatrane structures (Fig. S11 and S33 †). 28 Interestingly, when the reaction of 4 with PCl(NMe 2 ) 2 was performed in CH 3 CN instead of CH 2 Cl 2 , the expected P-H + @4 was obtained in 18% yield, together with the amino-phosphine oxide 13 (Y = 39%). The insertion of the phosphorus atom in the tren unit was probably not fully achieved at the hydrolysis step leading to the unexpected amino-phosphine 13. Compound 13 was fully characterized by NMR spectroscopy, mass spectrometry (Fig. S16-S19 †) and X-ray crystallography. The X-ray molecular structure shows a molecule of chloroform trapped inside the cavity of 13 and confirms the formation of the secondary phosphine oxide, linked to the cage by two nitrogen atoms (Fig. 2).

We then attempted to deprotonate the encaged azaphosphatranes in order to obtain the confined superbases P@2, P@3 and P@4, and to measure their pK a values. P-H + @3 and P-H + @4 were easily deprotonated with potassium t-butoxide in THF, 28 and NMR signals at +125 ppm and +115 ppm were respectively observed in the 31 P NMR spectra, as expected for pro-azaphosphatrane derivatives (Fig. S15 †). 28 The pK a value of P@4 was then estimated using our previous published procedure for P@3: addition of P-H + @4 to a solution in CD 3 CN of the model Verkade's superbase P@1 allows for calculating the pK a , from the 31 P spectrum, once the thermodynamic equilibrium is reached (Fig. S41 †). 28 A pK a value of 32.32 was found, lower than that of cage P@3 (pK a = 32.99) and slightly higher than that of its model parent P@1 (pK a = 32.14) (Table 1). The greater flexibility of cage 4 could account for this less marked effect of the confinement on the basic properties of the encapsulated Verkade's superbase. Indeed, the higher basicity of P@3, when compared to its related model P@1, was attributed to the stabilization of its conjugated acid P-H + @3 via cation-π interactions between the aromatic rings of the linkers and the cationic azaphophatrane unit. 28 These interactions are probably less efficient with the larger and more flexible cage P-H + @4. The rate of proton transfer was also measured (Table 1 andScheme 3, eqn (1) and( 2)). 28 As in the case of P-H + @3, the deprotonation/protonation is much slower with P-H + @4 than with its model counterpart P-H + @1, proving that the cavity strongly affects the reaction rates.

However, the rate constants of deprotonation/protonation of P@3 and P@4 are in the same order of magnitude, supporting that the phosphorus atom is also not easily accessible in Scheme 3 Acid-base equilibrium used for calculating proton transfer rates. Kinetics were monitored using 31 P NMR to estimate at each time the concentration of the different species in eqn ( 1) and ( 2) and thus to calculate k 1 and k -1 (see ESI † for more details).

aldehyde derivatives were investigated. We have previously demonstrated that very low yields are obtained with the model P@1/TiCl 4 system. Indeed, an interaction followed by a reaction between the two Lewis acid/base partners led to the formation of a chloroazaphosphatrane devoid of any catalytic acivity. 18 This reaction is prevented with the P@3/TiCl 4 system, allowing for the restoration of the catalytic activities. We wondered if the larger cavity in P@4 could allow interactions with the Lewis acid TiCl 4 resulting in the formation of an encaged chloroazaphosphatrane P-Cl + @4, and leading to a decrease in catalytic activity. We thus decided to use this reaction as a model to test if the pair P@4/TiCl 4 also behaves as an FLP system. In Fig. 4 we report the results obtained with the P@1/ TiCl 4 , P@3/TiCl 4 and P@4/TiCl 4 systems.

The P@4/TiCl 4 pair presents a catalytic activity much higher than that of the P@1/TiCl 4 system, and similar or better than that obtained with the P@3/TiCl 4 one. As shown in Fig. 4(a), when cyclopentenone is used as the substrate, P@3/ TiCl 4 and P@4/TiCl 4 catalytic systems give similar yields using p-chloro-benzaldehyde (75% and 74%, respectively) or p-nitrobenzaldehyde (55% for both systems) as reactants. With p-methyl-benzaldehyde as the electrophile, yields of 44% and 51% were achieved with P@3/TiCl 4 and P@4/TiCl 4 , respectively. Better catalytic activity of the P@4/TiCl 4 pair compared to the P@3/TiCl 4 one is also observed when cyclohexenone is used as the substrate (Fig. 4(b)). Higher yields are obtained with the previous system whatever the aldehyde used. Yields of 71%, 66% and 86% are achieved with the P@4/TiCl 4 pair and p-chloro-, p-methyl, or p-nitro-benzaldehyde as electrophiles, respectively, compared with 63%, 48% and 81% yields respectively obtained with P@3/TiCl 4 as the catalytic system for the same set of reactions. The larger size of the cavity of P@4 compared to that of P@3, probably allows better adaptation of P@4 despite the larger cavity size. This suggests that an FLP system could also be obtained with P@4 once associated with a Lewis acid as previously observed for the P@3/TiCl 4 system.

The same set of experiments was then carried out with P-H + @2. No reaction occurred when potassium t-butoxide is mixed with P-H + @2 in THF. When increasing the number of equivalents of potassium t-butoxide or the temperature, the reaction medium remains unchanged. We hypothesized that potassium t-butoxide is too big to fit inside this small cavity, and we decided to perform the deprotonation using the smaller and planar -CD 2 CN anion. Thus, P-H + @2 was solubilized with the model compound P@1 in CD 3 CN in an NMR sealed tube, and the reaction mixture was left standing for several weeks, but no reaction took place even after heating for days. Other attempts using small base-like methanolate or NaH also failed to provide the expected pro-azaphosphatrane. Thus, a slight decrease of the cavity size achieved by removing only one methylene group in each linker prevents the acidbase reaction, leading to frustrated Brønsted pairs P-H + @2/ t-BuOK and P-H + @2/ -CD 2 CN. This highlights how a minor change in the size of the cavity can strongly affect the reactivity of the encaged Brønsted base. Crystals of P-H + @2 suitable for X-ray diffraction were obtained by slow diffusion of ether in a solution of P-H + @2 in chloroform. The X-ray structure reveals a narrow cavity above the azaphosphatrane unit without any solvent molecule trapped inside (Fig. 3). This suggests that the cavity is too small to accommodate even a small molecule of the solvent. Moreover, the aromatic rings of the linkers adopt a helical arrangement: the chirality of the CTV propagates along the linkers and the lateral arms present a Λ (respectively Δ) propeller-like arrangement that is imposed by the M configuration (respectively P) of the CTV unit. 29 This induces a strong twist of the whole framework leading to extremely narrow windows and probably precluding the access of a basic molecule to the azaphosphatrane center. This could account for the lack of reaction between the acidic azaphosphatrane unit and the basic -CD 2 CN, MeO -, NaH or t-BuO -.

We then compared the ability of P@3 and P@4 to behave as FLP systems. To that end, the catalytic properties of the FLP systems P@3/TiCl 4 and P@4/TiCl 4 in the Morita-Baylis-Hillman (MBH) reactions between cycloenone and benz-hertz (Hz). Multiplicities are described with the following standard abbreviations: s = singlet, br = broad, d = doublet, t = triplet, q = quadruplet, m = multiplet. Column chromatography was performed with gel 60 (Macherey-Nagel® Si 60, 0.040-0.063 mm). Analytical thin layer chromatography (TLC) was carried out on Merck®Kieselgel 60 F254 plates and under a 254 nm UV lamp. High-resolution mass spectra (HRMS) were obtained on a SYNAPT G2 HDMS (Waters) spectrometer equipped with an atmospheric pressure ionization source (API) pneumatically assisted. Compound 10 and hemicryptophanes 3, PH + @3 and P@3 were synthesized according to previous reported procedures. 28,30 Compound 8

In a dried round-bottomed flask, vanillyl alcohol (10 g, 64.86 mmol) and potassium carbonate (10 g, 72.36 mmol) were dissolved in ethanol (500 mL), and 1,3-dibromopropane (16.45 mL, 162.08 mmol) was added drop-wise. The mixture was vigorously stirred and heated at 70 °C for 5 h. The solvent was removed under reduced pressure, and the crude residue was dissolved in CH 2 Cl 2 (200 mL) and washed with 1 M NaOH solution (200 mL × 3). After 2 h, the precipitate that formed was filtered through fritted glass, and the organic phase was dried over anhydrous Na 2 SO 4 and concentrated in vacuo to give a brown oil. The crude compound was purified by silica gel column chromatography using CH 2 Cl 2 as the eluent to give pure 8 as a white solid (12.85 g, 72%). T m : 61-62 °C. IR: cm -1 3332, 2935, 2867, 2184, 1743, 1591, 1511, 1463, 1418, 1384, 1357, 1324, 1258, 1229, 1155, 1134, 1102, 1076, 1059, 1026, 915, 891, 653, 799, 761, 718, 761, 718, 646, 550. HRMS (ESI): m/z [M + Na] + calcd for C 11 H 15 BrO 3 , 297.0097; found at 297.0094; 1 H NMR (400 MHz, CDCl 3 ) δ = 6.92 (d, J = 1.7 Hz, 1H), 6.89-6.84 (m, 2H), 4.60 (d, J = 3.0 Hz, 2H), 4.14 (t, J = 6.0 Hz, 2H), 3.85 (s, 3H), 3.62 (t, J = 6.5 Hz, 2H), 2.35 (quintuplet, J = 6.2 Hz, 2H), 1.82 (t, J = 10.9 Hz, 1H); 13 C NMR (101 MHz, CDCl 3 ) δ = 149.9, 147.9, 134. 5, 119.6, 113.9, 111.2, 67.1, 65.3, 56.1, 32.5, 30.2.

Compound 9

In a dried round-bottomed flask, 8 (5 g, 18.17 mmol) was dissolved in acetonitrile (100 mL), and a catalytic amount of scandium III triflate (447 mg, 9.09 mmol) was added. The mixture was vigorously stirred and heated at 80 °C for 36 h. The solvent was removed under reduced pressure, and the crude residue was dissolved in CH 2 Cl 2 (150 mL) and washed with 1 M NaOH solution (150 mL × 3). The organic phase was dried over anhydrous Na 2 SO 4 and CH 2 Cl 2 was concentrated in vacuo to give a brown oil. The crude compound was purified by silica gel column chromatography using CH 2 Cl 2 as the eluent to give pure 9 as a white solid (1.54 g, 33%). T m : 132-133 °C. IR: cm -1 2930, 2871, 1607, 1511, 1466, 1398, 1320, 1262, 1220, 1194, 1089, 1029, 943, 876, 852, 743, 622, 570. HRMS (ESI): m/z [M + Na] + calcd for C 33 H 39 Br 3 O 6 , 795.0154; found at 795.0153; 1 H NMR (300 MHz, CDC l3 ) δ = 6.91 (s, 3H), 6.85 (s, 3H), 4.76 (d, J = 13.7 Hz, 3H), 4.13 (td, J = 6.0, 1.3 Hz, 6H), 3.83 (s, 9H), 3.60 (td, J = 6.6, 2.5 Hz, 6H), 3.53 (d, J = 13.8 Hz, 3H), 2.33 (quintu-larger reaction intermediates or transition states, which explains the better activity of the P@4/TiCl 4 system when cyclohexenone is used as a substrate. The 31 P NMR spectra of the crude reaction mixtures of the MBH reactions confirm that no formation of the chloroazaphosphatrane P-Cl + @4 occurs during the reaction (Fig. S40 †). This demonstrates that the interaction between the Lewis base P@4 and the Lewis acid TiCl 4 is still prevented despite the larger cavity of P@4, and that P@4/TiCl 4 constitutes an FLP system. This latter system appears more efficient than P@3/TiCl 4 in this MBH reaction, probably because it presents the right balance between (i) flexibility to accommodate substrates and transition states more easily and (ii) the frustrated behavior to prevent Lewis acidbase interaction.

Conclusion

In conclusion, the ability of endohedrally functionalized cages to control the frustration level of acid/base couples has been studied. The simple change of one methylene group in the linkers of the cages allows for controlling the reactivity of the encaged basic unit. Indeed, the smaller cage leads to an extremely frustrated system that even prevents its deprotonation, giving the fully frustrated Brønsted pairs P-H + @2/t-BuOK and P-H + @2/ -CD 2 CN. In contrast, the medium and large cages can be easily deprotonated under the same conditions. In the presence of the TiCl 4 Lewis acid, the medium P@3 and large P@4 cages lead to FLPs. Nevertheless, the P@4/TiCl 4 system can provide better yields in the MBH reaction when cyclohexanone is used as the substrate, underlining that if rigidity is key to preventing the Lewis acid/base interaction, some flexibility has to be retained to induce an improvement of the reactivity. Thus, the confinement in well-defined molecular cages appears as an efficient tool to control the degree of frustration of the acid and the base, opening the way to a wider use of this strategy to modulate FLP systems.

Experimental section

Commercial reagents were used directly as received without further purification. All reactions were performed in ovendried glassware under positive pressure of argon, unless otherwise noted. Fritted glass were subsequently neutralized with saturated NaHCO 3 solution, twice rinsed with distilled water and acetone, and then oven-dried. Dichloromethane, tetrahydrofuran and toluene were dried prior to use through standard procedures or obtained from a solvent drying system BRAUN MB-SPS800. 1 H and 13 C NMR spectra were recorded on a Bruker AC 400 (400 MHz for 1 H NMR, 101 MHz for 13 C NMR, and 162 MHz for 31 P NMR in CDCl 3 or CD 2 Cl 2 ). Chemical shifts were reported in ppm on the δ scale relative to residual CDCl 3 (δ = 7.26 for 1 H NMR and δ = 77.16 for 13 C NMR) and CD 2 Cl 2 (δ = 5.32 for 1 H NMR and 53.84 for 13 C NMR) as the internal references. The coupling constant ( J) is reported in J = 4.0 Hz, 2H), 3.84 (s, 3H). 13 C NMR (101 MHz, CDCl 3 ) δ = 191. 1, 162.0, 150.6, 145.1, 137.1, 132.0, 131.3, 119.4, 118.5, 116.7, 111.3, 91.9, 65.2, 56.0.

Compound 5

In a two-necked round bottomed flask, 12 (4 g, 13.87 mmol) was dissolved in dry dichloromethane (80 mL) and a catalytic amount of scandium(III) triflate (683 mg, 1.39 mmol) was added. The mixture was vigorously stirred under an argon atmosphere and slowly heated at 40 °C for 24 h. The solvent was removed under reduced pressure, the residue was dissolved in CH 2 Cl 2 (80 mL) and washed with 1 M NaOH solution (80 mL × 3) and the organic phase was dried with anhydrous Na 2 SO 4 . The solvent was concentrated in vacuo to give a brown oil, which was purified by silica gel column chromatography using dichloromethane/ethyl acetate (20 : 1) to give pure 5 as a white solid (1.58 g, 42%). T m : 112-113 °C. IR: cm -1 2929, 2871, 2830, 1748, 1607, 1509, 1465, 1443, 1398, 1346, 1320, 1260, 1219, 1193, 1142, 1088, 1011, 942, 876, 851, 775, 701, 622, 570, 548, 509. HRMS (ESI): m/z [M + Na] + calcd for C 48 H 42 O 12 , 833.2568; found at 833.2566; 1 H NMR (300 MHz, CDCl 3 ) δ = 9.91 (s, 3H), 7.84 (d, J = 9.0 Hz, 6H), 7.22 (d, J = 9.0 Hz, 6H), 7.08 (s, 3H), 6.78 (s, 3H), 5.75 (d, J = 7.2 Hz, 3H), 5.66 (d, J = 7.2 Hz, 3H), 4.71 (d, J = 13.7 Hz, 3H), 3.71 (s, 9H), 3.53 (d, J = 13.8 Hz, 3H); 13 C NMR (75 MHz, CDCl 3 ) δ = 190.9, 162. 2, 149.1, 144.6, 135.3, 132.0, 131.9, 131.4, 116.7, 56.1, 36.4.

Hemicryptophane 2

In a round bottomed flask, a solution of tris(2-aminoethyl) amine (322 μL, 2.14 mmol) dissolved in 200 mL of a 1 : 1 chloroform/methanol mixture was added to a solution of 5 (1.58 g, 1.95 mmol) in a 1 : 1 chloroform/methanol mixture (800 mL). The mixture was vigorously stirred at room temperature overnight. Then, the mixture was cooled to 0 °C and sodium borohydride (1.47 g, 38.97 mmol) was carefully added portion-wise. The mixture was stirred and slowly warmed to room temperature for 4 h. After removing the solvent under reduced pressure, the residue was dissolved in CH 2 Cl 2 (100 mL) and washed with 1 M NaOH solution (100 mL × 3) and the organic phase was dried over anhydrous Na 2 SO 4 . The solvent was then concentrated in vacuo to give a brown oil. The crude compound was purified by silica gel column chromatography using dichloromethane/methanol/triethylamine (10 : 1 : 0.1) as the eluent to give the pure cage 2 as a white solid (691 mg, 39%). T m : 158-160 °C. IR: cm -1 2919, 2829, 1668, 1609, 1587, 1509, 1464, 1446, 1392, 1343, 1263, 1228, 1207, 1140, 1082, 1017, 997, 941, 878, 835, 736, 701, 617, 583. HRMS (ESI): m/z [M + 2H] + calcd for C 54 H 60 N 4 O 9 , 455.2253; found at 455.2252; 1 H NMR (400 MHz, CDCl 3 ) δ = 7.19 (s, 3H), 7.05 (d, J = 8.6 Hz, 6H), 6.91 (s, 3H), 6.87 (d, J = 8.6 Hz, 6H), 5.83 (d, J = 7.5 Hz, 3H), 5.74 (d, J = 7.5 Hz, 3H), 4.74 (d, J = 13.7 Hz, 3H), 3.84 (s, 9H), 3.61 (s, 6H), 3.56 (d, J = 13.7 Hz, 3H), 2.58-2.35 (m, 12H); 13 C NMR (101 MHz, CDCl 3 ) δ = 155. 8, 147.7, 144.2, 133.2, 131.7, 129.5, 116.8, 115.5, 113.9, 90.2, 56.5, 53.9, 47.6, 36.4. plet, J = 6.1 Hz, 6H); 13 C NMR (75 MHz, CDCl 3 ) δ = 148. 6, 147.0, 132.8, 131.9, 116.1, 113.9, 67.2, 56.4, 36.6, 32.4, 30.5.

Compound 7

In a dried round-bottomed flask, 9 (1.54 g, 2 mmol) was dissolved in N,N-dimethylformamide (30 mL), and then hydroxybenzaldehyde (806 mg, 6.59 mmol) and cesium carbonate (2.15 g, 6.59 mmol) were successively added. The mixture was vigorously stirred and heated at 60 °C for 24 h. The solvent was removed under reduced pressure, the crude residue was dissolved in CH 2 Cl 2 (50 mL) and washed with 1 M NaOH solution (50 mL × 3). The organic phase was dried over anhydrous Na 2 SO 4 and concentrated in vacuo to give a brown oil. The crude compound was purified by silica gel column chromatography using dichloromethane/ethyl acetate (20 : 1) as the eluent to give pure 7 as a white solid (1.56 g, 87%). T m : 105-106 °C. IR: cm -1 3054, 2931, 2831, 2741, 1731, 1680, 1577, 1477, 1453, 1397, 1345, 1251, 1213, 1143, 1110, 1059, 1007, 930, 874, 829, 781, 700, 652, 619, 558. HRMS (ESI): m/z [M + Na] + calcd for C 54 H 54 O 12 , 971.3507; found at 971.3505; 1 H NMR (400 MHz, CDCl 3 ) δ = 9.86 (s, 3H), 7.79 (d, J = 8.8 Hz, 6H), 6.97 (d, J = 8.7 Hz, 6H), 6.87 (s, 3H), 6.80 (s, 3H), 4.73 (d,J = 13.8 Hz,3H),6H),6H), 3.75 (s, 9H), 3.51 (d, J = 13.8 Hz, 3H), 2.28 (quintuplet, J = 6.0 Hz, 6H); 13 C NMR (75 MHz, CDCl 3 ) δ = 190.8, 171. 2, 163.9, 148.4, 146.9, 132.6, 132.0, 130.0, 115.7, 114.8, 113.9, 65.7, 64.9, 60.4, 56.2, 36.5, 29.2, 21.1, 14.3.

Compounds 11 and 12

In a two-necked ice-cooled round bottomed flask, 10 (6 g, 32.92 mmol) was dissolved in dry dichloromethane (100 mL), and sulfuryl chloride (2.93 mL, 36.22 mmol) was carefully added drop-wise. The mixture was vigorously stirred under an argon atmosphere at 0 °C and allowed to warm slowly to room temperature for 2 h. The solvent was concentrated in vacuo to give compound 11 as a yellow oil (5.45 g, 97%), and directly used in the next step. In a two-necked round bottomed flask, 11 (5 g, 29.31 mmol) was dissolved in dry N,N-dimethylformamide (100 mL). Potassium carbonate (6. 08 g, 43.97 mmol) and vanillyl alcohol (6.78 g, 43.96 mmol) were then carefully added portion-wise. The mixture was vigorously stirred under an argon atmosphere at room temperature for 36 h. The solvent was then removed under reduced pressure. The residue was dissolved in CH 2 Cl 2 (150 mL) and extracted with 1 M NaOH solution (150 mL × 3) and the organic phase was dried with anhydrous Na 2 SO 4 . The solvent was concentrated in vacuo to give a brown oil, which was purified by silica gel column chromatography using petroleum ether/ethyl acetate (1 : 1) to give pure 12 as a white solid (4.31 g, 51%). Compound 12: T m : 98-99 °C. IR: cm -1 3402, 2920, 2849, 2744, 1742, 1683, 1598, 1580, 1463, 1420, 1305, 1265, 1208, 1160, 1134, 1082, 1032, 996, 852, 761, 606, 551, 516. HRMS (ESI): m/z [M + Na] + calcd for C 16 H 16 O 5 , 311.0890; found at 311.0893; 1 H NMR (300 MHz, CDCl 3 ) δ = 9.90 (s, 1H), 7.84 (d,J = 8.8 Hz,2H),7.25 (d,J = 8.7 Hz,2H), 7.07 (d, J = 8.1 Hz, 1H), 6.96 (d, J = 2.0 Hz, 1H), 6.84 (dd, J = 8.1, 2.0 Hz, 1H), 5.78 (s, 2H), 4.62 (d, Hemicryptophane P-H + @4

In an ice-cooled round bottomed flask, bis(dimethylamino)chlorophosphine (64 μL, 0.42 mmol) was dissolved in anhydrous dichloromethane (10 mL). The mixture was stirred vigorously under an argon atmosphere at 0 °C for 0.5 h, and then a solution of hemicryptophane 4 (278 mg, 0.28 mmol) in anhydrous dichloromethane (10 mL) was added. The mixture was stirred and slowly warmed to room temperature, and then heated at 40 °C for 1 day. The solvent was then removed under reduced pressure to give a brown oil. The crude compound was purified by silica gel column chromatography using dichloromethane/methanol (10 : 1) as the eluent to give the pure azaphosphatrane P-H + @4 as a white solid (249 mg, 84%). T m : 194-195 °C. IR: cm -1 3398, 2930, 2875, 2432, 1670, 1609, 1584, 1510, 1468, 1396, 1261, 1170, 1144, 1085, 985, 944, 870, 850, 832, 732, 669, 585, 552, 514 158.8, 147.7, 147.4, 132.0, 131.5, 129.5, 128.2, 114.7, 114.1, 113.3, 65.9, 64.0, 63.6, 56.6, 36.4, 29.5, 15.4; 31 P NMR CPD (162 MHz, CDCl 3 ) δ = -23.72; 31 P NMR (162 MHz, CDCl 3 ) δ = -23.77 (d, J = 517 Hz).

Hemicryptophane P@4

Azaphosphatrane P-H + @4 (150 mg, 0.14 mmol) was placed in a Schlenk tube and dissolved in anhydrous tetrahydrofuran (3 mL). Then potassium tert-butoxide (32 mg, 0.28 mmol) was added carefully. The mixture was stirred under an argon atmosphere at room temperature for 2 h. The solvent was removed in vacuo and then anhydrous toluene was added (3 mL). The mixture was stirred at room temperature for an additional 0.5 h, and the precipitate that formed was filtered under argon through a fritted glass. The solvent was removed under vacuum to give the pure proazaphosphatrane P@4 as a lightyellow solid (123 mg, 85%). 1 H NMR (300 MHz, Tol) δ = 7.06 (s, 3H), 7.00 (s, 3H), 6.68 (d, J = 3.0 Hz, 6H), 6.60 (d, J = 8.6 Hz, 6H), 4.58 (d, J = 13.5 Hz, 3H), 3.95-3.73 (m, 12H), 3.64 (dt, J = 6.0 Hz, 9.0 Hz, 3H), 3.58-3.48 (m, 3H), 3.44 (s, 9H), 3.36 (d, J = 13.6 Hz, 3H), 2.91-2.78 (m, 6H), 2.73 (t, J = 5.1 Hz, 6H), 2.00 (ddd, J = 17.6, 9.1, 4.8 Hz, 6H); 13 C NMR (75 MHz, Tol) δ = 158. 5, 149.0, 148.4, 133.6, 132.7, 132.5, 125.6, 115.4, 114.4, 65.2, 64.4, 56.4, 53.9, 53.4, 52.2, 49.3, 36.6, 30.1; 31 P NMR CPD (121 MHz, Tol) δ = 115.57.

Hemicryptophane 13

In an ice-cooled round bottomed flask, bis(dimethylamino) chlorophosphine (64 μL, 0.42 mmol) was dissolved in anhydrous acetonitrile (10 mL). The mixture was stirred vigorously under an argon atmosphere at 0 °C for 0.5 h. Then a solution of hemicryptophane 4 (278 mg, 0.28 mmol) in anhydrous acetonitrile (10 mL) was added. The mixture was stirred and Hemicryptophane P-H + @2

In an ice-cooled round bottomed flask, bis(dimethylamino)chlorophosphine (64 μL, 0.42 mmol) was dissolved in anhydrous dichloromethane (10 mL), the mixture was stirred vigorously under an argon atmosphere at 0 °C for 0.5 h, and then a solution of cage 2 (250 mg, 0.28 mmol) in anhydrous dichloromethane (10 mL) was added. The mixture was stirred and slowly warmed to room temperature, and then heated at 40 °C for 1 day. The solvent was then removed under reduced pressure to give a brown oil, which was purified by silica gel column chromatography using dichloromethane/methanol (10 : 1) as the eluent to give the pure azaphosphatrane P-H + @2 as a white solid (238 mg, 89%). T m : 176-177 °C. IR: cm -1 3367, 2956, 2865, 2112, 1921, 1607, 1508, 1482, 1447, 1392, 1316, 1260, 1204, 1144, 1112, 1083, 1039, 989, 873, 737, 699, 619, 584, 546, 513. HRMS (ESI): m/z [M] + calcd for C 54 H 58 N 4 O 9 P + , 937.3936; found at 937.3936; 1 H NMR (300 MHz, CDCl 3 ) δ = 7.40 (s, 3H), 6.94 (s, 3H), 6.41 (d,J = 8.4 Hz,6H),6.18 (d,J = 8.5 Hz,6H),5.77 (d,J = 6.5 Hz,3H),5.57 (d,J = 6.4 Hz,3H),4.83 (d,J = 13.7 Hz,3H), 4.67 (d,J = 492 Hz,1H),3H),3.64 (d,J = 12.7 Hz,3H),3.55 (s,9H),12H),3H); 13 C NMR (75 MHz, CDCl 3 ) δ = 155.6, 148. 2, 143.9, 134.9, 134.1, 131.7, 129.0, 120.1, 118.7, 113.0, 93.5, 55.4, 53.5, 50.5 (d, J = 13.5 Hz), 47.6 (d, J = 6.7 Hz), 42.5 (d, J = 4.5 Hz), 36.3, 34.7; 31 P NMR (121 MHz, CDCl 3 ) δ = -32.3 (d, J = 503 Hz); 31 P CPD NMR (121 MHz, CDCl 3 ) δ = -32.16.

Hemicryptophane 4

In a round bottomed flask, a solution of tris(2-aminoethyl) amine (322 μL, 2.14 mmol) in a 1 : 1 chloroform/methanol mixture (200 mL) was added to a solution of precursor 7 (1.56 g, 1.74 mmol) in 1 : 1 chloroform/methanol (800 mL). The reaction mixture was vigorously stirred at room temperature overnight. Then, sodium borohydride (1.47 g, 38.97 mmol) was carefully added portion-wise at 0 °C, and the mixture was stirred and slowly warmed to room temperature for 4 h. The solvent was removed under reduced pressure and the residue was dissolved in CH 2 Cl 2 (100 mL), and washed with 1 M NaOH solution (100 mL × 3). The organic phase was dried over anhydrous Na 2 SO 4 and the solvent was concentrated in vacuo to give a brown oil. The crude compound was purified by silica gel column chromatography using dichloromethane/ methanol/triethylamine (10 : 1 : 0.1) as the eluent to give pure 4 as a white solid (744 mg, 43%). T m : 183-184 °C. IR: cm -1 3399, 2932, 1667, 1609, 1583, 1512, 1469, 1397, 1345, 1254, 1220, 1182, 1143, 1086, 1054, 1024, 985, 831, 733, 699, 622, 519. HRMS (ESI): m/z [M + H] + calcd for C 60 H 72 N 4 O 9 , 993.5372; found at 993.5376; 1 H NMR (400 MHz, CD 2 Cl 2 ) δ = 7.07 (d,J = 8.6 Hz,6H),6.83 (d,J = 2.4 Hz,6H),6.69 (s,3H),6.66 (s,3H),4.72 (d,J = 13.7 Hz,3H),6H), 3.97 (t, J = 6.2 Hz, 6H), 3.77 (s, 9H), 3.51 (t, J = 8.0 Hz, 9H), 2.65-2.58 (m, 6H), 2.58-2.55 (m, 6H), 2.18 (quintuplet d, J = 1.89, 5.6 Hz, 6H); 13 C NMR (101 MHz, CD 2 Cl 2 ) δ = 158. 4, 148.8, 147.7, 132.6, 132.4, 129.3, 115.6, 114.6, 114.5, 65.8, 64.8, 56.8, 48.3, 36.5, 29.6. 

Fig. 1

 1 Fig. 1 Structures of the model and confined Verkade's superbases.

Scheme 2

 2 Scheme 2 Synthetic pathway to obtain the encaged azaphosphatranes.

Fig. 2 X

 2 Fig. 2 X-ray molecular structure of hemicryptophane 13.

Fig. 3

 3 Fig.3X-ray molecular structure of P-H + @2.

Fig. 4

 4 Fig. 4 The Morita Baylis Hillman reaction catalyzed by different systems. Reaction conditions: aldehyde (0.3 mmol), enone (0.9 mmol), catalyst (0.03 mmol, 10 mol%), TiCl 4 (1 M in CH 2 Cl 2 , 0.3 mmol), CH 2 Cl 2 (1.0 mL), 30 min under argon atmosphere. a Isolated yields (average of at least two runs). b From ref. 18.

Table 1

 1 pK a values of conjugate acids of proazaphosphatrane bases in CH 3 CN, and rate constants values for proton transfers a

	Base	pK a	K a	k 1 (L mol -1 s -1 )	k -1 (L mol -1 s -1 )
	P@1 27	32.14	7.25 × 10 -33	1.06 × 10 -3	0.93 × 10 -3
	P@2 P@3 27 P@4	-b 32.99 32.32	-b 1.03 × 10 -33 4.77 × 10 -33	-b 1.88 × 10 -6 1.04 × 10 -6	-b 1.16 × 10 -5 1.37 × 10 -6

a Average values of at least two experiments, T = 298 K. Errors on the K a , k 1 and k -1 values are estimated to 10%. b No reaction was observed.

  . HRMS (ESI): m/z [M] + calcd for C 60 H 70 N 4 O 9 P + , 1021.4875; found at 1021.4874; 1 H NMR (300 MHz, CD 2 Cl 2 ) δ = 6.88 (d, J = 8.

	5 Hz, 6H), 6.77 (s, 3H),
	6.76 (s, 3H), 6.70 (d, J = 8.5 Hz, 6H), 5.14 (d, J = 501 Hz, 1H),
	4.68 (d, J = 13.7 Hz, 3H), 4.16-4.02 (m, 12H), 3.77 (s, 9H), 3.59
	(dd, J = 4.9 Hz, 18.8 Hz, 6H), 3.52-3.40 (m, 6H), 3.47 (d, J =
	13.7 Hz, 3H), 3.26-3.08 (m, 6H), 2.25-2.14 (m, 6H); 13 C NMR
	(75 MHz, CDCl 3 ) δ =

General procedure for the MBH reaction para-Substituted benzaldehyde (0.3 mmol) was placed in a 5 mL oven-dried Schlenk tube and dissolved in anhydrous dichloromethane (1 mL). 2-Cyclopenten-1-one or 2-cyclohexen-1one (0.9 mmol) was added and a solution of P@4 (30 mg, 0.03 mmol) in anhydrous dichloromethane (1 mL) was added drop-wise. The mixture was stirred under an argon atmosphere at room temperature, and a solution of titanium chloride in anhydrous dichloromethane (1 M) (0.3 mL, 0.3 mmol) was then added. The mixture was stirred for 0.5 h and then the reaction was quenched with a saturated aqueous solution of NaHCO 3 (3.0 mL). The mixture was stirred for an additional 0.5 h. The inorganic precipitate was filtered and the organic phase was dried over Na 2 SO 4 , filtered, and evaporated under vacuum to give the crude product, which was purified by silica gel column chromatography using petroleum ether/ethyl acetate as the eluent to give the pure compound (Table S1 

†).

Procedure for the determination of pK a of P-H + @4 and the determination of kinetics of proton transfer P-H + @4 and compound P@1 were mixed together in CD 3 CN. 1 H NMR and 13 C NMR spectra were recorded every 20 minutes. The ratio of the concentration of protonated and free base in each compound were calculated thanks to the integration of the different signals for the two species, giving access to the rate constants for protonation and deprotonation. Once the thermodynamic equilibrium was reached, the K a and pK a could be assessed.