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ABSTRACT: We report the synthesis of a macrocyclic receptor containing two di-meso-phenyl calix[4]pyrrole units linked by two triazole spacers. The 1,4-substitution of the 1,2,3-triazole spacers conveys different binding affinities to the two hetero-ditopic binding sites. These features make the receptor an ideal candidate to investigate allosteric cooperativity in the binding of ion-pair dimers. We probed the interaction of tetraalkylammonium salts (TBA•Cl, TBA•OCN and MTOA•Cl) with the tetra-heterotopic macrocyclic receptor in chloroform solution using 1H NMR spectroscopic titration experiments. The results obtained show that, at mM concentration, the addition of two equiv of the salt to the receptor’s solution induced the quantitative pairwise binding of the ion-pairs. The 2:1 (ion-pair:receptor) complexes feature different binding geometries and binding cooperativities depending on the nature of the alkylammonium cation. The binding geometries assigned to the complexes of the ion-pair dimers in solution are fully supported by X-ray diffraction analyses of single crystals. The thermodynamic features of the binding processes (separate or concomitant formation of 1:1 and 2:1 complexes), using isothermal titration calorimetry (ITC) experiments, are rationalized by combining the different ion-pair binding modes of the salt dimers with the dissimilar electronic properties of the two nearby hetero-ditopic binding sites of the receptor. 
INTRODUCTION

The essential roles played by ions in biology, chemistry and the environment justifies the importance of the area of ion recognition within supramolecular chemistry.
,
,
 In the early days, cation recognition dominated the field owing to the less demanding requirements of the guests (size, structure and solvation energy). The construction of synthetic anion receptors progressed more slowly,
 in spite of the insights offered by X-ray crystallography studies for the anion-binding geometries featured by proteins.
,
 Nowadays, the design of synthetic receptors able to sense and help manage anions related to modern societies, i.e. nuclear waste and fertilizers, is fundamental.
,
,
 The development of synthetic receptors for ion-pair recognition emerged from the combination of the cation and anion recognition fields.
,
 Hetero-ditopic receptors possess binding sites for both the anion and cation, thus providing substantial advantages like increased affinity and selectivity when compared to the synthetic counterparts designed to bind a single anion or cation. However, these advantages are associated with larger synthetic efforts and more complex design.
,
,
,
 Multiple site synthetic receptors are also suitable to multi-anion binding,
 a topic of great current interest.
 The goal of this latter research aims at mimicking nature and gaining insights on how it copes with concurrently binding anions in close proximity i.e. anion channels, synthesis of ATP, DNA, RNA etc. In this vein, dimers of polyatomic anions have been investigated “in silico”
,
 and experimentally stabilized by non-covalent binding using synthetic receptors, both in solution and the solid-state.
,
,
,
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Figure 1. Molecular structures of bis-calix[4]pyrrole macrocycles 1 and 3 and the ion pairs used in the binding studies. Schematic representations of 2:1 binding geometries (inset).
Calix[4]pyrroles are effective hetero-ditopic receptors for the complexation of ion-pairs in non-polar solvents.10,
,
,
 On that basis, we synthesized bis-calix[4]pyrrole receptor 1 bearing two 1,4-diphenyl-1,3-butadiyne-spacers (Figure 1).
 We demonstrated that in CDCl3 solution, receptor 1 undergoes pairwise binding of Clˉ and OCNˉ tetrabutylammonium (TBA) ion pairs, 2b and 2c, with high cooperativity.

The resulting 2:1 complexes featured a cascade arrangement of the bound close-contact ion-triplet (Figure 1, inset left). One TBA+ cation was symmetrically sandwiched between the two included anions (TBAin). The other TBA+ counter-cation showed a receptor-separated binding mode (TBAout). It was located opposite to the bound anion in the shallow and electron rich cavity defined by a calix[4]pyrrole core in cone conformation. In contrast, the use of methyltrioctylammonium chloride (MTOA•Cl), 2a, rendered the binding process much less cooperative. The resulting 2:1 complex, (2a)2•1, featured a receptor-separated binding mode for the two bound ion-pairs (Figure 1, inset right). Subsequently, Lee and coworkers described a structurally related bis-calix[4]pyrrole receptor bearing dicationic (9,10-anthacene-bis-methylene)-N,N’-bis-pyridylium linkers.
 Working in CH3CN solution, the authors demonstrated the use of this receptor as a selective fluorescent sensor for fluoride. Two fluoride atoms were bound in its two identical binding sites through a highly cooperative binding process. The implication of the TBA+ cations in the resulting 2:1 complex was not discussed possibly due to the polar nature of the solvent favoring a non-ion-paired complex. More recently, Sessler et al. reported a conformationally more flexible bis-calix[4]pyrrole macrocycle bearing 2,5-diamido linkers and possessing up to 12 hydrogen bond donors.20 This receptor is capable of pairwise inclusion of the monoanionic dihydrogen phosphate, the dianionic sulfate and the pyrophosphate trianion. Isothermal titration calorimetry (ITC) experiments performed in dichloroethane solution with the dihydrogen phosphate and pyrophosphate anionic guests indicated that the binding processes were not cooperative.
In this work, we report the synthesis of the non-symmetric bis-calix[4]pyrrole macrocycle 3 bearing two opposing 1,4-diphenyl-triazole units as spacers (Scheme 1). We also disclose the binding properties featured by macrocycle 3 with a series of tetraalkylammonium salts and compare them with those reported for the previously described macrocycle 1. 
RESULTS AND DISCUSSION

Synthesis. Receptor 3 was obtained by a double copper-catalyzed alkyne-azide cycloaddition (CuAAC) reaction of the di-meso-4-ethynylphenylcalix[4]pyrrole 4 with the di-meso-4-azidephenyl analog 5 already described in the literature.27,
 The efficient macrocyclization reaction of 4 and 5 required the use of 1 equiv of tetrabutylammonium terephtalate 6 as template (Scheme 1).
 We reacted an equimolar mixture of calix[4]pyrroles 4 and 5 and terephthalate 6 (~ 2 mM) in dry and degassed acetonitrile for 5 hours in the presence of CuI and triethylamine. Bis-(calix[4]pyrrole) 3 was isolated as a white solid after column chromatography purification in a remarkable 30 % yield and was fully characterized by a complete set of high-resolution spectra (NMR, MS).
Scheme 1. Synthetic scheme for the preparation of macrocycle 3. Proton assignment for macrocycle 3 is included.
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Binding of methyltrioctylammonium chloride 2a. We anticipated that the use of 1,4-diphenyl-triazole spacers would endow receptor 3 with a conformational flexibility similar to that of receptor 1. On the contrary, the shape and size of the aromatic cleft of 3 are significantly different from those of 1. Macrocycle 3 has a bent shape, contrasting with the perfectly linear shape and arrangement of the calix[4]pyrrole units in 1. The cavity size (N to N distance of opposed pyrrole rings in the two poles) is reduced by approximately 2 Å in 3 compared to 1. Additionally, the non-symmetric nature of macrocycle 3 provided by the 1,4-substitution of the triazole spacer renders macrocycle 3 with two dissimilar binding sites contrasting with the identical hetero-ditopic binding sites featured by macrocycle 1. Based on this, we expected that 3 should exhibit different properties than 1 in the pair-wise binding of Clˉ and OCNˉ anions as their TBA and MTOA salts.
We performed 1H NMR spectroscopic titration experiments, at millimolar concentration, of chloroform solutions of receptor 3 with MTOA•Cl (2a). In non-polar solvents, calix[4]pyrroles act as heteroditopic receptors providing ion-paired complexes with receptor-separated binding geometry. It is also known that in non-polar solvents, calix[4]pyrrole receptors bind MTOA•Cl with higher affinity than the TBA counterparts.18,
,
 This is due to the better fit of the methyl group of the MTOA+ cation in the shallow and electron rich cup opposite to the bound anion in comparison to the alkyl groups of TBA.
The 1H NMR spectrum of a 2 mM CDCl3 solution of bis-(calix[4]pyrrole) 3 showed sharp and well-defined proton signals (Figure 2a). The proton signals of the “two-wall” calix[4]pyrrole units that form the poles of 3 are not chemically equivalent owing to the 1,4-substituion of the triazole spacer. Thus, we observed two separate signals for the pyrrole NHs resonating at δ = 6.97 ppm and 6.91 ppm, four signals for the aromatic protons (Hb-e) and also four signals for the β-pyrrole protons. The triazole proton (Ha) appeared as a singlet at δ = 8.7 ppm. 
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Figure 2. Selected region of the 1H NMR spectra (400 MHz, CDCl3, 298 K) of free receptor 3 (2 mM) (a) and incremental additions of MTOA•Cl (2a): 0.5 equiv (b), 1.0 equiv (c) and 2.0 equiv (d). Primed letters correspond to 2a(3, double primed letters correspond to (2a)2(3. See Scheme 1 for proton assignment.
The addition of 0.5 equiv of MTOA•Cl, 2a, to a 2 mM chloroform solution of 3 produced the appearance of a new set of sharp signals for the protons of 3 that we assigned to the bound receptor in a complex, at this point, of unknown stoichiometry. The intensity of the signals of bound 3 grew at the expenses of the ones assigned to free receptor. In the presence of 1 equiv of 2a, the proton signals for bound 3 were detected almost exclusively (Figure 2c). Two singlets appearing at very different chemical shifts (δ = 11.2 ppm and 7.15 ppm) were observed for the pyrrole NHs of bound 3. This observation suggested that only one of the macrocycle’s hemispheres is involved in hydrogen bonding interactions with the chloride anion while the other hemisphere remains free.
The binding selectivity of 2a for one of the two hemispheres of 3 in the 2a•3 complex can be assigned to differences in the molecular electrostatic potentials (MEPs) of the meso-aromatic substituents of the calix[4]pyrrole units that control the intensity of the anion-π interactions. DFT calculations (B3LYP/6-31G*) assigned a MEP value of -11 kcal/mol at the center of the phenyl ring of 4-methyl-1-N-phenyl-1,2,3-triazole and -19 kcal/mol in the case of 1-methyl-4-C-phenyl-1,2,3-triazole (Figure S38 – S.I.).
During the initial phase of the titration of 3 with 2a (i.e. 1 equiv of 2a), we also observed that the methyl group of the MTOA+ cation resonated at δ = 0.1 ppm while the methylene protons alpha to the nitrogen atom appeared at δ = 2.0 ppm. The upfield shifts experienced by these signals support the inclusion of the methyl group of the MTOA+ cation in the shallow calix[4]pyrrole cup opposite to the bound chloride providing a receptor-separated binding geometry of the ion-pair in the 2a•3 complex.
The addition of more than 1 equiv of 2a induced the emergence of a new set of proton signals that were also assigned to bound 3 in a complex with different stoichiometry. The incremental addition of 2a provoked an increase of the second set of signals. When 2 equiv of 2a were added, only the second set of protons for bound 3 was detected. Remarkably, two overlapping broad singlets were observed at 11.39 ppm and 11.30 ppm. At this point, both calix[4]pyrrole hemispheres are hydrogen bonded to chloride anions (Figure 2d). When more than 2 equiv of 2a were added the methyl signal broadened beyond detection. On the other hand, the singlet assigned to the triazole protons in the 2:1 complex (Ha”) did not experience any chemical shift change. This observation suggests that the triazole moieties are not involved in the binding of a third anion.
All together, these observations indicate that initially (up to 1 equiv), receptor 3 and ion-pair 2a form exclusively an ion-paired 1:1 complex displaying receptor-separated binding mode and experiencing a slow exchange on the chemical shift timescale with the free receptor. The chloride anion binds exclusively in one of the two chemically non-equivalent hemispheres of 3, namely the one corresponding to the N-1 substituted meso-phenyl ring. Because in the presence of 1 equiv of 2a the 1:1 complex is quantitatively formed, we estimated a binding constant value of K[2a•3] > 104 M-1. 
The second set of proton signals corresponding to the 2:1 complex, (2a)2•3 was only detected when more than 1 equiv of the 2a was added. The non-concomitant formation of the 1:1 and the 2:1 complexes during the initial phase of the titration of 3 with 2a (up to 1 equiv added) can be explained by invoking a large difference in binding affinity for the two hemispheres for 2a. In addition, the quantitative formation of the (2a)2•3 complex in the presence of 2 equiv of 2a can be used to estimate a K[(2a)2•3] value > 108 M-2. The lack of significant chemical shift changes for the signals of the protons of the MTOA+ cation when more than 1 equiv of the ion-pair is added supports a receptor-separated geometry for the two bound ion-pairs in the (2a)2•3 complex. The two bound MTOA+ cations are located in very similar magnetic environments (with hydrogen atoms being almost chemically equivalent), i.e. the two distal shallow cups of the calix[4]pyrrole units. 
In order to provide additional experimental support to the receptor-separated binding geometry of the two ion pairs bound in the (2a)2•3 complex, we performed a ROESY experiment using a solution containing the two components in strict 2:1 stoichiometric control (Figure S17 – S.I.). We observed cross peaks due to close spatial proximity between the protons of the MTOA+ cation and the β-pyrrole protons of the receptor (Hβ). On the contrary, cross peaks between the protons of the MTOA+ cation and those of the aromatic walls of receptor 3 were absent. Gratifyingly, the X-ray diffraction data of a single crystal of the (2a)2•3 complex, which grew by slow evaporation of a 1,2-difluorobenzene solution, revealed that the two bound ion-pairs displayed host-separated geometry also in the solid state (Figure 3b). The solvent used for the complex’s crystallization was not chloroform, nevertheless the receptor-separated binding geometry observed for the bound ion-pairs in the solid state is in complete agreement with the results derived from the 1H NMR spectroscopic titration experiments performed in chloroform.
We undertook ITC experiments for accurately assessing the binding constant values in the formation of the (2a)2•3 complex. The sequential injection of a CHCl3 solution of 3 (8 mM) into a solution of 2a (0.9 mM), produced a gradual release of heat.
 The normalized integrated heat data displayed a double-sigmoidal binding isotherm. The inflection points of the two sigmoidal curves were centered at 3/2a molar ratio values of 0.5 and 1, respectively. Accordingly, we used a theoretical binding model of two sequential binding sites for the mathematical analysis of the titration data (Figure 3a). 
The obtained fit was good, returning the following thermodynamic parameters for the two binding events: K[2a•3] = 2.0 ± 0.5(106 M-1, ΔH[2a•3] = -11.4 ± 1.6 kcal·mol-1 and K[2a•3↔(2a)2•3] = 2.0 ± 0.4(104 M-1, ΔH[2a•3↔(2a)2•3] = -5.1 ± 0.1 kcal·mol-1.
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Figure 3 a) Binding isotherm (integrated and normalized heat data vs molar ratio) of the calorimetric titration of 2a with 3 in chloroform solution. The data were fit to a theoretical “two sequential binding sites” model (red line); b) X-ray structure of the (2a)2•3 complex. Carbon and nitrogen atoms in 3 and “out” MTOA+ cations are shown as ellipsoids at 50% probability level. Hydrogen atoms shown as fixed-size spheres with a radius of 0.15Å. Bound chloride anions and the two sandwiched solvent molecules (1,2-difluorobenzene) between them are displayed as CPK models.
The magnitude of the binding constant for the formation of the 2a•3 complex is two orders of magnitude larger than the one determined for the complex 2a•7 (2.8 ± 0.5 (104 M-1). This is used as reference for the binding site of 3 that binds first (7 is a “two wall” calix[4]pyrrole receptor, Figure 4). We attribute the increase in affinity to the preorganization of the calix[4]pyrrole binding site when incorporated into the macrocyclic receptor’s scaffold. On the other hand, the ratio of binding constant values for the stepwise formation of the (2a)2•3 complex, K[2a•3↔(2a)2•3]/K[2a•3], is ~ 10-2. This value explains why the binding of the two ion-pairs occurs in two separate phases of the titration. That is, the second binding site of the receptor does not bind MTOA•Cl until the first one is fully saturated. Remarkably, the ratio of binding constants for the stepwise formation of the (2a)2•3 is two orders of magnitude smaller than the binding selectivity calculated from reference models of the two binding sites in 3 (K[2a•8]/K[2a•7] ~ 0.25, Figure 4).
 Dividing the two binding selectivities defined by the constants’ ratios, we obtained a normalized cooperativity factor for the formation of (2a)2•3 complex αnorm = 0.01/0.25 = 0.04. The magnitude of the value (<< 1) indicates that the implementation of the two binding sites (7 and 8) in the scaffold of 3 produced a negative cooperativity for the binding of the second MTOA•Cl ion-pair.
We assign this behavior to a combination of two effects. First, an electrostatic repulsion exists between the chloride atoms in the (2a)2•3 complex, which are separated by a distance of 8.6 Å. Most likely, the solvent molecules sandwiched between them have a reduced effect in screening their negative charges. Second, an overestimation of the binding constant value of the MTOA•Cl results from the use of the reference receptor 8 used as a model (Figure 4). The repulsive anion-π interactions operating in the (2a)2•3 complex cannot be modulated owing to the reduced conformational flexibility of the macrocyclic receptor. In contrast, the MTOA•Cl complexes of the reference calix[4]pyrroles, 2a•7 and 2a•8, are conformationally flexible and mitigate repulsive anion-π interactions by flexing their meso-phenyl substituents away from the bound anion while maintaining a cone-like conformation. The intensification of the repulsive anion-π interactions in the complexes of the macrocyclic receptor 3 also serves to explain the large difference (vide supra) between the ratio of the stepwise binding constants (10-2) and that of the binding constants of the reference systems 7 and 8 (0.25). 
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Figure 4. Molecular structures of calix[4]pyrrole receptors 7 and 8 used as reference systems.
Even considering the large negative cooperativity binding that seems to operate in the formation of the (2a)2•3 complex, its overall thermodynamic stability is one order of magnitude larger than the one reported for the slightly cooperative analogue (2a)2•1 (Table 1).28 We attribute this difference to the strong electron-withdrawing character played by the triazolyl spacer in its N-phenyl substituent (MEP = -11 kcal/mol) compared to that of the butadiynyl-substituted counterpart (MEP = -18 kcal/mol) present in 1. In turn, the butadiynyl substituent produces an electronic modulation in the π-system of phenyl ring that is similar to the one experienced by the C-phenyl substituent of the triazole (MEP = -19 kcal/mol). That is, the formation of the 1:1 complex is largely favored in the case of 3 providing an overall thermodynamic advantage to the final 2:1 five-particles aggregate compared to 1.
Binding of tetrabutylammonium ion-pairs. Owing to the structural changes introduced in 3, we were also interested in evaluating the allosteric cooperativity, if any, in the binding of TBA•Cl dimers. Indeed, we obtained remarkably different results from the ones described above for MTOA•Cl, 2a.

The addition of 0.5 equiv of TBA•Cl, 2b, to a 2 mM CDCl3 solution of bis-(calix[4]pyrrole) 3 produced broadening and upfield shifts of some of the proton signals of 3 (Figure 5b). In particular, the signals of the free pyrrole NHs became broadened beyond detection. We also observed a new signal, centered at δ = 2.6 ppm, that was assigned to the methylene protons alpha to the nitrogen atom of TBA (H1). This signal experienced a significant upfield shift (Δδ = - 0.7 ppm) compared to TBA•Cl, 2b, free in solution. In addition, a new set of signals not matching the proton signals of free 3 emerged. In this new set of signals, the pyrrole NHs resonated as separate singlets centered at δ =11.30 ppm and 11.45 ppm. This observation suggested their involvement in hydrogen bonding interactions with Clˉ anions. The incremental addition of the TBA•Cl (2b) (from 0.5 equiv to 2 equiv) produced an intensity increase of the new set of proton signals, at the expense of the one showing significant broadening (Figure 5c). When 2 equiv of TBA•Cl (2b) were added, only the second set of signals was detected. Throughout the titration, we also noticed that the signal assigned to the methylene protons of TBA (H1) moved initially upfield (from 0 to 1 equiv of 2b) but started to shift downfield as the 2b/3 molar ratio became larger than 1. Taken together, these observations indicate that 3 and TBA•Cl (2b) initially form a 1:1 ion-paired complex, 2b•3. Most likely, this complex displays a host separated binding mode, including the TBA+ in the shallow and electron-rich cavity defined by the complexed calix[4]pyrrole in cone conformation that is opposite the bound chloride. For this reason, its alpha-methylene protons (H1) experience the shielding of the pyrrole rings. Moreover, the bound receptor 3 in the 1:1 complex is involved in a chemical exchange process with the free counterpart that is intermediate on the 1H NMR chemical shift timescale. 
Concomitantly, a second complex with 2:1 stoichiometry, (2b)2•3, is formed. In this latter complex, the pyrrole NHs resonate downfield as two separate singlets. The incremental addition of the TBA chloride salt, TBA•Cl 2b, induces the gradual formation of this second complex.  In the presence of 2 equiv of the TBA•Cl salt, the (2b)2•3 complex is exclusively present in solution allowing us to estimate K[(2b)2•3] ~ 108 M-2. Remarkably, the (2b)2•3 complex is kinetically stable on the 1H NMR chemical shift timescale. 

It is worth noting here that for ion-pair MTOA•Cl, 2a, the binding equilibrium leading to the 1:1 complex showed slow exchange kinetics on the NMR timescale. Moreover, its formation was not concomitant with that of the 2:1 analogue.
We assign a cascade-like binding geometry (vide infra) to the (2b)2•3 complex in solution: one ion-pair is bound in close contact mode, producing an included ion-triplet; the other shows receptor-separated geometry (Figure 6b). The downfield shift experienced by the TBA protons (H1) in the presence of more than one equiv of TBA•Cl, 2b, is probably due to a fast chemical exchange between “out” and “sandwiched” cations (Figure 6b). 
We obtained analogous results in the 1H NMR spectroscopic titration experiments of receptor 3 with TBA•OCN (2c). (Figure S15 – S.I.). ROESY experiments performed on both 2:1 complexes, (2b)2•3 and (2c)2•3, showed cross-peaks due to through-space close proximity between protons of the aromatic walls of the receptor and the alpha-methylene protons (H1) of TBA+ cation that were consistent with the assigned cascade-like geometry (Figure S18 and S19 - S.I.).
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Figure 5. Selected region of the 1H NMR spectra (400 MHz, CDCl3, 298K) of free receptor 3 (2mM) (a) and the incremental additions of TBA•Cl (2b): 0.5 equiv (b), 1.0 equiv (c) and 2.0 equiv (d). Primed letters correspond to signals having a weighted average chemical shift value for protons of the free and bound receptor in the 2b•3 complex experiencing fast chemical exchange on the NMR timescale. Double primed letters correspond to the protons of the (2b)2•3 complex. See Scheme 1 for proton assignments.

We grew single crystals of the (2b)2•3 complex by slow evaporation of a 1,3,5-trifluorobenzene solution containing a 2:1 mixture of the binding partners (Figure 6b). The X-ray structure of the (2b)2•3 complex is in complete agreement with the cascade-like binding geometry proposed in chloroform solution for the five-particle assembly. It is worth noting that we refer to the (2b)2•3 complex as having “cascade-like” geometry because the TBA+ cation of the ion triplet is only partially sandwiched between the two bound chlorides. We observed a perfect cascade binding geometry for the corresponding (2b)2•1 complex in the solid state, with the two Clˉ atoms being separated by a distance of 10.6 Å and nicely aligned with the N atom of the sandwiched TBA+ cation (Cl-N-Cl angle of 168°). In contrast, in the complex at hand, (2b)2•3, the distance between Clˉ atoms is reduced to 8.7 Å and the angle defined by the N atom of the TBA is 123°. Three of the four butyl substituents are protruding away from the cavity of 3 and the remaining one is inserted between the two anions (Figure 6b).
In order to assess the stepwise binding constants for the formation of the 2:1 complexes, (2b)2•3 and (2c)2•3, we performed isothermal titration calorimetry (ITC) experiments (Figure 6a). The sequential injection of a 11 mM CHCl3 solution of 3, into a solution of the ion pairs TBA•Cl, 2b, or TBA•OCN, 2c, (2 mM) in the same solvent led to the release of heat pulses of diminishing intensity.34 In both cases, the normalized integrated heat data produced a single sigmoidal binding isotherm with the inflexion point centered at a molar ratio 3/2 ~ 0.5. The titration data were fit to the “one set of sites” theoretical binding model implemented in the Microcal ITC data analysis software.
 This fitting procedure returns averaged values of enthalpy and binding constant for the two almost identical binding events. The overall stability constant and enthalpy for the formation of the 2:1 complexes were obtained by squaring Ka(average) and doubling (H(average). We determined K[(2b)2•3] = 5.3 ± 0.1(107 M-2, ΔH[(2b)2•3] = - 11.0 ± 0.4 kcal·mol-1 and K[(2c)2•3] = 6.7 ± 0.4(108 M-2, ΔH[(2c)2•3] = -18.6 ± 0.8 kcal·mol-1 (see Table 1). The good fit obtained for the experimental data to the “one set of sites” theoretical binding model is indicative of a very low or non-cooperative binding process for the complexation of the ion-pair TBA dimers.
,
 That is, the macroscopic constant values for the stepwise formation of (2b)2•3 or (2c)2•3 are very similar. The formation of the 2:1 complexes is mainly enthalpically driven and features enthalpy-entropy compensation effects. The results of the ITC experiments are in complete agreement with the observations made in the 1H NMR spectroscopic titrations. In short, in the presence of 1 equiv of the ion-pairs both the 1:1 and 2:1 complexes co-existed with the free receptor. The addition of 2 equiv of the salt led to the quantitative formation of the 2:1 complex.
Unfortunately, we could not assess reliable binding constants for the reference calix[4]pyrroles binding TBA•Cl.
 However, assuming that the ratio of binding constants determined for the binding of MTOA•Cl and the reference calix[4]pyrrole receptors 7 and 8 also holds in the case of TBA•Cl, we calculate a normalized cooperativity factor for the formation of the (2b)2•3 complex, αnorm = 1/0.25 = 4. The value suggests that the two binding sites of 3 act almost as the separate receptors 7 and 8. This result is in striking contrast with the impressive allosteric cooperativity assigned previously to the binding of the TBA•Cl dimer by the structurally related receptor 1.28 We conclude that while the supramolecular complex 2b•1 functions as an outstanding heteroditopic receptor for the second ion-pair (α > 105), the 2b•3 analogue lacks of significant cooperativity (α ~ 4) (Table 1).
We also determined that the overall binding constant for the (2b)2•3 complex is two orders of magnitude lower than the one calculated for the (2a)2•3 counterpart (Table 1). This result evidences a thermodynamic advantage of the (2a)2•3 complex, in spite of its negative binding cooperativity and receptor-separated binding mode of the two bound ion-pairs. This difference is due the afore-mentioned superior binding affinity of MTOA salts to calix[4]pyrrole receptors compared to the TBA analogues.
The X-ray structure of the (2b)2•3 complex reveals that the bound ion-triplet cannot adopt a perfect cascade arrangement owing to the reduction of the receptor’s cavity size in comparison to receptor 1 (Figure 6b). We assign the lack of cooperativity binding in the formation of the (2b)2•3 complex mainly to the modification of the binding geometry for the ion-triplet. The 1,4-diphenyl-triazole spacers in 3 do not place the calix[4]pyrrole units at the ideal distance and optimal relative orientation for the inclusion of the second ion-pair in a perfect cascade arrangement with the previously bound chloride. This hypothesis is also substantiated by the diminution in two to three orders of magnitude for the overall stability constants of the 2:1 complexes of 3 with TBA salts in comparison with those of 1 (Table 1). Nevertheless, the bound ion triplet in the (2b)2•3 complex retains a close contact binding geometry compensating for electrostatic repulsion between anions and neutralizing the differences in anion-π interactions caused by meso-phenyl rings having as para-substituents different positions (C-4 and N-1) of the 1,2,3-triazole spacers.
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Figure 6. a) Binding isotherm (integrated and normalized heat data vs molar ratio) of the calorimetric titration of TBA•Cl 2b with 3 in chloroform. Experimental data were fit to a “one set of sites” theoretical binding model (red line) implemented in the Microcal ITC data analysis software; b) X-ray structure of the (2b)2(3 complex. Receptor 3 and “out” TBA+ cation are shown as ellipsoids at 50% probability level and hydrogens as fixed-size spheres with a radius of 0.15Å. Included chloride anions and “in” TBA+ cation are displayed as CPK representations.
The TBA cyanate (2c)2•3 complex is thermodynamically more stable than the chloride analogue. Most likely, this result is due to the simplistic theoretical model used for the analysis of the titration data.
 We consider this to be a more sensible explanation than invoking size complementary between the corresponding bound ion-triplets and the receptor’s cavity.
Table 1. Association constant values (M-2) for the 2:1 complexes of tetraalkylammonium salts 2a-c and macrocycles 1 (Ref. 28) and 3 (this work) measured in chloroform solution using ITC experiments and the cooperativity factors calculated for the second binding event
	
	MTOA•Cl (2a)
	TBA•Cl (2b)
	TBA•OCN (2c)

	
	Ka(10-7
	α
	Ka(10-7
	α
	Ka(10-7
	α

	1
	240
	35
	190
	> 105
	15000
	> 105

	3
	4000
	0.04a
	5.3
	~ 4a
	68
	~ 4a


a The α values reported for receptor 3 are the normalized binding selectivity of its two different hemispheres. See text for details. 
CONCLUSIONS

In conclusion, we describe the synthesis of a non-symmetric bis-calix[4]pyrrole macrocycle 3 suitable for pair-wise binding of tetraalkylammonium salts. The binding processes provide highly ordered assemblies with 1:1 and 2:1 stoichiometry. The 2:1 assemblies are thermodynamically and kinetically stable. In contrast, the kinetic stability on the chemical shift time scale of the intermediate 1:1 complexes are cation dependent. We also report the effect played by the nature of the cation in the binding geometry of the complexes (1:1 and 2:1) and in the allosteric cooperativity of the binding process of ion-pair dimers. The use of TBA salts, TBA•Cl, 2b, and TBA•OCN, 2c, gave 2:1 complexes featuring an included ion-triplet with close contact geometry that did not display allosteric binding cooperativity. In contrast, the MTOA•Cl salt, 2a, yielded a 2:1 complex in which the two bound ion pairs showed receptor-separated binding geometries and the binding process featured a large negative cooperativity (α = 0.04). In addition, the incorporation of two different calix[4]pyrrole units in the covalent scaffold of receptor 3 increased their affinities for ion-pair binding compared to suitable reference models. This behavior is explained by the preorganization of the covalently linked binding units. Remarkably, the covalent connection of binding sites that is present in 3 is also responsible of its different allosteric cooperativity levels measured in the binding of alkylammonium ion-pair dimers. This work provides fundamental structural and thermodynamic concepts for the design of neutral multitopic receptors able to bind ion-pair dimers in relatively close proximity in organic solvents.
EXPERIMENTAL SECTION

Methods and Materials: All reagents were obtained from commercial suppliers and used without further purification. When required, anhydrous solvents were used and obtained from a commercial solvent purification system. All solvents were of HPLC grade quality, commercially obtained and used without further purification. Routine 1H NMR spectra were recorded on 400 MHz NMR spectrometer. Variable temperature experiments and 2D NMR spectra were performed on a 500 MHz spectrometer. CDCl3 was used for all NMR studies. Chemical shifts are given in ppm and were referenced relative to the non-deuterated solvent residual peak. High Resolution Mass Spectra were obtained using ESI or MALDI ionization modes and a TOF analyzer. FT-IR measurements were carried out on a spectrometer equipped with a DTGS detector, KBr beamsplitter at 4 cm-1 resolution using a one bounce ATR accessory with diamond windows. Silica gel technical grade with pore size 60 Å, 230-400 mesh particle size, 40-63 µm particle size was used for column chromatography. Thin-layer chromatography (TLC) was performed on silica gel 60 F254.
Synthesis of bis(calix[4]pyrrole) macrocycle 3: Di-meso-4-ethynylphenylcalix[4]pyrrole 4 (57 mg, 0.095 mmol, 1 equiv) and di-meso-4-azidephenylcalix[4]pyrrole analogue 5 (60 mg, 0.095 mmol, 1 equiv) were dissolved in 50 mL of dry and degassed acetonitrile. CuI (25 mg, 0.132 mmol, 1.4 equiv), tetrabutylammonium terephthalate 6 (61 mg, 0.095 mmol, 1 equiv) and 0.5 mL of freshly distilled triethylamine were added. The reaction was stirred at room temperature for 5 hours. After that, 50 mL of dichloromethane were added to the reaction crude. The organic phase was washed three times with 100 mL of water and later dried with anhydrous Na2SO4, filtered and concentrated under reduced pressure to give a brown solid. Purification of the crude by silica column chromatography using a 5% mixture of EtOAc in CHCl3 (Rf = 0.4) afforded 3 as a white solid (35 mg, 30% yield). 1H NMR (500 MHz, CDCl3, 298 K) δ 8.75 (s, 2H, Ha), 8.08 (d, 4H, J = 8.0 Hz, Hb), 7.97 (d, 4H, J = 8.7 Hz, Hc), 7.15 (d, 4H, J = 8.7 Hz, Hd), 7.06 (d, 4H, J = 8.0 Hz, He), 6.99 (br, 4H, NHs), 6.95 (br, 4H, NHs), 6.06-5.92 (m, 16H, β-pyrrole), 2.04 (s, 12H, Hf), 1.53 (s, 12H, Hg), 1.45 (s, 12H, Hh). 13C {1H} NMR (125 MHz, CDCl3, 298 K) δ 148.6, 147.6, 137.5, 137.2, 136.2, 135.9, 135.9, 129.0, 128.8, 128.0, 126.1, 120.0, 117.8, 106.1, 105.6, 105.4, 105.2, 44.9, 44.9, 35.9, 35.8, 30.7, 30.6, 30.2, 30.2, 29.3, 29.2. FTIR (ATR): ῡmax (cm-1) = 3443 (amine N-H stretching), 2970 (alkene C-H stretching), 1214 (amine C-N stretching), 1039 (alkene C=C bending), 788 (alkene C=C bending). HR-MS (MALDI-TOF-MS) m/z calculated for C80H77N14 [M-H]- 1233.6461, found 1233.6479. mp > 270 ºC (decomp).
Synthesis of calix[4]pyrrole 7: Di-meso-4-azidephenylcalix[4]pyrrole 5 (65 mg, 0.102 mmol, 1 equiv), TBTA (27 mg, 0.051 mmol, 0.5 equiv) and Cu(CH3CN)PF6 (19 mg, 0.05 mmol, 0.5 equiv) were dissolved in 1.5 mL of dry and degassed dichloromethane. The mixture was sonicated for 1 minute until a pale orange suspension formed. Ethynylbenzene (45 µL, 0.41 mmol, 4 equiv) and 0.14 mL of freshly distilled DIPEA were added. The reaction was stirred under Ar atmosphere for three hours. Afterwards 2.5 mL of dichloromethane and 5 mL of water were added. The organic phase was extracted and washed again with 5 mL of water and 5 mL of brine. The organic phase was then dried with anhydrous sodium sulfate, filtered off and concentrated under reduced pressure to give 130 mg of a brown solid. The product was purified through silica column chromatography, using a 1% mixture of tert-butyl methyl ether in dichloromethane as eluent (Rf = 0.4). The product was obtained as an orange solid (53 mg, 62%). 1H NMR (500 MHz, CDCl3, 298 K) δ 8.15 (s, 2H, Ha), 7.91 (d, 4H, J = 8.2 Hz, Hb), 7.65 (d, 4H, J = 8.6 Hz, Hf), 7.46 (t, 4H, J = 7.2 Hz, He), 7.37 (t, 2H, J = 7.8 Hz, Hd), 7.26 (br, 4H, NHs), 7.16 (d, 4H, J = 8.8 Hz, Hc), 5.97 (t, 4H, J = 2.9 Hz, Hbb), 5.68 (t, 4H, J = 2.9 Hz, Hba), 1.94 (s, 6H, Hg), 1.66 (s, 6H, Hi), 1.57 (s, 6H, Hh), 13C {1H} NMR (125 MHz, CDCl3, 298 K) δ 136.8, 136.0, 135.5, 130.4, 129.1, 128.1, 128.6, 126.0, 119.9, 117.7, 106.4, 103.6, 44.7, 35.3, 30.2. FTIR (ATR): ῡmax (cm-1) = 3404 (amine N-H stretching), 2968 (alkene C-H stretching), 1219 (amine C-N stretching), 1036 (alkene C=C bending), 766 (alkene C=C bending). Anal. Calcd for C54H50N10: C, 77.30; H, 6.01; N, 16.69. Found: C, 77.36; H, 6.13; N, 16.61. HR-MS (HPLC-TOF ESI+) m/z calculated for C54H51N10 [M+H]+ 839.4293, found 839.4314. mp > 220 ºC (decomp)
Synthesis of calix[4]pyrrole 8: Di-meso-4-ethynylphenylcalix[4]pyrrole 4 (65 mg, 0.108 mmol, 1 equiv), TBTA (29 mg, 0.054 mmol, 0.5equiv) and Cu(CH3CN)PF6 (20 mg, 0.054 mmol, 0.5 eq) were dissolved in 1.5 mL of dry and degassed dichloromethane. The mixture was sonicated for 1 minute until a pale brown suspension was formed. Azidobenzene (0.86 mL of a 0.5 M solution in tert-butyl methyl ether, 0.433 mmol, 4 equiv) and 0.15 mL of freshly distilled DIPEA were added. The reaction was stirred under Ar atmosphere for three hours. Then, 2.5 mL of dichloromethane and 5 mL of water were added. The organic phase was extracted and washed again with 5 mL of water and 5 mL of brine. The organic phase was then dried with anhydrous sodium sulfate, filtered off and concentrated under reduced pressure to give 125 mg of a brown solid. The product was purified through silica column chromatography, using a 1% mixture of tert-butyl methyl ether in dichloromethane as eluent (Rf = 0.4). The product was obtained as a yellow solid (40 mg, 40%). 1H NMR (500 MHz, CDCl3, 298 K) δ 8.16 (s, 2H, Ha), 7.78 (t, 4H, J = 7.2 Hz, Hb), 7.78 (t, 4H, J = 7.3 Hz, Hf), 7.55 (t, 4H, J = 7.6 Hz, He), 7.45 (t, 2H, J = 7.4 Hz, Hd), 7.26 (br, 4H, NHs), 7.08 (d, 4H, J = 8.4 Hz, Hc), 5.96 (t, 4H, J = 3.1 Hz, Hbb), 5.69 (t, 4H, J = 2.9 Hz, Hba), 1.94 (s, 6H, Hg), 1.65 (s, 6H, Hi), 1.56 (s, 6H, Hh), 13C {1H} NMR (125 MHz, CDCl3, 298 K) δ 138.7, 137.3, 136.5, 129.9, 128.9, 128.5, 128.1, 125.4, 120.6, 117.6, 106.2, 103.5. FTIR (ATR): ῡmax (cm-1) = 3419 (amine N-H stretching), 2970 (alkene C-H stretching), 1223 (amine C-N stretching), 1039 (alkene C=C bending), 759 (alkene C=C bending). Anal. Calcd for C54H50N10: C, 77.30; H, 6.01; N, 16.69. Found: C, 77.34; H, 6.20; N, 16.86. HR-MS (HPLC-TOF ESI+) m/z calculated for C54H51N10 [M+H]+ 839.4293, found 839.4318. mp > 228 ºC (decomp)
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� Further details of the template effect on the synthesis of the calix[4]pyrrole macrocycle 3 will be published in due course elsewhere.
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� Reverse ITC experiments gave consistent thermodynamic values.


� K[2a•7] = 2.8 ± 0.5 (104 M-1 , K[2a•8] = 6.5 ± 0.3 (103 M-1; The reported binding constant are averaged values of direct and reverse ITC experiments of MTOA•Cl with calix[4]pyrroles 7 and 8.


�Solid-liquid extraction experiments of chloride salts of divalent metals, such as FeCl2 and CuCl2, were undertaken in order to evaluate a putative cooperativity in the binding. However, no evidence of extraction of the salt to the chloroform solution was obtained.


� The binding of a receptor having two almost identical sites defines a single-sigmoidal binding isotherm. The fit of the data to a two sequential sites theoretical model requires the optimization of six parameters. Multiple combinations of the six parameters result in similar theoretical curves making the fitting process not suitable for obtaining reliable results.
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� We tried to determine the binding constant values by fitting the 1H NMR spectroscopic titration data using the HypNMR software. The fit returned Ka values of the order of 10 and 102 M-1 for 2b•8 and 2b•7, respectively. The reduced concentration of complexes achieved in the titrations (< 20() makes these values unreliable (Figures S21 - S25, S.I.).


�The molar conductivity values measured for 2 mM chloroform solutions of TBA•Cl, 2b, and TBA•OCN, 2c, are not significantly different to support that the higher thermodynamic stability of TBA•OCN complex relates to its superior dissociation (λm (S.cm2/mol) = 3.49±0.08 and 3.70±0.08 for TBA•Cl, 2b, and TBA•OCN, 2c, respectively).
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