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Molecular tectonics: silver coordination networks based on tetramercaptotetrathiacalix[4]arene in 1,3-A conformation bearing four nitrile groups
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) or (4-cyano)benzyl (3) moieties have been synthesized and characterized in solution as well as in the solid state by X-ray diffraction on single crystals. Their propensity to form coordination networks was investigated in the presence of silver cation as connecting metal and hexafluorophosphate as counter ion. Whereas the combination of AgPF6 and 2 bearing four (3-cyano)propyl groups leads to a 1D silver coordination network, for 3, containing four (4-cyano)benzyl units, a 3D diamond-like architecture is obtained.

Introduction

Coordination Polymers (CPs) 1 or coordination networks 2 are extended periodic architectures generated upon mutual bridging between organic tectons and metal centres or metal may be equipped with peripheral coordinating sites and thus may be used for the formation of coordination networks in the crystalline phase. For example, an infinite 1D coordination network has been generated upon combining the blocked 1,3-Alternate conformer of a calix [4]arene derivative bearing four CN groups at the upper rim with silver cation. [START_REF] Mislin | [END_REF] Thiacalix [4]arene 9 (TCA) is an analogue of calix [4]arene for which all four CH2 groups connecting the phenol moieties are replaced by S atoms. As for calix [4]arene, thiacalix [4]arene also offers four conformations in solution. 10 Owing to the presence of four S atoms, the main difference between calix [4]arene and thiacalix [4]arene resides in the propensity of thiacalix [4]arene to bind thiophilic metal centres. 11 The formation of periodic infinite 1-, 2-and 3-D silver coordination networks using thiacalix [4]arene derivatives in 1,3-Alternate conformation bearing four nitrile groups 12 , carboxylate units 13 , pyridyl units 14 or four benzonitrile groups 15 has been reported by us. Another example of a 1D silver coordination network based on a thiacalix [4]arene bearing ether groups has also been reported. 16 More recently, the formation of periodic architectures resulting from combinations of thiacalix [4]arene derivatives in 1,3-Alternate conformation bearing carboxylate moieties, Co(II) salts and bispyridyl auxiliary ligands has been published. 17 Within the thiacalix [4]arene family, tetramercaptotetrathiacalix [4]arene (TMTCA), an analogue of TCA for which all four OH moieties at the lower rim are replaced by SH groups, 18 is another interesting backbone for the design of organic tectons. Indeed, for the 1,3-Alternate conformer, all four SH groups may be functionalized by coordinating sites leading thus to tectons offering 12 potential coordinating sites. Recently, examples of coordination networks based on combinations of TMTCA appended with four pyridyl groups and Hg(II) cation have been reported by us. 19 For exploring the second strategy based on non-directed generation of coordination networks discussed above, TMTCA based tectons bearing four peripheral nitrile sites is of particular interest (Figure 1). Indeed this type of ligands, as stated above, offers 12 coordinating sites with similar coordination propensity (8 thioether and four nitrile sites). However, in order to restrain the possibility space, only the 1,3-Alternate conformer was explored.

In this contribution, we report on the design, synthesis and structural characterisation of two TMTCA based organic tectons 2 and 3 (Scheme 1) bearing four cyanopropyl (2) or cyanobenzyl (3) coordinating groups and their combinations with AgPF6 silver salts. Tectons 2 and 3 differ by the nature of the spacer connecting the nitrile groups to the thiacalix backbone by thioether junctions.

Results and discussion

The starting material for the preparation of tectons 2 and 3 was the tetramercaptotetrathiacalix [4]arene 1 (TMTCA) prepared as previously described (Scheme 1). 18 As for the thiacalix [4]arene cyanopropyl and cyanobenzyl appended analogues, 12,15 compounds 2 and 3 have been obtained in 50 and 44 % yield respectively, upon condensation under reflux of the parent calix derivative 1 with either 4-Chlorobutyronitrile or 4bromomethylbenzonitrile in dry acetone and in the presence of Cs2CO3. In both cases, only the 1,3-Alternate conformer was isolated (see experimental part). Both compounds 2 and 3 have been characterised in solution by NMR spectroscopy as well as in the solid state by Xray diffraction on single crystal. Crystals were obtained upon slow diffusion or evaporation of MeOH into a CH2Cl2 solution of either tecton 2 or 3 (see experimental part). The structural investigation confirmed the 1,3-Alternate conformation for both compounds (see crystallographic table 2). For both cases, the metrics (see table 1) for the macrocyclic part was found to be close to the one observed for the parent compound 1. 19 Whereas tecton 2 crystallises in the absence of solvent molecules ({C56H68N4S8}), crystals of 3 contain CH2Cl2 solvent molecules ({2(C72H68N4S8) . CH2Cl2}). In the crystalline phase, compound 2 adopts a rather symmetrical arrangement (space group I41/a, see crystallographic table 2) with three C2-axis. All four pendant 3-cyanopropyl groups, located alternatively above and bellow the main plane of the macrocycle, are outwardly orientated (figure 2).

Compound 3 crystallises in the triclinic P-1 space group (see crystallographic table 2). The CH2Cl2 solvent molecules occupy the interstice between the calixarene moieties. No specific interactions between the solvent molecules and the calix units are spotted in the crystal. The four cyanobenzyl groups are orientated along the axis perpendicular to the main plane defined by the four S atoms connecting the aryl groups (figures 3). One of the four tert-butyl groups as well as three of the phenyl groups of the cyanobenzyl moieties were found to be disordered.

For the formation of coordination networks, tectons 2 and 3 were combined with Ag + cation.

Since compounds 2 and 3 are neutral tectons, the weakly coordinating PF6 -anion was used as the counter ion. The choice of Ag + cation was based on its d 10 electronic configuration and thus is rather loose coordination demands.

The silver coordination network 2-AgPF6 was obtained upon slow evaporation at 25 °C of a solution containing the organic tecton 2 and AgPF6 in a CHCl3 and CH3OH 1/1 mixture. Crystals composed 3-AgPF6 networks were obtained upon slow diffusion of a CH3OH solution containing AgPF6 tecton 3 through a CHCl3/iso-PrOH buffer (see experimental part).

Both crystals were studied by X-ray diffraction methods on single crystals and on powder.

The structural results obtained are discussed bellow. However, owing to similarities observed for bond distances for the calix framework when compared to free tectons in 2 and 3, they will not be discussed here.

Compound 2-AgPF6 crystallises in the P2(1)/n space group. The crystal is only composed of the organic tecton 2 and AgPF6 salt {(C56H68N4S8)AgP F6}. The metal/tecton ratio is 1/1. The crystal is formed by packing of extended 1D periodic silver coordination networks.

The formation of the 1D architecture results from interconnection of consecutive calix based mononuclear silver complexes 2-Ag + by a single nitrile group belonging to consecutive silver complexes through N-Ag bonds with dAg-N1 of 2.280(5) Å). Only one out of the four cyanopropyl groups of the calix backbone takes place in the connectivity pattern (figure 4).

The PF6 -anions are located in the interstices with no specific interactions with the network.

The silver cation, located within the cavity of the macrocyclic backbone, adopts a deformed triangular coordination geometry (figure 5). It is surrounded by two S atoms of the Ph-S-CH2 with Ag-S distance of 2.511(4) Å and 2.4575( 15) Å) and one N atom belonging to the cyanopropyl unit of the consecutive silver complex with Ag-N distance of 2.280(5) Å). One of the four propyl groups of 2 was found to be disordered.

The 1D network is acentric and thus directional. However, the crystal is centric. This results from the syn-parallel packing of the directional 1D networks within the [101] direction leading to a polar 2D arrangement (figure 6). Consecutive planes are packed in an antiparallel mode in the (1,0,0) plane leading thus to a non polar crystal (figure 7).

The observed 1D network is different from the one formed using the TCA analogue for which no Ag-S bond is present. 12 The homogeneity of the polycrystalline powder of 2-AgPF6 has been checked by XRPD (figure 8) which revealed the presence of a single monoclinic phase consistent with the simulated pattern from the XRD data obtained on single crystal.

Compound 3-AgPF6 crystallises also in the P2(1)/n space group. The crystal ({(C72H68N4S8)4(AgPF6)8(CH3OH) . 4CH3OH . 2CHCl3}) in addition to 3 and AgPF6 contains MeOH and CHCl3 solvent molecules. The metal/ligand ratio is 2/1. The X-ray diffraction method revealed the formation of a diamond type 3D silver coordination network. The latter results from interconnection of consecutive organic tectons 3 acting as tetrahedral connectors, by silver cations adopting a deformed triangular coordination geometry but behaving as a linear connector (figure 9a and9b). Two types of crystallographically non equivalent silver cations are present in the network. The first one is surrounded by two N atoms of two nitrile coordinating groups belonging to two consecutive tectons 3 with Ag-N distances of 2.297 (8) and 2.319( 7) Å and by one sulphur atoms belonging to the sulphur bridge of the TMTCA backbone with Ag-S distances of 2.5448( 17 The structure is non porous since uncoordinated cyanobenzyl groups, PF6 -anions and non coordinated MeOH solvent molecules occupy the cavities of the 3D diamandoid architecture. Crystals of 3-AgPF6 are not stable in air (loss of solvent molecules). Consequently, the homogeneity of the polycrystalline powder could not be established by PXRD.

Conclusion

Tetrasubstituted TMTCA in 1,3-alternate conformation bearing four (3-cyano)propyl ( 2) or (4-cyano)benzyl (3) groups at the lower rim behave as organic coordinating tectons. Their combination with AgPF6 salt leads to 1D and 3D coordination polymers respectively with participation of nitrile and thioether groups in the connectivity pattern. Although it appears that the dimensionality of the network depends on the rigidity of the organic tectons (2 is less rigid than 3), owing to the high number of possible coordinating centres (4N and 8S), it was not possible to predict the connectivity and thus the dimensionality of the networks.

Experimental part

1 H NMR spectra were recorded at room temperature on a Bruker (300 MHz) NMR spectrometer.

FT-IR spectra were recorded on a Perkin Elmer spectrometer.

Mass spectra (MS(ES+)) were obtained on a MALDI-TOF Dynamo Finnigan mass spectrometer using 1,8,9-Trihydroxyanthracene or p-nitroaniline as matrix.

Microanalyses were performed by the Service de Microanalyses de la Fédération de Recherche Chimie, Université de Strasbourg, Strasbourg, France.

X-ray diffraction on Single-Crystal. Data were collected at 173(2) K on a Bruker APEX8 CCD Diffractometer equipped with an Oxford Cryosystem liquid N2 device, using graphitemonochromated Mo-Kα (l= 0.71073 Å) radiation. For both structures, diffraction data were corrected for absorption. Structures were solved using SHELXS-97 and refined by full matrix least-squares on F 2 using SHELXL-97. The hydrogen atoms were introduced at calculated positions and not refined (riding model). [START_REF] Sheldrick | Program for Crystal Structure Solution[END_REF] They can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/datarequest/cif. CCDC: 1034868 -1034871.

X-ray Diffraction on microcrystalline powder. Powder X-ray diffraction (PXRD)

diagrams were collected for 2-AgPF6 and 3-AgPF6 on a Bruker D8 diffractometer using monochromatic Cu-Kα radiation with a scanning range between 3.8 and 40° using a scan step size of 2°/mn.

As already demonstrated and currently admitted, for all compounds, discrepancies in intensity between the observed and simulated patterns are due to preferential orientations of the microcrystalline powders. (2). Under argon, a mixture of TMTCA 1 (0.4 g, 0.51 mmol) and Cs2CO3 (3.33 g, 10.2 mmol) in dry and degassed acetone (60 ml) was refluxed for 2 hours. Cl(CH2)3CN (0.9 ml, 10.2 mmol) and a catalytic amount of KI were then added. The reaction mixture was refluxed 24 hours under argon. After cooling, the solid was filtered. The filtrate was evaporated. Methanol (50 ml) was added to the residue. The precipitate was filtered and washed with ether (20 ml) affording the desired compound 2 as a white powder (0.26 g, 50 % yield). 1 H-NMR (CDCl3, 295 K) δ (ppm): 1.28 (36H, s, tBu), 1.66 (8H, m, -CH2-), 2.71 (8H, t, -CH2CN), 3.05 (8H, t, -ArSCH2-), 7.67 (8H, s, Ar-H); 13 C-NMR (CDCl3, 295 K) δ (ppm): 16.6, 25.2, 31.2, 33.7, 34.8, 119.8, 133.7, 138.0, 142.7, 151. (3). Under argon, a mixture of TMTCA 1 (0.25 g, 0.32 mmol) and Cs2CO3 (2.08 g, 6.4 mmol) in dry and degassed acetone (60 ml) was refluxing 2 hours. 4-bromomethylbenzonitrile (1 g, 5.12 mmol) and a catalytic amount of KI were then added. The reaction mixture was refluxed 48 hours under argon. After cooling, the solid was filtered. The filtrate was evaporated and treated with 2M HCl (50 ml). The aqueous solution was extracted by CHCl3 (50 ml). The organic layer was separated, washed with water (50 ml), dried over MgSO4 and evaporated. The desired compound 3 (0.2 g, 44% yield) was precipitated as a white solid from a CHCl3-Et2O mixture (1/10, 50 ml). 1 H-NMR (CDCl3, 295 K) δ (ppm): 1.11 (36H, s, t-Bu), 4.03 (8H, s, ArSCH2), 7.24 (8H, d, Ar-H), 7.49 (8H, d, Ar-H), 7.56 (8H, s, Ar-H); 13 C-NMR (CDCl3, 295 K) δ (ppm): 31.0, 34. 7, 40.3, 110.9, 119.2, 130.0, 132.2, 134.8, 139.4, 143.7, 143.9, 151.0; MS(MALDI-TOF): m/z: 1267.29 [M+Na] + (calcd. 1267.86); FTIR: ν (C≡N) = 2228 cm -1 ; Anal. Calcd. for C72H68N4S8: C, 69.41; H, 5.50; N, 4.50%. Found: C, 69.25; H, 5.79; N, 4.42% ; Mp ( 0 C) = 280 (decomp.) Crystallisation conditions 2: 2.0 ml of methanol was added to a solution of 2 (5 mg, 0.0047 mmol) in CH2Cl2 (2.0 ml). Slow evaporation at room temperature produced colourless crystals suitable for X-ray diffraction after several days.

3: 2.0 ml of methanol was added to a solution of 3 (5 mg, 0.0041 mmol) in CH2Cl2 (2.0 ml). Slow evaporation at room temperature produced colourless crystals suitable for X-ray diffraction after one day.

2-AgPF6:

A solution of 2 (5 mg, 0.0047 mmol) in CHCl3 (2 ml) was mixed with a solution of AgPF6 (4.8 mg, 0.0019 mmol) in MeOH (2 ml). Slow evaporation at the room temperature and in the dark produced after one day colourless crystals suitable for X-ray diffraction studies.

Anal. Calcd. for Ag(C56H68N4S8)PF6: C, 51.45, H, 5.20, N, 4.28%; Found: C, 49.95, H, 4.75, N, 3.80 %. FTIR: ν (C≡N) = 2247 cm -1 .

3-AgPF6:

In a crystallization tube (20 x 4 mm), a solution of 3 (5 mg, 0.0041 mmol) in CHCl3 (1 ml) was layered with a CHCl3/iso-PrOH (1/1) mixture (1 ml). A solution of AgPF6 (20 mg, 0.0082 mmol) in MeOH (1 ml) was carefully added. Slow diffusion at room temperature and in the dark produced after 2 month colourless crystals suitable for X-ray diffraction studies.

Anal. Calcd. for Ag8(C72H68N4S8)4(PF6) 8, 5CH4O, 2CHCl3: C, 47.54, H, 4.04, N, 2.98%; Found: C, 47.65, H, 4.08, N, 2.97%. FTIR: ν (C≡N) = 2229 cm -1 . 

  ) Å. The metal cation adopts a deformed triangular coordination geometry with NAgN angle of 95.2(3)°, and NAgS angles of 115.8(19) and 132.4(2)°. The other silver atom is surrounded by one N atom of a nitrile moiety, one oxygen belonging to a coordinated MeOH molecule and one sulphur atoms belonging to the sulphur bridge of TMTCA with Ag-N, Ag-O distances of 2.214(8), 2.380(10) Å respectively and Ag-S distance of 2.5111(18). Again, the trigonal environment of the silver cation is strongly deformed with NAgO angle of 106.4(3)°, OAgS angle of 112.7(3)° and NAgS angle of 140.7(2)°. For the organic tecton 2, two disordered tert-butyl groups are observed.

  arene(1,3-Alternate conformation) 
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 3 MS(MALDI-TOF): m/z: 1075.3 [M+Na] + (calcd. 1076.69); FTIR: ν (C≡N) = 2245 cm -1 ; Anal. Calcd. for C56H68N4S8: C, 63.83; H, 6.50, N, 5.32% ; Found: C, 63.67; H, 6.49; N, 5.35% ; Mp ( 0 C) = 310 (decomp.) 25,26,27,28-tetrakis[(4-cyanobenzyl)thio]-5,11,17,23-tetra-tert-butyl-2,8,14,20tetrathiacalix[4]arene (1,3-Alternate conformation)
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