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Control of the cavity size of flexible covalent cages by silver coordination to the peripheral binding sites †

)](OTf)4 (NMR, ES--MS, UV--vis) and crystallographic data of cage 1, CCDC 1403732. For ESI and crystallographic

The synthesis of covalent cages consisting of two porphyrins connected by four flexible spacers each incorporating two 1,2,3-triazolyl ligands is reported. Binding of four silver(I) to the peripheral ligands induces conformational changes in solution and locks the porphyrins in a face--to--face disposition.

The design of three--dimensional (3D) architectures incorporating components that can actively participate in the guest encapsulation or reactivity performed in their cavity is a challenging task. By analogy with biological processes, 1 large conformational changes in container--like systems, triggered by binding events, are expected to be efficient to control guest release and chemical reactivity. Based on these results, it was envisioned to use the distal coordination sites incorporated in flexible porphyrin containers to adjust their cavity size.

In the present report, we describe the synthesis of a covalent and flexible zinc(II) porphyrinic cage 1 and its metal--free analogue 2 that incorporate eight 1,2,3--triazolyl ligands as peripheral coordination sites, based on a DABCO--templated CuAAC reaction. The reversible binding of the ditopic DABCO ligand on the Zn(II) porphyrins of cage 1 or of four Ag(I) ions on the peripheral triazoles of cages 1 and 2 is demonstrated. Silver(I) is shown to act as a chemical stimulus able to fix the porphyrin cavity size of the flexible covalent cages 1 and 2.

The porphyrin cages 1 and 2 and their corresponding silver(I)-complexed cages [Ag 4 (1)]

4+ and [Ag 4 (2)] 4+ discussed in the present study are represented in Figure 1. 4+ . The synthesis of 1•DABCO from readily obtained precursors 3 and 6 is described in Figure 2. The preparation of the azide-functionalized free--base porphyrin and its zinc(II) complex 3 were already reported. 7c,9

The TIPS--monoprotected alkyne chain 4 was obtained in 33% yield from a statistical reaction performed on the dialkyne--functionalized diethyleneglycol 10 in presence of 0.8 equiv. of TIPSCl. A CuAAC reaction performed on porphyrin 3 with alkyne 4 allowed to construct four out of eight triazolyl ligands and to fix the flexible polyether linkers of the final cage. The "click" reaction following classical reaction conditions with CuSO 4 as catalyst and sodium ascorbate in DMF 7b afforded compound 5 in 89% yield.

Deprotection of the TIPS--protected alkyne using TBAF in THF led to the second precursor of the cage, porphyrin 6, in 63% yield. To limit the formation of oligomers, a DABCO--templated CuAAC cyclisation reaction was selected to synthesize 1 from the porphyrinic precursors 3 and 6 (Fig. 2). Coordination of one equiv. of DABCO to an equimolar solution of 3 and 6 at c = 1.0 mM in CH 2 Cl 2 led to a dynamic equilibrium mixture of three complexes, the DABCO--templated homo dimers 3•DABCO•3 and 6•DABCO•6, and the hetero dimer 3•DABCO•6. The cyclisation reaction performed on this reaction mixture at room temperature, using [Cu(tren')]Br 11 as catalyst and Na 2 CO 3 as a base was completed after 5 days. After purification by consecutive alumina and silica column chromatographies, which partially removed the DABCO, both 1•DABCO and 1 were obtained. The yield of the cyclisation reaction, calculated from the total amount of cage 1 obtained after quantitative removal of the DABCO with an excess of MeOH in CH 2 Cl 2 , was 25%. Cages 1•DABCO and 1 were fully characterized by 1D and 2D--NMR spectroscopy and high--resolution ESI mass spectrometry (HR ESI--MS). Unfortunately, the X--ray crystal structure obtained for 1•DABCO was not of sufficient quality but attested to the formation of the cage with the DABCO coordinated inside the cavity (Fig. SI16,ESI). However, single crystals of cage 1 suitable for X--ray diffraction analysis were obtained, by slow diffusion of MeOH into a solution of 1 in DMSO.

‡ In the solid state, the cage adopts a flattened conformation with a distance of 3.81 Å between the porphyrin mean planes (Fig. 3 and ESI). The zinc(II) porphyrins are in a slipped cofacial arrangement with a horizontal offset of 3.77 Å and a vertical one of 4.13 Å leading to an intramolecular Zn------Zn distance of 7.09 Å. The close distance between the porphyrins is consistent with π--π interactions between the macrocycles as shown from the overlapping of two pyrrole rings of each porphyrin. In the solid state, the two zinc metal centres are pentacoordinated and their axial positions are occupied by the triazoles of two neighbouring cages leading to a staircase like 1D coordination network (Fig. 3b). Demetalation of the zinc(II) porphyrins of cage 1 using TFA in CH 2 Cl 2 afforded the metal--free cage 2 in quantitative yield. In order to gain control on the cavity size by metal coordination to the peripheral triazolyl ligands, Ag(I) was selected for its versatile coordination sphere and its ability to form stable silver coordination cages with 3--pyridyl 12 or bipyridyl appended porphyrins. and in zinc--free cage 2 at 8.20 and 8.32 ppm, respectively. The unusual chemical shifts of protons m in at 6.53 ppm and o in at 7.26 ppm in cage 1 corresponding to an upfield shift of --1.12 and --0.90 ppm compared to the chemical shifts of the phenyl protons m and o in a zinc(II) meso--tetratolylporphyrin (ZnTTP) indicate that these inner protons strongly experienced the ring currents of the proximate porphyrin and aromatic cycles (Fig. SI25,ESI). These phenomena, also observed on the 1 H NMR of 2, suggest that cages 1 and 2 adopt in solution, as in the solid state for 1, an average flattened and slipped conformation favoured by π--π interactions, as reported for other flexible covalently--linked porphyrin dimers.

14 Upon formation of the silver--complexed cage [Ag 4 ( 1)](SbF 6 ) 4 , the chemical shifts were modified but no signal splitting was observed in accordance with the formation of a single complex of high symmetry (Fig. 4B). As expected, a downfield shift of 0.62 ppm was observed for the eight triazole protons upon their coordination to Ag(I). Moreover, a high downfield shift was noticed for the aromatic protons m in and o in , of 0.99 and 0.49 ppm, respectively, compared to a modest shift of 0.30 ppm and 0.03 ppm for protons m out and o out . Protons 1 and 2 were also downfield shifted by 0.49 and 0.36 ppm, respectively. The same trend was observed on the , respectively, in accordance with an overall larger volume for the silver--complexed cages. The UV--visible spectra recorded upon addition of incremental amounts of Ag(OTf) to a solution of 1 in 85:15 v/v CH 2 Cl 2 --MeOH gave also evidence of the conformational changes occurring upon silver(I) coordination (Fig. SI48, ESI). A large and non--Gaussian shaped Soret band was observed for the zinc(II) porphyrins in cage 1 with a half--band width of 18 nm and a maximum at 423 nm as compared to the Soret band of the reference ZnTTP (λ max: 425 nm, half--band width : 11 nm) (Fig. SI49,ESI). This band shape is consistent with electronic interactions between two porphyrins in close proximity. Please do not adjust margins Please do not adjust margins triazoles of cages 1 and 2 illustrated the orthogonal functions of the binding sites and the induced--fit ability of the structure. Whereas zinc metalated cage 1 and metal--free cage 2 adopt a compact conformation in solution stabilized by π--π interactions, binding of four Ag(I) rigidifies the cage structure and locks the porphyrins in a cofacial disposition. Ag(I) acts as a chemical stimulus that fixes the cavity size and the porphyrins arrangement in cages 1 and 2. Such behaviour offers interesting perspectives for an allosteric control of the 3D porphyrinic cages reactivity.
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Notes and references ‡ X--ray crystallographic data. C 70 H 68 N 16 O 8 Zn, M r = 1326.77, triclinic, space group P --1, a = 14.4171 (10) Å , b = 16.6908(12) Å , c = 17.8550( 13 17. Y. Cohen, L. Avram and L. Frish, Angew. Chem., Int. Ed., 2005, 44, 520. 
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 25 Such control relies on systems with components acting as regulation or guest binding sites. Modulation of the cavity size in 3D structures was achieved in a few systems using a metalated forms have been incorporated in various covalent or non--covalent cage--like structures to stabilize guest molecules by coordination bonds or by various weak interactions. macrocycles that incorporate two metalloporphyrins and peripheral complexes have shown an allosteric control of the porphyrin reactivity based on a ligand-induced cavity size change. 6 Whereas the Cu--catalysed alkyne azide coupling (CuAAC) reaction was successfully used to obtain covalent porphyrin cages of various size and rigidity, 7 the triazole ligands thus formed were not yet considered as additional active sites. With the aim of building multicomponent flexible porphyrin containers with orthogonal binding sites, we have reported the synthesis of porphyrinic covalent cages with eight 3--pyridyl ligands thanks to a DABCO--templated ring--closing metathesis reaction (DABCO: 1,4-diazabicyclo[2.2.2]octane).
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Fig. 1

 1 Fig. 1 Graphical representations of cages 1, 2 and the silver(I)-complexed cages [Ag 4 (1)] 4+ and [Ag 4 (2)] 4+ .

  Fig. 2 DABCO--templated CuAAC synthesis of the cage 1•DABCO. (i) CuSO 4 , sodium ascorbate, DMF, 89%; (ii) TBAF, THF, 63%; (iii) CH 2 Cl 2 ; (iv) [Cu(tren)']Br, Na 2 CO 3 , CH 2 Cl 2 .To limit the formation of oligomers, a DABCO--templated CuAAC cyclisation reaction was selected to synthesize 1 from the porphyrinic precursors 3 and 6 (Fig.2). Coordination of one equiv. of DABCO to an equimolar solution of 3 and 6 at c = 1.0 mM in CH 2 Cl 2 led to a dynamic equilibrium mixture of three complexes, the DABCO--templated homo dimers 3•DABCO•3 and 6•DABCO•6, and the hetero dimer 3•DABCO•6. The cyclisation reaction performed on this reaction mixture at room temperature, using [Cu(tren')]Br

Fig.

  Fig. Crystallographic structure of cage 1: a) top view and b) side view of the 1D coordination network. Colour code for the atoms: N blue, Zn purple, O red, C grey. H atoms and solvent molecules are omitted for clarity.Demetalation of the zinc(II) porphyrins of cage 1 using TFA in CH 2 Cl 2 afforded the metal--free cage 2 in quantitative yield. In order to gain control on the cavity size by metal coordination to the peripheral triazolyl ligands, Ag(I) was selected for its versatile coordination sphere and its ability to form stable silver coordination cages with 3--pyridyl
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 11111 complexation was performed by addition of four equiv. of AgSbF 6 in CHCl 3 /MeOH (9:1) solution to a solution of one equiv. of 1 dissolved in the same solvent mixture. A red solid precipitated immediately and could be dissolved in DMF--d 7 . The NMR spectrum (Fig.4B) and DOSY experiment (Fig.SI45, ESI) attested to the formation of a single compound assigned to the desired [Ag 4 (1)](SbF 6 ) 4 complex after full characterization including COSY and NOESY. This new species was further characterized by HR ESI--MS and the expected isotopic profile was obtained for [Ag 4 (1)] 4+ detected as the major ionic species at m/z = 737.3615 (Fig. SI46, ESI). Two other cations, [Ag 3 (1)] 3+ and [Ag 2 (1)] 2+ , resulting from partial loss of silver during the analysis, were also detected. Similarly, the quantitative formation of [Ag 4 (2)](OTf) 4 from the self--assembly of 2 with four equiv. of AgOTf was inferred from the NMR experiments (COSY, NOESY, DOSY) and HR ESI--MS characterization of the complex [NMR chemical shifts changes observed upon Ag(I) coordination gave us some information on the conformational changes induced by this metal ion. The porphyrins in cages 1 and 2 can be in close proximity or further apart (up to 17 Å according to CPK--models) thanks to their long and flexible alkyl ether connectors and several cage conformers could exist in solution. The formation of four peripheral Ag(I)bis(triazole) complexes is expected to lock Published on 14 July 2015. Downloaded by Université de Strasbourg, Service Commun de la Documentation on 14/07/2015 15:34:48. 2 in a well--defined conformation and to fix the relative spatial disposition of the porphyrins. The NMR spectra showed that cages 1 and 2 are of high symmetry in solution, as attested for example by the singlet observed for the 16 pyrrolic protons py or the sole signal observed for the benzylic protons 1 (Fig. 4A a), 4B a)). The set of well--defined signals obtained indicates that the possible conformers of cage 1 or 2 would be in fast exchange at room temperature on the NMR chemical shift timescale. The variable temperature NMR experiment done in DMF failed to resolved different conformers (Fig. SI28, ESI). The ortho and meta protons of the meso porphyrin benzyl groups directed inside or outside the cavity experience a different chemical environment and gave two sets of doublets, o in , o out and m in , m out . Coordination of the triazole to zinc(II) porphyrin could be excluded in cage 1 from the close chemical shifts in DMF--d 7 of the triazole protons in cage 1

1 H

 1 NMR spectrum upon formation of the silver--complexed cage [Ag 4 (2)](OTf) 4 (Fig. SI50, ESI). These observations indicate that coordination of four Ag(I) forces the cages [Ag 4 (1)] 4+ and [Ag 4 (2)] 4+to adopt a new conformation which moves away the porphyrins whereas in cages 1 and 2, a compact conformation stabilized by π--π interactions between the porphyrins and aromatic units is favoured.The DOSY NMR experiments in DMF--d 7 corroborated these observations. The diffusion coefficients measured for [
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 11 Fig. 4A Partial 1 H NMR (298 K) of a) 1 in CDCl 3 /CD 3 OD 10% (400 MHz); b) 1•DABCO in CD 2 Cl 2 (500 MHz); c) 2 in CD 2 Cl 2 (500 MHz); 4B partial 1 H NMR spectra (500 MHz, DMF--d 7 ) of a) cage 1 and b) [Ag 4 (1)](SbF 6 ) 4 ; *: residual solvents. Coordination of Ag(I) is a reversible process. Decoordination of the four Ag(I) ions was achieved by addition of 10 equiv. of LiCl to a solution of [Ag 4 (1)](SbF 6 ) 4 in DMF and 1 H NMR showed that the initial spectrum of cage 1 was restored (Fig. SI47, ESI). The binding of DABCO inside cage 1 is also a reversible process. Addition of a solution of 1 equiv. of DABCO to a suspension of 1 in CH 2 Cl 2 afforded 1•DABCO quantitatively, as shown by 1 H NMR, demonstrating the capability of the cage to modify its conformation to bind the ditopic ligand on the zinc porphyrins (see ESI). In cage 1•DABCO, the two porphyrins are in a face--to--face disposition with an interplanar distance of 7 Å, fixed by the DABCO ligand. As observed upon silver coordination, this cofacial arrangement resulted in a hypsochromic shift of the Soret band of 1•DABCO compared to the ZnTTP (Fig. SI17--18, ESI). Insertion of DABCO also increased the cage volume in agreement with the solid state structure and the lower diffusion coefficient measured by DOSY NMR for cage 1•DABCO, 428 μm 2 .s --1 , as compared to the one of cage 2, 477 μm 2 .s --1 , both determined in CD 2 Cl 2 .16

  ) Å, α = 63.510(2)°, β = 76.3030(10)°, γ = 74.9150(10)°, V = 3676.5were obtained for cage 2 in CD 2 Cl 2 or DMF--d 7 .
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