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Strapping a benzaldehyde-appended 2,2'-bis-dipyrrin Zn(II) double-stranded helicate using imine bond formation Fan Zhang, Audrey Fluck, Stéphane A. Baudron* and Mir Wais Hosseini* Laboratoire de Tectonique Moléculaire, UMR CNRS 7140, icFRC, Université de Strasbourg, F-67000, Strasbourg, France. Fax: 33 368851325; Tel: 33 368851323; E-mail: sbaudron@unistra.fr, hosseini@unistra.fr Abstract: A novel linear binuclear Zn(II)/2,2'-bis-dipyrrin double-stranded helicate bearing peripheral p-benzaldehyde moieties has been strapped by formation of imine bonds upon reaction with m-xylylenediamine and characterized by 1 H-and 13 C-NMR spectroscopy as well as by UV-Visible spectroscopy and by high-resolution mass spectrometry.

Since their discovery, metallahelicates have been the object of intense interest owing to their intrinsic beauty and their potential optical properties, for example. 1 This class of compounds has also been employed as templates for the construction of more complex architectures such as molecular knots. 2 This approach relies on the use of functionalized ligands for the construction of helicates bearing peripheral reactive groups like alkene, aldehyde, amine or alcohol. The latter moieties may be reacted with a strapping fragment. Whereas bis-pyridine based ligands have been extensively investigated for the elaboration of helicates, 1 the openchain tetrapyrrolic derivatives of the bis-dipyrrin type have been also recently studied. [3][4][5] In particular, the 2,2'-bis-dipyrrin ligands have been shown to form linear as well as circular helicates, upon assembly with Zn(II) cations (Scheme 1). 3 We have recently demonstrated that formation of such helical arrangements can be envisioned as a template offering the preorganization of both the pyrrolic strands and the peripheral aromatic units allowing the targeted complexation of Ag(I) cations by Ag-π interactions. 4 In light of this observation, it appeared interesting to take advantage of this effect beyond the generation of such interaction poles but also for the pre-organization of reactive sites at the periphery of the helicate. To the best of our knowledge, only one report has addressed this issue. 5 The group of Maeda has described a series of 2,2'-bis-dipyrrin Zn(II) helicates bearing peripheral olefin groups leading to strapped systems upon olefin metathesis (Scheme 1). 5 Scheme 1. Schematic representation of a 2,2'-bis-dipyrrin ligand (left), a linear binuclear helicate (middle) and of a strapped helicate (right).

Over the past few years, the imine bond formation and reduction have been successfully employed for the elaboration of complex (supra)molecular systems. 6 In order to take advantage of this reactivity and versatility, we have designed and prepared helicate 1 bearing peripheral p-benzaldehyde moieties (Scheme 2) as a template platform for the preparation of strapped helicates upon reaction with an appropriately chosen diamine. In this contribution, we report on the synthesis and characterization of 1 as well as its reactivity with m-xylylenediamine affording a strapped tetra-imine analogue.

The novel helicate 1 has been prepared following the Ni-templated strategy developed by Scott and coworkers (Scheme 2). 7 The homoleptic Ni(II) complex 2, prepared as described for the Zn(II) analogue, 8 has been reacted with DDQ in refluxing toluene to afford compound 3 in 80 % yield. The latter was demetallated by treatment with HCl and then NaHCO3 leading to the free ligand 4 in 99 % yield. Upon reaction of this tetrapyrrolic derivative with Zn(OAc)2, helicate 1 was obtained in 94 % yield. These compounds have been characterized in solution by 1 H-, 13 C-NMR and UV-visible spectroscopies, by mass spectrometry and, in the solid state, by single-crystal X-Ray diffraction (see ESI for details).

As observed for other Ni(dipyrrinato)2/Ni(2,2'-bis-dipyrrinato) systems, 3h,4,5,7 a flattening of the coordination sphere around the tetra-coordinated Ni(II) center is observed in the crystal structures of the compounds (Fig. 1). Whereas the two bipyrrolic chelates form an angle of 60.88° in 2, this angle decreases to 19.15° in 3. Also, the Ni-Ni bond distances are in the rather narrow 1.8835(12)-1.8930(12) Å range in the structure of 2, while they vary from 1.8584(17) to 1.9027(18) Å for 3, owing to the formation of the 2,2'-bis-dipyrrin backbone. For the free ligand 4, the two bipyrrolic chelates are oriented in a trans fashion and coplanar as described for the benzonitrile analogue. 4a Furthermore, an intramolecular hydrogen bond is observed 1). In the structure of the binuclear helicate 1, each Zn(II) cation is in a distorted tetrahedral environment coordinated to two dipyrrin chelates belonging to the two different strands forming an angle of 53.6°. The metal centers are separated by 3.280(8) Å, as observed for other helicates (Fig. 1). 3- Scheme 2. Synthetic pathway for the preparation of helicate 1 bearing p-benzaldehyde units and of strapped helicates 5 and its reduced analogue 6.

within each dipyrrin moiety (dN•••N = 2.753(3) Å; αN-H•••N = 122.45°) (Fig.
Aiming at strapping the helicate on each side by reaction of the peripheral aldehyde groups with an appropriately chosen reactant, we considered m-xylylenediamine, since the distance between the two nitrogen atoms within this compound should be compatible with the one between the carbonyl oxygen atoms of 5.797 Å observed in the structure of 1 (Fig. 1). The reaction of two equivalents of m-xylylenediamine with one equivalent of 1 in the presence of a catalytic amount of TFA (0.01 eq.) was thus investigated. A first attempt consisting in the direct mixing of the reactants in a 1.10 -4 mol.L -1 CHCl3 solution of 1 led, after three days, to the complete disappearance of the CHO signal in the 1 H-NMR spectra suggesting the formation of the desired product 5. However, the purity of the compound was not satisfactory and a low yield was observed given the concomitant formation of insoluble material in large amount (about 50 %). The latter could not be further characterized but may correspond to non-strapped oligo-/poly-meric assemblies. Lowering the initial concentration to 1.10 -5 mol.L -1 led also to product 5, although insoluble polymeric material was again obtained. Pure product 5 could be isolated in almost quantitative yield by the controlled slow addition of the diamine over 24 hours. The 1 H-NMR spectrum of the product in CDCl3 confirms the disappearance of the carbonyl proton signal along with the appearance of a signal at 8.50 ppm corresponding to the imine (Fig. 2). Furthermore, it should be noted that the two protons of the methylene bridges of the m-xylylenediimine straps appear as two doublets at 4.90 and 5.06 ppm, indicating that they are in a different environment (Fig. 2). For both 1 and 5, the aromatic protons of the meso groups are present as four distinct doublets, as described for RCM strapped analogues 5 and for a recently reported amide substituted helicate. 9 Interestingly, the chemical shift of the α-pyrrolic proton is substantially modified, as it is observed at 6.98 ppm for 1 and at 7.37 ppm for 5 (Fig. 2 and ESI for assignment of the protons and carbon atoms by 2D NMR). Such a phenomenon has been rationalized by Maeda and coworkers 5 as the complex adopting different helical forms with varying Zn-Zn distances and hence different organizations of the pyrroles within a strand and around the metal centers. With a short or constraining strap, the complex is in a so-called long form with the metal cations further apart (dZn-Zn of ca 5.1 Å), in comparison with unstrapped derivatives or analogues strapped by a longer chain thus adopting a short form (dZn-Zn of ca 3.50 Å). 5 This suggests here that the helicate adopts a short mode in 1, as confirmed by X-ray diffraction (Fig. 1), and a long mode upon strapping by imine bond formation, in 5.

Unfortunately, no crystals of sufficient quality for structure determination could be obtained for the strapped helicate. The nature of 5 was also confirmed by high-resolution mass spectrometry showing the presence of the desired compound as the main peak with the appropriate isotope pattern (Fig. ESI 14). The UV-Visible spectra of the starting ligand 4 and helicate 1 as well as of strapped compound 5 were recorded in CH2Cl2, as presented in Fig. 3. As for other reported helicates, 3-5 a red-shift of the absorption band and the appearance of a sharp intense band around 430 nm and a broader one around 650 nm are observed for 1 as a result of the coordination of 4 to Zn(II) cations.

Upon strapping of the helicate, a blue shift is observed with the broad low energy band being slightly better resolved into two bands around 550 and 650 nm for 5, and a relative lowering of the absorption coefficient of the band around 430 nm. A similar behaviour has been described with species strapped upon olefin metathesis. 5 Once again, it suggests that strapping affects the relative orientation of the dipyrrin chromophores within a tetrapyrrolic strand and around metal cations with the latter being further apart from one another. This is consistent with the abovementioned observation by 1 H-NMR of these compounds. We have attempted to convert the tetra-imine based helicate 5 into the reduced tetra-amine analogue 6, by reaction with NaBH3CN in CHCl3. 10 In spite of numerous attempts, we have not been unable to obtain 6 in pure form. However, 1 H-NMR spectroscopy in CD2Cl2 and highresolution mass spectrometry confirmed the formation of compound 6. Indeed, while the imine proton signal disappeared, the methylene bridge protons, formed upon reduction, appeared at 3.90 ppm (Fig. ESI 15). The signal associated with the protons of the methylene bridge of the m-xylylenediamine strap appeared to be shifted from around 5.0 to 4.0 ppm upon reduction of the imine bonds. In this case, the signal corresponding to the α-pyrrolic proton appears at 7.06 ppm suggesting that the helicate is in an intermediate form between long and short forms. This is consistent with the reduction to amines releasing some of strain brought by the two di-imine based junctions.

In conclusion, a novel 2,2'-bis-dipyrrin ligand bearing peripheral p-benzaldehyde units has been designed and prepared. Its assembly with Zn(II) cations leads to the formation of the linear binuclear double-stranded helicate 1, featuring the reactive aldehyde groups on each side of the complex at a relative distance of ca 5.8 Å according to the structure investigation by singlecrystal X-Ray diffraction. This pre-organization of the functions at the periphery resulting from the template effect of the Zn(II) bnding has been taken advantage of for the strapping of the helicate upon reaction with m-xylylenediamine. Slow addition of the latter to a dilute solution of the helicate in CHCl3 in the presence of catalytic amount of TFA afforded quantitatively the strapped tetra-imine helicate 5 as demonstrated by 1 H-and 13 C-NMR spectroscopy as well as by high-resolution mass spectrometry. Furthermore, these characterizations combined with UV-Visible spectroscopy suggest that the strapped helicate 5 adopts a long form with Zn cations further apart than in the starting complex 1, in agreement with recently reported theoretical calculations. 5 Reduction by NaBH3CN has been explored and indicates the formation of the tetra-amine analogue 6. Future work will focus on the use of other functionalized diamines towards the construction of diverse assemblies as well as on the use of other reactive groups at different positions on the bis-dipyrrin backbone. Furthermore, the photophysical properties of the strapped helicates, in particular their emission, will be thoroughly investigated. Indeed, as demonstrated herein in the absorption studies, strapping impacts the organization of the tetrapyrrolic system but it may also affect the rotation of the peripheral meso groups known as a favourable non-radiative deactivation pathway in such systems. 3g,11 Hence, it may result in modified emission wavelength and quantum yield. These investigations are currently under way in our laboratory.

Fig. 1 .

 1 Fig. 1. Crystal structures of Ni complexes 2 and 3, of 2,2'-bis-dipyrrin ligand 4 and of helicate 1. Solvent molecules have been omitted for clarity.

Fig. 2 .

 2 Fig. 2. 1 H-NMR spectra (CDCl3, 500 MHz, 293 K) of helicates 1 (top) and 5 (bottom).

Fig. 3 .

 3 Fig. 3. Absorption spectra of ligand 4 and helicates 1 and 5 in CH2Cl2 solution at room temperature.

In the crystal (Tetragonal, P-4n2), both P and M helicates are present.
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