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CuAAC in a Distal Pocket: Metal Active-Template Synthesis of Strapped-Porphyrin [2]Rotaxanes
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In modern supramolecular chemistry, the copper catalysed alkyne-azide cycloaddition (CuAAC), [1] better known as the click reaction, has provided access to a large variety of elaborate, but otherwise difficult to prepare molecular structures. [2][3][4][5] Several detailed analyses of the role of copper in the mechanism of the cycloaddition are available in the literature. [7][8][9] It is now commonly admitted that two metal cations are involved in the cycloaddition step. [10] This cooperative process is supported by experimental evidence in recent reports. [3,9,11] The exact role played by the second metal is not clearly defined and can range from activation, due to Lewis acidic character, to coordination of the zwitterionic form of the azide reagent. The cooperative and simultaneous activation of both the azide and the alkyne by two distinct metal centres is compatible with both a catalytic [6] or stoichiometric use of copper in click reactions. The latter use strongly relates to the concept of an active metal template in the click synthesis of rotaxanes that has been developed [12] and employed by several groups. [12][13][14][15] In this approach, the active participation of two metal centres in the mechanism of the click reaction was highlighted by the use of copper-copper [12] or copper-nickel [13] in the formation of rotaxanes. This report demonstrates that the use of a ditopic ligand able to bind both an active copper template and a coordinatively unsaturated metal leads to both active and organising template effects and provides access to mechanically linked porphyrin architectures. Supramolecular architectures built on a phenanthroline (phen)-strapped porphyrin 1(H2), which is available on gram scale, have been the focus of our group for almost two decades. This ditopic ligand has led to several species in which the phen binds and stabilizes a copper(I) ion, [16,17] whereas the porphyrin binds a variety of metals, thus offering the possibility of coordinating an exogenic substrate on either the open face, opposite to the strap, or within the phen pocket. [18,19] As confirmed by both NMR and Xray studies, the ligand is bound within the phen pocket in inclusion complexes of 1(Zn) with imidazole. [16] Thus, the possible occurrence of a click reaction within the phen strap of 1(Zn) was anticipated due to the isomorphic character of 1,2,3-triazole and imidazole, and an assistance by the coordination of an azido reagent to the zinc of the porphyrin was also expected. Scheme 1. Synthesis of 4(H2). Reactions were performed in the presence of 0.96 equivalents of Cu I , and subsequently treated with EDTA and TFA.

Treatment of the zinc porphyrin 1(Zn) with a slightly substoichiometric amount of Cu(MeCN)4PF6 yielded the zinc-copper complex in situ. As shown in Scheme 1, reaction in basic medium of the alkyne 2 [12a] and azide 3, [20] bearing bulky stoppers commonly used in mechanically interlocked structures, [21] afforded mixtures of rotaxane structures still containing either copper, zinc or both metals. Literature reports of the active template method for rotaxane synthesis have established the possible extrusion of copper resulting from sterically demanding scaffoldings. [12][13][14][15] To avoid tedious purification of mixtures containing partially metalated species, treatment with ethylenediaminetetraacetate (EDTA) to fully remove the copper was performed. Because this treatment initiated a partial demetalation of the zinc, the latter was then completely removed upon trifluoroacetic acid (TFA) treatment and only the free base rotaxane species 4(H2) was isolated in various yields (Entries 1-7) and characterised. The corresponding nickel and zinc rotaxanes 4(Ni) and 4(Zn) were later obtained by metalation of 4(H2) with nickel and zinc salts, respectively (see SI).

To demonstrate the essential role played by the metal in the porphyrin core, the nature of the metal in the porphyrin was investigated (Table 1). Due to the previously reported fast disproportionation of a copper(I) phen-strapped porphyrin and its rapid conversion to the copper(II) porphyrin, synthetic attempts involving the free base porphyrin 1(H2) and the copper(I) phen strap complex were precluded. [17] Even though zinc(II) salts have been reported to catalyse azide-alkyne cycloadditions, [22] the use of 1(Zn) alone in the absence of Cu(MeCN)4PF6 did not produce rotaxane or the free dumbbell under the same reaction conditions, emphasizing the expected role of copper(I) as the active metal template.

The use of 1(Cu), which weakly binds an axial ligand, resulted in a significantly lower yield of rotaxane (Entry 8) compared to that obtained with 1(Zn). This result shows that the coordination on the metalloporphyrin is of utmost importance for a productive dual template effect. Indeed, the 16% yield obtained in the presence of 1(Cu) is representative of the oxophilic nature of hard porphyrin-Cu(II) complexes, [START_REF] Cremers | For the quantification of Cu-pyridine interaction (G~0) see[END_REF] whereas the soft porphyrin-Zn(II) complex has a clearly enhanced affinity for nitrogen-containing axial ligands and affords up to 50% yield of rotaxane (Entry 5). Finally, when the nickel porphyrin 1(Ni), which is inert towards the axial binding of exogenic ligands, was employed, no rotaxane was detected (Entries 9-11). Therefore, the presence of a second, coordinatively unsaturated metal in the porphyrin core is necessary for the success of the click reaction.

Table 1. Yields of rotaxane 4(H2) obtained by click-reaction of 2 and 3 in the presence of 1(M) and 0.96 eq. of Cu(MeCN)4PF6 Entry M Base [a] Yield (%) [b] 1 Zn none n.d. The coordination of the azide on the zinc in the porphyrin core of 1(Zn) is in agreement with the observed influence of the base on the efficacy of the CuAAC reaction (Entries 1-7). Thus, the nature of the base used in the click reaction was also studied. The yield of the rotaxane increased with increasing basicity, from picoline to 2,6-lutidine and DIPEA, emphasizing the role of the base in the deprotonation of the terminal alkyne and stressing the necessary weak binding of a nitrogen ligand on the open face of the porphyrin (Entries 1-7). The geometry of the azide group leaves a choice for coordination of the zwitterionic intermediate on the open face (Figure 1 A) or on the strapped-side (Figure 1 C or D). However in the presence of the phen-Cu-acetylide, bases, such as picoline and DIPEA, have no other choice than to bind to To rule out possible geometric effects influencing the efficacy of the cycloaddition, the dimensions of the strapped porphyrin scaffolds of [1(Zn-Cu)], [18] 1(Ni), 4(Ni) and 4(H2) were compared in their respective crystal structures (see Figure 2 andS12). The dimensions of the hollow pyramidal space between the porphyrin plane and the phen strap are nearly identical in all four structures; therefore, geometric considerations cannot explain the discrimination observed in the reactivity of 1(Zn) and 1(Ni) in the presence of copper(I) for the templated 1,3-cycloaddition of the azide and alkyne stoppers. Thus, only the nature of the metal in the porphyrin and its ability to assist the templated process are responsible for the formation of the rotaxane. In this regard, the classical Sauvage macrocycle, derived from 2,9diphenylphenanthroline pentaethylene-glycol, did not produce any rotaxane [12b] by the active metal template method, confirming the necessary assistance by the metal in the porphyrin core observed in our work. Thus, two distinct and complementary roles are played by each metal. Copper is the active metal template, as previously described in works by Leigh [12,13] and Goldup. [14] Zinc plays the role of an organising template according to Sauvage's definition [24] and is responsible for a productive positioning of the azide in the cavity defined by the phen strap, probably as shown in Figure 1 D. At this stage, the necessary competing binding of a labile, encumbered, axial ligand on the porphyrin's open face, which favours the productive binding of the azide in the strap, limits the efficiency of the zinc organising template effect to 50%. Current work is in progress to explore variation of the base or the ditopic nature of the macrocycle to enhance the productive binding of the azide in the strap.

Single crystals of 4(H2) and 4(Ni) suitable for X-ray diffraction analysis were obtained by vapour diffusion of acetonitrile into a saturated solution of 4(H2) in dichloroethane/acetonitrile (1/1) and vapour diffusion of acetonitrile a saturated CH2Cl2 solution of 4(Ni) (see SI for details). In the solid state structure of 4(H2) (Figure 2a) the propyl chain's carbon atoms and the porphyrin plane are separated by distances ranging from 3.3 to 3.6 Å, which are close to van der Waals distances. Weaker C-H/ interactions probably contribute to the additional stabilisation of the propylene chain threaded through the phen strap. The triazole develops - stacking interactions with the porphyrin ring at a distance of ca. 3.7 Å and the dumbbell's phenyl group on the left-hand side in Figure 2a is stacked above the edge of the porphyrin ring at a distance of ca. 3.3 Å. The latter stabilising interaction was previously observed for an inclusion complex of 2phenylimidazole in 1(Zn). [25] In the crystal structure of 4(Ni) in Figure 2b, the weak oxophilic interaction, denoted by the 3.0 Å distance between the nickel core and the phenol ether, is assisted by two additional noncovalent interactions. The stacking of the left-hand phenyl group and the porphyrin edge occurs again, with distances ranging from 3.6 to 3.9 Å, in spite of the slight distortion of the porphyrin macrocycle. Furthermore, the protons located on the first and third carbons of the propylene chain are at rather short distances (2.3 and 2.7 Å) from the phen's nitrogen atoms.

These structural features are persistent in solution, as confirmed by 2D 1 H NMR experiments (see supporting information). In all three rotaxanes, displacements of chemical shifts observed for different segments of the dumbbell's signals indicated the positioning of each dumbbell segment in the phenstrapped porphyrin (Figure S7). In 4(Zn), the triazole was clearly located in the phenanthroline-porphyrin pocket, as shown by the deshielding of the triazole proton that is hydrogen bonded to the phenanthroline. [14e] The binding of the triazole to zinc was also detected in the UV-visible spectrum of 4(Zn) where the Soret and Q bands appeared at 428 and 559 nm rather than at 418 and 546 nm in the spectrum of 1(Zn) (see SI). The red-shifted absorptions of 4(Zn) are consistent with reported observations of triazole coordinated to a zinc porphyrin. [26] In conclusion, this work confirms the role played by a second metal ion, zinc(II), in the 1,3-dipolar cycloaddition mechanism and opens the way to a "tandem active metal template" approach to rotaxanes that cannot be obtained by a "single active metal template" method. Although this example uses a ditopic porphyrin ligand, the approach could be extended to a wide range of ditopic ligands. In the particular case of easily accessible phenanthrolinestrapped porphyrins, this strategy is currently being explored for the straightforward preparation of mechanically linked multiporphyrin scaffolds such as photochemical dyads and triads.

Experimental Section

Procedures, full characterisation, 1 H NMR NOESY spectra, crystal structure, data and tables for 1(Ni), 4(Ni) and 4(H2) are available in Supporting Information.
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 1 Figure 1.Proposed tandem actions of a Zn organising template and a Cu active metal template: The competitive binding of the azide on the metallic porphyrin core and the axial base is ruled by their respective affinities for the central metal.

  zinc on the porphyrin's open face, as schematically shown in Figure1B. An assistance of the click reaction by coordination of the azide to a second metal requires binding of the azide on the strappedside of the porphyrin, as proposed in Figure1C or D. Azide binding can be oriented to the strapped-side if a fifth ligand, in fast exchange, is already present on the open face of the zinc porphyrin. Picoline strongly binds to zinc but only on the open face of the porphyrin due to steric requirements; therefore, this base is in slow exchange and clearly competes with the binding of azide on the strapped-side (Entry 2). With DIPEA, which is a stronger yet non-nucleophilic base that weakly binds to zinc, the temporary residence of this base on the open face of the zinc porphyrin favours the insertion of the azide on the strapped-side (Entry 5). With 2,6-lutidine, the steric hindrance in the vicinity of the nitrogen atom prevents binding on either side of the porphyrin, thus allowing both the efficient coordination of the azide on the strapped-side and the non-productive azide binding on the open face (Entry 3). To try to take advantage of the reactivity of a strong base and the weak binding of a bulky base on the open face, stoichiometric amounts of both diazabicycloundecene (DBU) and DIPEA were employed; however, the 45% yield was slightly lower than when using only DIPEA (Entry 7)

Figure 2 .

 2 Figure 2. Solid state structures of rotaxanes 4(H2) (a) and 4(Ni) (b). Solvents were removed for clarity. Significant distances are discussed in the text.
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COMMUNICATION

CuAAC in a ditopic strapped porphyrin: Two metals cooperate for the click-reaction leading to new [2]rotaxanes derived from a ditopic phenanthroline-strapped porphyrin. In addition to the copper active-template effect, coordination of the azide to the porphyrin's metal core is necessary to generate sterically constrained [2]rotaxanes.