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Herein, we report the synthesis of two self-assembled metalla-rectangles Oxa2BBI2 and Naph2BBI2 featuring the pH sensitive benzobisimidazole (BBI) unit which also incorporate two pyridine fragments able to coordinate the metal centers. These structures differ essentially by the distances separating both BBI ligands, a parameter which depends on the size of the bisruthenium complex spacer (RuOxa or RuNaphto) (Erreur ! Source du renvoi introuvable.). On this basis, it is worth mentioning that whilst the smaller rectangle Oxa2BBI2 exists only as a discrete monomer species, the larger Naph2BBI2 can dimerize to form the catenated (Naph2BBI2)2 structure. Remarkably, this responsive interlocked species is able to dissociate in response to three different types of chemical or physical stimuli: i) dilution, ii) addition of pyrene and iii) protonation of the benzobisimidazole sidewalls (Erreur ! Source du renvoi introuvable.).

The synthesis of ligand BBI was achieved by the condensation of two equivalents of 4-pyridinecarboxaldehyde with tetraaminobenzene tetrahydrochloride in presence of piperidine and under aerobic conditions. After 16 h in refluxing acetonitrile, the ligand was isolated as a yellow-orange powder in a 80% yield. The reaction between the RuOxa [20] complex and the BBI ligand was carried out in MeOD at C = 10 -3 M (T = 50 °C) and followed by 1 H NMR spectroscopy. After 2 h, the reaction converged to a single species that could be isolated upon precipitation with tert-butyl methyl ether (MeOtBu). The resulting set of 1 H NMR signals illustrates the symmetry of the resulting self-assembled structure (Erreur ! Source du renvoi introuvable.b). A 1 H DOSY NMR experiment (Figure S3) revealed the presence of a single species in solution with a diffusion coefficient of D = 3.9 × 10 -10 m 2 s -1 in MeOD-d4 at C = 10 -3 M. A hydrodynamic radius of ca. 10 Å was estimated from the Stokes-Einstein equation, [21] a value which is compatible with the formation of the expected Ru4L2 complex Oxa2BBI2. Similarly, the reaction carried out between the RuNaphto [22] complex and ligand BBI in MeOD afforded the metalla-rectangle Naph2BBI2 characterized by a symmetric 1 H NMR spectrum (Figure 2c). As expected, a slightly larger Stokes radius of ca. 11 Å was extracted from the 1 H DOSY NMR experiment carried out in MeOD at C = 10 -3 M (Figure S6). andS32). While both Ru atoms from a RuOxa complex are separated by 5.5 Å, π-π interactions occurring between face-to-face benzobisimidazole motifs lead to an interplanar distance of only 3.4 Å between the two central BBI units. Consequently, a significant bending occurs around the peripheral pyridine units, with a torsion of ca. 12° of the benzobisimidazole-pyridine junction. In contrast, Naph2BBI2 shows a quasi-rectangular solid structure. Here, the larger distance which separates both BBI ligands (7.3 Å) does not allow π-π interactions between facing π-systems and is compensated by the accommodation of two Et2O molecules in the central pocket.

High-resolution ESI-FTICR-HRMS spectrometry experiments were also carried out on Oxa2BBI2 and Naph2BBI2 in MeOH at C = 2 × 10 -3 M (Figures S10-S12). While the reaction with RuOxa shows only signals corresponding to the monomer system Oxa2BBI2 at m/z = 630.7315 (3+) and 1020.5756 (2+) (main contributions, Figure S10), the species isolated from the reaction with the larger RuNaphto acceptor exhibits, under the same conditions, two sets of signals. They correspond to the monomeric metalla-rectangle Naph2BBI2 with characteristic isotopic patterns at m/z = 697.4194 (3+) and 1120.6059 (2+) (main contributions), and to a dimeric (Naph2BBI2)2 structure with signals recorded at m/z = 1543.4649 (3+) and 1120.6059 (4+) (main contribution, Figures S11 andS12), respectively. In all cases, experimental isotopic distributions are in good agreement with theoretical ones. On this basis, the ability of metalla-rectangle Naph2BBI2 to dimerize was further investigated by concentration dependent 1 H NMR spectroscopy. Following Le Chatelier's principle, changing the concentration promotes the reversible conversion between the interlocked structure and the monomeric constitutive unit, thanks to the labile nature of the metal-ligand bonds and throughspace interactions between the subunits. [11b] While only one set of 1 H NMR signals is observed at C = 10 -3 M (Erreur ! Source du renvoi introuvable.c), the spectrum recorded at C = 4 × 10 -2 M (Erreur ! Source du renvoi introuvable.d and S7) shows the splitting of the pyridine units (a and b protons), the para-cymene moieties (d and e protons) and the naphtoquinonato groups (i protons) signals, in accordance with the quantitative formation of the dimeric interlocked species (Naph2BBI2)2. [11a] The corresponding 1 H DOSY NMR measurement confirmed the larger size of the resulting structure with a calculated hydrodynamic radius of ca. 15 Å (T = 298 K) (Figure S9). Formation of Borromean rings can be ruled out because of the non-symmetrical character of the 1 H NMR spectra, [11a] and the distances ratio between the long and the short sides of the metalla-rectangle, which do not match with the rules proposed by G.-X. Jin. [11b] The slow equilibrium between the monomer and the dimer species at the NMR timescale, allowed for a straightforward quantification of the dimerization constant Kdim (MeOD) = 4.4(± 0.2) × 10 2 (Figure S13 andS14). [16a, 23] Despite numerous attempts, no crystal of (Naph2BBI2)2 of sufficient quality to be analyzed by X-ray diffraction has been obtained. Molecular force field (MM+) studies were therefore undertaken to determinate the structure of this interlocked species (Figure 3c). This modeling shows that the two metallacyles interlock without distortion with inter-ligand distances of about 3.4 Å as expected for such π-π stacking interactions. [11a, 16a] The stability of the dimeric (Naph2BBI2)2 assembly was further investigated upon pyrene complexation. Such an electron rich planar species is expected to fill the cavity of the metallarectangle while interacting with both facing electron-deficient benzobisimidazole units, to afford a more thermodynamically stable host-guest complex. The progressive addition of pyrene to a solution of (Naph2BBI2)2 at 10 -2 M in MeOD was followed by 1 H NMR (Figure S15). Remarkably, addition of one equivalent of pyrene per metalla-rectangle unit was sufficient to drastically simplify the NMR spectrum, as a consequence of the dissociation of the dimeric structure attributed to the intercalation of pyrene between both BBI panels of Naph2BBI2 (Figure 4a). This hypothesis was confirmed by 1 H DOSY NMR measurement (Figure S16) which clearly demonstrates a higher diffusion value of the resulting species (3.55 × 10 -10 m² s -1 ) when compared with (Naph2BBI2)2, a value which now corresponds to the one reported for isolated Naph2BBI2 ring (Figures 2c andS6). The binding capability of Naph2BBI2 for pyrene was evaluated by a 1 H NMR Job plot analysis (Figures S20 andS22a) and a titration experiment at C = 10 -3 M in MeOD-d4 (Figures S21 andS22b). [24] These measurements revealed the complexation of one pyrene unit in the cavity of Naph2BBI2 with an association constant Ka = 3.0(±0.2) × 10 3 . The optical properties of the ligand and both metallamacrocycles were then investigated in methanol solutions. While BBI shows an absorption maximum at 358 nm (Figure 5a), the corresponding ligand-centered transitions are found at 393 and 386 nm for Oxa2BBI2 and Naph2BBI2, respectively. These bands show more than doubled molar extinction coefficients (89 000 < ε < 101 000 M -1 cm -1 ) compared to the free ligand (ε = 38 000 M -1 cm -1 ). The red shift triggered by the coordination of the terminal pyridine units to ruthenium atoms is consistent with the one measured upon protonation of the BBI ligand in acidic medium (λmax = 386 nm, Figure S33). To gain information into the stability of the complexes, their electronic absorption spectra were monitored over time at different concentrations (Figure S34). At C = 2 × 10 -4 M, both Oxa2BBI2 and Naph2BBI2 complexes show unaltered absorptions after several days in solution. In contrast, for C  2 × 10 -5 M, an hypsochromic shift is observed after 24 h, corresponding to the release of uncomplexed ligand in solution. A strong emission of the BBI ligand was measured in the UV-blue region (Figure 5a), with a maximum centered at 430 nm and a fluorescence quantum yield of 40%. For both metallamacrocycles recorded in fresh solutions at C = 2 × 10 -5 M, weaker emissions are observed at around 460 nm, which is consistent with the fluorescence of recently reported tetranuclear Znbenzobisimidazoles grid complexes. [25] However, when decreasing the concentration to C = 10 -6 M, the emission is blueshifted to 430 nm and most likely corresponds to the free ligand in solution (Figure S35) as already observed by absorption spectrophotometry. [26] Complexation properties of Naph2BBI2 were further investigated by UV-vis and fluorescence spectroscopy. The absorption and emission spectra of 1:1 mixture solutions of BBI, Oxa2BBI2 or Naph2BBI2 with pyrene were compared at C = 2 × 10 -5 M (Figures 5b, S36 and S37). As expected, all absorption spectra show an additive effect between the two constituents. On the other hand, while the emission spectra corresponding to the mixture of Naph2BBI2 and pyrene reveal a quasi-complete quenching of the pyrene emission (85 % decrease in the total fluorescence), a much weaker decrease of 21% and 33% is observed in the presence of Oxa2BBI2 or BBI ligand respectively (Figures 5b andS37) illustrating the interaction of pyrene with the cavity of Naph2BBI2. [START_REF]Decrease in emission was evaluated by comparing the emission aera of a 1:1 mixture of pyrene and BBI, Oxa2BBI or Naph2BBI, with the additiion of emission aeras of pyrene and BBI, oxa2BBI and Naph2BBI respectively[END_REF] The acid-base properties of the BBI ligand and the Naph2BBI2 metalla-rectangle were then investigated using UVvisible absorption titrations as a function of pH (Figures S38-S44). The BBI ligand is characterized by 6 pH sensitive reactive sites, i.e. two on each imidazole units and one per pyridyl fragment (Figure S38). Figure S39 illustrates the spectral variations recorded during absorption spectrophotometric titration of BBI as a function of pH, which are in agreement with reported results on 4-pyridylbenzimidazole (4PBI). [28] Under neutral pH conditions (MeOH/H2O 80/20 w/w, Figure S39), BBI is characterized by an intense absorption band in the UV region centered at 357 nm ( 357 = 3.50 × 10 4 M -1 cm -1 ) in agreement with the data recorded in methanol. Increasing the pH from 6.5 to 11.9 induces a bathochromic shift of 23 nm of the π-π* transitions. The statistical processing of these data led to the determination of a pKa value of 11.2 ± 0.1 that is ascribed to the deprotonation of one of the two N1-imidazole sites (i.e., the pKa value for the deprotonation of the second N1-H function was estimated to be > 12 and could not be determined under our experimental conditions). On the other hand, the decrease in pH from 6 to  2.3 also leads to a bathochromic shift. Two pKa values of 3.7 ± 0.1 and 2.7 ± 0.1 were calculated (Figure S38). The two other pKa values were estimated to be < 2 in agreement with repulsive interactions between the various positively charged species. The neutral BBI ligand thus predominates over a broad range of pH (from 4.5 to 10.2) and can lead to BBI 4+ and BBI 2-under strongly acidic and basic conditions, respectively. Since protons can compete for Lewis base pyridine sites in coordination self-assembled structures, acidic conditions often lead to a disassembly process. [17] We therefore investigated the pH-responsive behavior of the Naph2BBI2 metalla-rectangle with the hypothesis that the presence of the imidazole moieties would allow for a selective protonation of the ligands without disassembly. Under neutral pH conditions (MeOH/H2O 80/20 w/w), Naph2BBI2 is characterized by an intense absorption in the UV region centered at 386 nm ( 386 = 8.88 x 10 4 M -1 cm -1 ) assigned to -* ligand-localized transitions as well as a set of much weaker absorptions at 643 and 693 nm that correspond to LMCT transitions (i.e., signature of the metalla-rectangle). [22] Upon complexation to RuNaphto, the π-π* transitions of the two BBI ligands undergo significant bathochromic and hyperchromic shits ( 29 nm; BBI:  357 = 3.50 × 10 4 M -1 cm -1 ; Naph2BBI2:  386 = 8.88 × 10 4 M -1 cm -1 ). Similarly to the observations in MeOH, the effect of complexation to the Ru centers by the terminal pyridines is comparable to that of their protonation (Figure S41,  = 389 nm and  389 = 2.68 × 10 4 M -1 cm -1 ). The absorption versus pH titrations demonstrate that no decomposition of Naph2BBI2 occurs over a large range of pH (2. 20 -12.05) as assessed by the ongoing presence of the LMCT signature. The statistical analysis of the data allowed evidencing two pH regions of interest (Figures S42-S44). Under strongly acidic conditions, the Naph2BBI2 metallarectangle can undergo four protonation equilibria at its four equivalent N3-imidazole sites and three protonation constants could be accurately determined (pKa4 = 2.7 ± 0.2 and pKa3 + pKa2 = 4.5 ± 0.2). The protonation of these units results in only small spectral variations both of the π-π* and LMCT transitions. In addition, the calculated pKa values are lowered compared to those of the free BBI ligand (pKa3 = 2.7 ± 0.1 and pKa4 = 3.7 ± 0.1) due to the coordination of the pyridine units to the RuNaphto metal centers. These data therefore demonstrate that the Naph2BBI2 meta-rectangle can undergo stepwise protonation on each of its N3-imidazole units without any apparent signs of structural disassembly. Likewise, each of the N1-imidazole units can undergo a deprotonation reaction without also affecting the architecture of the metallo-rectangle itself. Four deprotonation constants were determined under basic conditions (Figure S44). In contrast to acidic conditions, deprotonation of N1-imidazole units is accompanied by strong spectral variations in both intraligand π-π* transitions ( = 426 nm and  426 = 7.22 × 10 4 M -1 cm - 1 for Naph2BBI2-4H) and LMCT transitions (hypsochromic shifts of 60 nm; Figure S43).

On the basis of this in-depth investigation and considering the stability of cage Naph2BBI2 in acidic media, we then studied by 1 H NMR and DOSY NMR the behavior of interlocked (Naph2BBI2)2 in presence of trifluoromethanesulfonic acid (HOTf). We hypothesized that protonation of the BBI moieties may lead to intermolecular electrostatic repulsions that could strongly affect the stability of the interlocked structure. Remarkably, addition of HOTf (6 equivalents per metallacycle) into a solution of (Naph2BBI2)2 in MeOD-d4 at C = 2 × 10 -2 M produces quantitatively a new species (Figures 4c andS23). It shows a higher D value and non-splitted NMR signals that are downfield shifted in comparison to those of the dimeric structure (Figure 4b). These NMR characteristics support the dissociation of the protonated (Naph2BBI2)2 interlocked dimer and formation of the Naph2BBI2H4 monomer. This was unambiguously demonstrated through a comparative NMR study with Naph2BBI2 recorded in a 0.12 M solution of HOTf in MeOD at C = 10 -3 M (Figures S24 andS25) and ESI-FTICR HRMS measurements (Figure S26). Finally, it is worth noting that this original dissociation phenomenon is reversible, since addition of 6 equivalents of N,N-diisopropylethylamine (DIPEA) reforms quantitatively the starting interlocked species (Figure S23). Finally, we investigated the complexation ability of Naph2BBI2H4 toward the electron rich pyrene unit. Since protonation of the BBI units increases their electron deficient character, we expected Naph2BBI2H4 to be a better host for pyrene than Naph2BBI2. This was confirmed by a 1 H NMR titration recorded at C = 10 -3 M in a solution of HOTf (C = 6 × 10 -3 M) in MeOD-d4 (Figures S22 andS27). An association constant Ka = 1.32 (± 0.09) × 10 4 was measured, a value four times higher than the one calculated with the non-protonated Naph2BBI2 host analog. Interestingly, this tunable binding affinity can be followed by 1 H NMR and DOSY NMR upon successive addition of HOTf and DIPEA (Figures S28-S31).

In summary, two novel self-assembled metalla-rectangles incorporating a pH sensitive benzobis(imidazole)-based ligand were designed. Thanks to the reversible nature of the coordination bonds and favorable electronic interactions, the larger Naph2BBI2 which shows an interplanar distance of 7.3 Å between both ligand units can be quantitatively transformed to the interlocked molecular structure (Naph2BBI2)2 in MeOH at C = 2 × 10 -2 M. Remarkably, this stimuli responsive interpenetrated catenane can be dissociated in three different ways: i) upon dilution to a concentration of C = 1 mM, ii) in the presence of pyrene, leading the 1:1 host-guest complex pyrene⊂Naph2BBI2 and iii) by selectively protonating the N3-imidazole basic sites with HOTf to form the charged Naph2BBI2H4 metalla-rectangle. Importantly this can be accomplished without any trace of disassembled species as usually observed under acidic conditions and reversibly through addition of DIPEA.

Deposition numbers 2096156 (Oxa2BBI2), and 2096158 (for Naph2BBI2) contain the supplementary crystallographic data for this paper. These data are provided free of charge by the joint Cambridge Crystallographic
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 2 Figure 2. 1 H NMR (298 K, downfield region) of a) ligand BBI in DMSO-d6, b) Oxa2BBI2 in MeOD-d4 (C = 10 -3 M), c) Naph2BBI2 in MeOD-d4 (C = 10 -3 M)

Figure 3 .

 3 Figure 3. Single crystal X-ray diffraction structures of a) Oxa2BBI2, b) Naph2BBI2 (including two solvent molecules, Et2O) and c) MM+ simulation of (Naph2BBI2)2. For a) and b) anions are omitted for clarity.
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 4 Figure 4. 1 H NMR spectra recorded in MeOD at C = 2 × 10 -2 M of a) (Naph2BBI2)2 in presence of 1 equiv. of pyrene, b) (Naph2BBI2)2 and c) (Naph2BBI2)2 in presence of 6 equiv. of HOTf.

Figure 5 .

 5 Figure 5. a) Electronic absorption (solid line) and emission (dashed line) spectra of BBI (C = 2 x 10 -5 M), Oxa2BBI2 and Naph2BBI2 (C = 2 x 10 -4 M for absorption and C = 2 x 10 -5 M for emission) in methanol and b) fluorescence spectra recorded under the same experimental conditions of pyrene, Naph2BBI2 and 1:1 mixture of both compounds in methanol (C = 2 x 10 -5 M and λex = 330 nm).
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