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Going up the ladder: Stacking four 4,4'-bipyridine moieties within a Ti(IV)-based tetranuclear architecture
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Biphenol-based ligands have proven their ability to bind titanium(IV) centers and generate sophisticated self-assembled structures in which auxiliary nitrogen ligands often complete the coordination sphere of the metal and improve stability. Here, a central 4,4'bipyridine, which acts both as a spacer and a source of monodentate nitrogen to complete the coordination sphere of the Ti(IV) complex, was incorporated within two bis-2,2'-biphenol strands, 3H4 and 4H4. Both proligands possess structural features that are well adapted to form selfassembled structures built from titanium-oxygen-nitrogen units; however, their different degrees 2 of torsional freedom highly influenced the nuclearity of the complexes formed. The presence of a phenyl spacer between the bipyridine and the biphenol moieties of 3H4 provided enough flexibility for the ligand to wrap around one titanium(IV) center to form a mononuclear complex Ti(3)(DMF)2 in the presence of DMF. Assembly of the more rigid ligand 4H4 with Ti(OiPr)4 afforded a tetranuclear complex Ti4(4)2(4H)2(OEt)2 containing four stacked 4,4'-bipyridine units as shown by the X-ray structure of the complex. DFT studies suggested that the assembly of this tetrametallic complex involves a dimetallic intermediate with TiO6 nodes that is converted to the thermodynamically stable tetranuclear complex with two TiO6 nodes and two TiO5N units with enhanced covalent character.

Introduction

The construction of self-assembled architectures driven by metal ions is a fascinating field of investigation that has attracted major attention for more than two decades and an impressive panel of metallo-supramolecular structures resulting from the assembly of organic ligands and metal ions has been reported. [START_REF] Smulders | Building on Architectural Principles for Three-Dimensional Metallosupramolecular Construction[END_REF] Depending on the ligand/metal combinations, these species are widely diverse in terms of nuclearity, 2 topology 3 or geometry. [START_REF] Chakrabarty | Supramolecular Coordination: Self-Assembly of Finite Two-and Three-Dimensional Ensembles[END_REF] Extension of coordination driven assembly to multinuclear complexes can provide access to complex materials or attractive species with unprecedented non-trivial topology. [START_REF] Zhang | Molecular Trefoil Knot from a Trimeric Circular Helicate[END_REF] In catalysis, molecular self-assembled metallo-cages have been shown to catalyze the aza-Cope rearrangement, the Nazarov cyclization or Diels-Alder reactions. [START_REF] Deraedt | Supramolecular Nanoreactors for Catalysis[END_REF] Metallosupramolecular species could act as containers embedding anti-cancer drugs and are promising for drug delivery devices. [START_REF] Cook | Biomedical and Biochemical Applications of Self-Assembled Metallacycles and Metallacages[END_REF][START_REF] Ahmad | Metal-Organic Molecular Cages: Applications of Biochemical Implications[END_REF] Nanosized metal-organic polyhedra are employed as molecular building blocks for metal organic frameworks (MOFs). [START_REF] Zou | A Versatile Synthetic Route for the Preparation of Titanium Metal-Organic Frameworks[END_REF] If self-assembled architectures are formed with chiral metallocorners, e.g. an octahedral metal center surrounded by three bidentate ligands, the resulting multimetallic assemblies are fascinating objects to investigate. [START_REF] Chen | Chiral Metallosupramolecular Architectures[END_REF][START_REF] Meng | Symmetry Breaking in Self-Assembled M4L6 Cage Complexes[END_REF][START_REF] Castilla | Stereochemistry in Subcomponent Self-Assembly[END_REF][START_REF] Pan | Chiral Metal-Organic Cages/Containers (MOCs): From Structural and Stereochemical Design to Applications[END_REF] In this context, Ti(IV) has been intensively employed to elaborate self-assembled architectures and, in particular, Ti(IV) ions associated with chalcogenated ligands are largely used to construct sophisticated helicates or cages. [START_REF] Scarpi-Luttenauer | structure and functions of discrete titanium-based multinuclear architectures[END_REF] For instance, the groups of Albrecht [START_REF] Chen | A Helicate-Based Three-State Molecular Switch[END_REF] and Yashima 16 have elegantly demonstrated that dinuclear Ti(IV)-helicates are promising for the development of new types of molecular devices.

Chart 1. Proligands 1H4 and 2H4

In the field of Ti(IV)-based self-assembled species, several double-stranded helicates and circular helicates built from a bis-2,2'-biphenol proligand [START_REF] Diebold | Synthetic Approaches to Zigzag-Shaped Oligophenylene Strands Laterally Decorated with Hydroxy Functions[END_REF] (1H4 and 2H4, Chart 1) and auxiliary nitrogen ligands have been reported. These helical complexes are generated by self-assembly processes, starting from mixtures of the organic components and Ti(O i Pr)4. The metallo-corners within these architectures are either cis or trans octahedral TiO4N2 units if the nitrogen ligand is a bidentate [START_REF] Baradel | Titanium(IV)-Based Helicates Incorporating the: Ortho -Phenylenediamine Ligand: A Structural and a Computational Investigation[END_REF][START_REF] Barloy | Modified Pyridine-Triazole and 2,2′-Bipyrimidine Ligands Generating Robust Titanium Complexes Constructed around a TiO4N2 Core[END_REF] or a monodentate [START_REF] Khalil | From Monomeric Complexes to Double-Stranded Helicates Constructed around: Trans -TiO4N2 Motifs with Intramolecular Inter-Ligand Hydrogen-Bonding Interactions[END_REF] ligand respectively. For all of these helicates, only the strand with oxygen ligands participates in the helical framework of the architectures, whereas the nitrogen ligand tunes the nuclearity [START_REF] Khalil | Symmetry Decrease between Self-Assembled Circular TiO4N2-Based Helicates[END_REF] or the stereochemistry of these complexes 22 and greatly enhances the stability of the final aggregates compared to analogous compounds formed around TiO6 motifs. [START_REF] Weekes | A Remarkable Solvent Effect on the Nuclearity of Neutral Titanium(IV)-Based Helicate Assemblies[END_REF][START_REF] Mobian | A Bowl-Shaped Circular Trinuclear Helicate Generated from a TiO4N2 Motif by a Multicomponent Self-Assembly Approach[END_REF] Having demonstrated the ability of the TiO4N2 motif to generate robust Ti(IV)-architectures, the scope of this metallosupramolecular approach has now been extended by self-assembly of Ti(IV) with an organic strand bearing both nitrogen and oxygen donor atoms. The two strands employed in the present investigation, 3H4 and 4H4, contain a central 4,4'-bipyridine spacer joining two 2,2'biphenol units as depicted in Chart 2. To introduce a greater torsional freedom in 3H4 compared to 4H4, compound 3H4 incorporates two additional 1,3-phenylene rings separating each 2,2'biphenol units from the 4,4'-bipyridine core. Both proligands possess structural features that are well adapted to form, with a Ti(IV) source, self-assembled structures involving the coordination of both nitrogen and oxygen donor atoms. Herein, we report the synthesis of these two proligands and the characterization of the products resulting from self-assembly of these strands with Ti(O i Pr)4. The role of the nitrogen donor atoms within these ligands on the structure of the final aggregates is highlighted.

Chart 2. Proligands 3H4 and 4H4.

Experimental Section

General. All reagents and products were purchased from Sigma Aldrich, Alfa Aesar or TCI and used as received. THF and toluene were distilled over Na/benzophenone. The reactions with Ti(O i Pr)4 were run in an argon bag with dry glassware. For reactions with titanium(IV) isopropoxide, the toluene was distilled over Na/benzophenone and dried over 4 Å molecular sieves for at least 48 h before use. All reactions were conducted under an argon atmosphere, unless mentioned otherwise. Column chromatography was performed with silica gel from Merck (Kieselgel 60; 63-200 µm or 40-63 µm). [START_REF] Smulders | Building on Architectural Principles for Three-Dimensional Metallosupramolecular Construction[END_REF] H NMR spectra were recorded on Bruker Advance 300 (300 MHz), 400 (400 MHz) or 500 (500 MHz) spectrometers. Chemical shifts were determined by taking the solvent as a reference: CHCl3 (7.26 ppm), CH2Cl2 (5.32 ppm), CH3OH (3.31 ppm)

for [START_REF] Smulders | Building on Architectural Principles for Three-Dimensional Metallosupramolecular Construction[END_REF] H NMR and CHCl3 (77.2 ppm), CH2Cl2 (53.8 ppm), CH3OH (49.0 ppm) for [START_REF] Pan | Chiral Metal-Organic Cages/Containers (MOCs): From Structural and Stereochemical Design to Applications[END_REF] C NMR. Mass spectrometry (ESI-MS and HRMS) was performed on a Bruker Daltonics microTOF spectrometer (Bruker Daltonik GmbH, Bremen, Germany) by the Service de Spectrométrie de Masse de la Fédération de Chimie "Le Bel" (FR 2010). Compound 6. To a solution of 5 [START_REF] Katagiri | Synthesis and Optical Resolution of a Double Helicate Consisting of ortho-Linked Hexaphenol Strands Bridged by Spiroborates[END_REF] (2.0 g, 4.93 mmol) in anhydrous THF (40 mL) was added t-BuLi (5.70 mL of a 1.9 M solution in pentane, 10.85 mmol) at -78 °C under argon. The resulting solution was stirred at this temperature for 45 min then added by cannula transfer to a solution of trimethyl borate (3.35 mL, 30 mmol) in anhydrous THF. This solution was stirred for 15 min at -78 °C, then warmed to rt. After quenching the solution with 1 M HCl (30 mL), the organic solvent was removed under vacuum. The remaining aqueous phase was extracted with Et2O (3 x 40 mL).

The combined organic phases were washed with 1 M NaOH (aq) (20 mL), then with water (30 mL). The organic phase was dried over Na2SO4, filtered and concentrated to give 6 as a white foam (1.394 g, 3.76 mmol, 76%) that was used in the next step without further purification. The product was characterized by comparison with literature data. [START_REF] Katagiri | Synthesis and Optical Resolution of a Double Helicate Consisting of ortho-Linked Hexaphenol Strands Bridged by Spiroborates[END_REF] Compound 7. To a solution of 3-bromoiodobenzene (398 mg, 1.41 mmol) and boronic acid 6 (474 mg, 1.28 mmol) in toluene (7 mL) was added 2 M K2CO3 (aq) (7 mL). The biphasic mixture was degassed by bubbling argon for 30 min. Pd(PPh3)4 (35 mg, 0.030 mmol) was added under argon and the mixture was refluxed overnight. After cooling to rt, AcOEt (20 mL) was added. The aqueous phase was extracted with AcOEt (2 x 20 mL). The organic phases were combined, washed with water (20 mL), dried over Na2SO4, filtered and concentrated to dryness. The crude product was purified by column chromatography (SiO2, pentane/CH2Cl2 (0-4%), then CH2Cl2) to afford 7 as a white foam (513 mg, 1.06 mmol, 83%). mp 120 °C. [START_REF] Smulders | Building on Architectural Principles for Three-Dimensional Metallosupramolecular Construction[END_REF] H NMR (500 MHz, CDCl3) δ 7.76 (t, J = 1.8 Hz, 1H), 7.55 (dt, J = 7.9, 1.4 Hz, 1H), 7.47 (ddd, J = 7.9, 2.0, 1.0 Hz, 1H), 7. 37 Compound 8. To a solution of 7 (207 mg, 0.43 mmol) in dry THF (4 mL) was added t-BuLi (0.5 mL of a 1.9 M solution in pentane, 0.95 mmol) at -78 °C under argon. The solution was stirred for 45 min at this temperature and was then transferred via cannula to a B(OMe)3 solution (0.24 mL, 2.15 mmol) in dry THF (4 mL) at -78 °C. The resulting solution was stirred for 15 min at this temperature, then warmed to rt. An aqueous solution of 1 M HCl (15 mL) was added and the THF was removed under vacuum. The remaining aqueous phase was extracted with Et2O (3 x 15 mL).

The organic layers were combined, washed with 1 M NaOH (15 mL) and then with water (15 mL).

The organic phase was dried over Na2SO4, filtered and concentrated to dryness to give compound 8 as a white foam (172 mg, 0.385 mmol, 90%) that was used without further purification for the next step. [START_REF] Smulders | Building on Architectural Principles for Three-Dimensional Metallosupramolecular Construction[END_REF] Compound 9. To a solution of 2,2'-dichloro-4,4'-bipyridine 26 (25 mg, 0.11 mmol) and boronic acid 8 (122 mg, 0.27 mmol) in toluene (5 mL) was added a 2 M K2CO3 (aq) (1 mL). The biphasic mixture was degassed by bubbling argon for 30 min. Pd(PPh3)4 (6 mg, 0.006 mmol) was added under argon and the mixture was refluxed overnight. After cooling to rt, AcOEt (5 mL) was added and the organic phase was separated. The remaining aqueous phase was extracted with AcOEt (2 x 5 mL) and the organic phases were combined, washed with water (10 mL), dried over Na2SO4, filtered and concentrated. The crude product was purified by column chromatography (SiO2, CH2Cl2) to afford 9 as a white foam (95 mg, 0.099 mmol, 90%). mp 160 °C. [START_REF] Smulders | Building on Architectural Principles for Three-Dimensional Metallosupramolecular Construction[END_REF] H NMR (300 MHz, CDCl3) δ 8.84 (dd, J = 5.1, 0.8 Hz, 2H), 8.28 (t, J = 1.7 Hz, 2H), 8.08 (m, 2H), 8.05 (m, 2H), 7.72 (dt, J = 7.7, 1.4 Hz, 2H), 7.58 (t, J = 7.7 Hz, 2H), 7.54 (dd, J = 5.1, 1.7 Hz, 2H), 7.44 -7.30 (m, 8H), 6.94 (d, J = 8.5 Hz, 2H), 3.80 (s, 6H), 3.25 (s, 6H), 1.38 (s, 18H), 1.34 (s, 18H). [START_REF] Pan | Chiral Metal-Organic Cages/Containers (MOCs): From Structural and Stereochemical Design to Applications[END_REF] Compound 3H4. A solution of 9 (470 mg, 0.49 mmol) in 48% w/w aq. HBr (10 mL) was refluxed for 5 days under argon. After cooling to 0 °C, the mixture was added to an excess of a vigorously stirred saturated solution of NaHCO3 (aq). The resulting beige precipitate was filtered, abundantly washed with water and dried. The precipitate was redissolved in hot 1,2-dichloroethane and precipitated upon cooling to provide 3H4 (316 mg, 0.35 mmol, 72%) as an off-white powder. mp 195 °C. [START_REF] Smulders | Building on Architectural Principles for Three-Dimensional Metallosupramolecular Construction[END_REF] H NMR (300 MHz, CD3OD) δ 8.73 (d, J = 5.2 Hz, 2H), 8.25 (s, 2H), 8.22 (t, J = 1.5 Hz, 2H), 7.97 (d, J = 8.0 Hz, 2H), 7.77 (dd, J = 5.2, 1.5 Hz, 2H), 7.68 (d, J = 7.8 Hz, 2H), 7.54 (t, J = 7.8 Hz, 2H), 7.41 (d, J = 2.5 Hz, 2H), 7.33 -7.24 (m, 6H), 6.96 -6.83 (m, 2H), 1.38 (s, 18H), 1.33 (s, 18H). [START_REF] Pan | Chiral Metal-Organic Cages/Containers (MOCs): From Structural and Stereochemical Design to Applications[END_REF] Compound 10. To a solution of 2,2'-dichloro-4,4'-bipyridine 26 (137 mg, 0.61 mmol) and boronic acid 6 (500 mg, 1.35 mmol) in toluene (10 mL) was added 2 M K2CO3 (aq) (3 mL). The vigorously stirred biphasic mixture was degassed by bubbling argon for 30 min. Pd(PPh3)4 (35 mg, 0.030 mmol) was added under argon and the mixture was refluxed overnight. After cooling to rt, AcOEt (5 mL) was added and the aqueous phase was extracted with AcOEt (2 x 20 mL). The organic phases were combined, washed with water (20 mL), dried over Na2SO4, filtered and concentrated to dryness. The crude product was purified by column chromatography (SiO2, pentane/CH2Cl2, 11:14, then CH2Cl2, then CH2Cl2 with 1% AcOEt) to afford 10 as a white foam (392 mg, 0.49 mmol, 80%). mp = 115 °C. [START_REF] Smulders | Building on Architectural Principles for Three-Dimensional Metallosupramolecular Construction[END_REF] (s, 6H), 1.37 (s, 18H), 1.31 (s, 18H). [START_REF] Pan | Chiral Metal-Organic Cages/Containers (MOCs): From Structural and Stereochemical Design to Applications[END_REF] was added to a degassed solution of 3H4 (7 mg, 7.77 µmol) in anhydrous toluene (2.5 mL). The vial was tightly closed and heated at 100 °C for 48 h under argon. After cooling to rt, the solvent was removed under vacuum. The resulting orange solid was then suspended in CHCl3. The insoluble solid was filtered and rinsed with CHCl3. The filtrate was recovered, concentrated and analyzed by [START_REF] Smulders | Building on Architectural Principles for Three-Dimensional Metallosupramolecular Construction[END_REF] H NMR in CDCl3 (Figure S24, middle spectrum). The solvent from the filtrate was removed under vacuum. The resulting solid was dissolved in dry DMF and crystals suitable for Xray diffraction were obtained by slow diffusion of diethyl ether vapor into the DMF solution.

Solvents were not degassed for the crystallization. ESI HRMS of the organic crystals: Calc. m/z for [C62H60N2O4Ti+H] + = 945.4105, found [M+H] + = 945.4138.

To study the influence of DMF in the monomer Ti3(DMF)2 formation, the following experiment was run: In a sealable vial the titanium(IV) isopropoxide (2.53 µL, 8.54 µL) was added to a solution of 3H4 (7 mg, 7.77 µmol) in anhydrous toluene (2.5 mL). The vial was tightly closed and heated at 100 °C for 48 h. After cooling to rt, DMF (3 µL) was introduced in the solution under stirring in an argon bag. The solution was allowed to sit overnight, then the solvents were removed under vacuum. The resulting orange solid was then dissolved in CDCl3 and analysed by [START_REF] Smulders | Building on Architectural Principles for Three-Dimensional Metallosupramolecular Construction[END_REF] Compound 4H4. To a solution of 10 (40 mg, 0.050 mmol) in anhydrous CH2Cl2 (10 mL) was added boron tribromide (0.25 mL, 0.25 mmol) under argon at rt. The solution was refluxed for 2 h. After cooling to rt, the solution was quenched with MeOH (10 mL). The solvents were removed under vacuum. A saturated solution of K2CO3 (10 mL) was added and this solution was extracted with CH2Cl2 (3 x 10 mL). (Note that the compound is sparingly soluble in this solvent.) The organic phases were combined, washed with water (10 mL), dried over Na2SO4, filtered and concentrated to dryness. 4H4 was obtained as an orange powder (36 mg, 0.048 mmol, 96%), which, due to its low solubility in organic solvents, was used in the next step without further purification.

A reasonably well-defined 1 H NMR spectrum was obtained by suspending the compound in CD2Cl2 and adding a drop of TFA. [START_REF] Smulders | Building on Architectural Principles for Three-Dimensional Metallosupramolecular Construction[END_REF] (1.2 mL). The vial was tightly closed and heated at 100 °C for 3 h under argon. The initial suspension became an orange solution while heating. After cooling to rt, the solution was transferred under argon to a 5 mm NMR tube and the corresponding 1 H NMR spectrum was acquired 30 min after the reaction (see SI, Figure S47). After removing the solvent under vacuum, suitable crystals for X-ray diffraction were obtained by slow diffusion of n-hexane into a solution of the crude solid in toluene. The titanium(IV) complex crystallized along with a heterogeneous precipitate, which made it difficult to collect the just the crystals by filtration and thus to calculate Computational Details. Density Functional Theory (DFT) calculations were performed using the GAUSSIAN09 Rev. D01 software. 27 Starting configurations for each complex were derived from the previously obtained X-ray structure. For each complex, different starting configurations were considered to ensure that the calculations were not trapped in a metastable state. For each complex, only the structure of lowest energy is reported in the main text. Geometry optimization were performed in the gas phase at the DFT level using the wB97XD functional [START_REF] Chai | Long-Range Corrected Hybrid Density Functionals with Damped Atom-Atom Dispersion Corrections[END_REF] and the LANL2DZ [START_REF] Hay | Ab Initio Effective Core Potentials for Molecular Calculations. Potentials for the Transition Metal Atoms Sc to Hg[END_REF] basis set.

Results and Discussion

Ligand Synthesis. The first step toward the synthesis of the proligand 3H4 consisted in the preparation of the boronic acid 6 starting from 5 [START_REF] Katagiri | Synthesis and Optical Resolution of a Double Helicate Consisting of ortho-Linked Hexaphenol Strands Bridged by Spiroborates[END_REF] by halogen-lithium exchange followed by treatment with excess B(OMe)3 and acidic work-up (Scheme 1). The use of n-BuLi for the lithium-halogen exchange reported in the literature [START_REF] Katagiri | Synthesis and Optical Resolution of a Double Helicate Consisting of ortho-Linked Hexaphenol Strands Bridged by Spiroborates[END_REF] was inefficient in our case and mainly starting material 5 was recovered. Employing t-BuLi instead of n-BuLi afforded the expected boronic acid 6 with a good yield. This bis-2,2'-biphenol entity constitutes the building block for the synthesis of both proligands 3H4 and 4H4. The 1,3-phenylene spacer was introduced by a Suzuki crosscoupling reaction between 1-bromo-3-iodobenzene and 6 in a biphasic media to give the brominated compound 7 in 83% yield. This molecule was then converted to the corresponding boronic acid 8 by the addition of t-BuLi and quenching with B(OMe)3, and acidic treatment.

Purification attempts were unsuccessful as was the synthesis of the corresponding diethanolaminecomplexed boronic acid; 30 therefore, the boronic acid was used without further purification for the next step. A double Suzuki cross-coupling reaction between 8 and the 2,2'-dichloro-4,4'bipyridine [START_REF] Zassowskia | Spectroelectrochemistry of alternating ambipolar copolymers of 4,4′-and 2,2′-bipyridine isomers and quaterthiophene[END_REF] afforded 9 with a 90% yield over two steps. Deprotection of the methyl-protected phenols of 9 by refluxing in 48% HBr(aq) for five days, followed by neutralization with NaHCO3 yielded the proligand 3H4. Scheme 1. Synthetic pathway for the proligand 3H4.

For the synthesis of the proligand 4H4, the central 4,4'-bipyridine spacer was introduced by a double Suzuki cross-coupling reaction of 2,2'-dichloro-4,4'-bipyridine [START_REF] Zassowskia | Spectroelectrochemistry of alternating ambipolar copolymers of 4,4′-and 2,2′-bipyridine isomers and quaterthiophene[END_REF] with 6 in a biphasic media catalyzed by Pd(PPh3)4 to yield 10 in 78% yield. Initial attempts to deprotect the phenol groups of 10 using 48% HBr(aq) successfully removed the four methyl substituents, but also resulted in bromination of the unsubstituted aromatic carbon atoms ortho to the phenol groups on the two outer-most phenyl rings. Switching to BBr3 in anhydrous CH2Cl2 afforded the desired deprotected bis-2,2'-biphenol ligand 4H4 in 96% yield. This ligand was sparingly soluble in organic solvents; however, the addition of trifluoroacetic acid (TFA) improved the solubility in chlorinated solvents, allowing NMR characterization of this ligand as its TFA salt. Scheme 2. Synthesis of the proligand 4H4.

Titanium(IV) Complex Formation with 3H4. The ability of the two pro-ligands 3H4 and 4H4

to react with Ti(O i Pr)4 was evaluated. First, the reactivity of the most flexible compound, i.e. proligand 3H4, was investigated. After addition of Ti(O i Pr)4 (1.1 equiv.) to a suspension of 3H4 (1 equiv.) in anhydrous toluene and heating at 100 °C for 48 h, the 1 H NMR spectrum of the filtrate in CDCl3 (see SI, Figures S24 and S25, middle spectra) was complex and no information could be extracted from this analysis. A DOSY NMR spectrum of the crude mixture in CD2Cl2 revealed only one compound with a diffusion coefficient D = 1.5 x 10 -10 m²/s and a volume V = 82300 ± 8200 Å 3 . This very slow diffusion suggested that an oligomerization occurred. However, only the proligand 3H4 (m/z = 901.49) and other peaks corresponding to unidentified species were observed by ESI MS. Despite these discouraging preliminary results, orange crystals suitable for X-ray diffraction were obtained by slow vapour diffusion of Et2O into a DMF solution of the solid (obtained after evaporation of the filtrate). The air-stable crystals were unexpectedly of a mononuclear Ti3(DMF)2 complex [START_REF]Crystal data for Ti3(DMF)2: C68H74N4 O6Ti, orange plate[END_REF] in which all four phenolic oxygen atoms bind the metal center (Figure 1). Two molecules of DMF complete the distorted octahedral coordination sphere of this TiO6 core. The use of DMF in the crystallization facilitated conversion of the initially observed oligomeric species to the monometallic Ti3(DMF)2 complex. This process implies ligand exchange and reorganization of the coordination sphere around the titanium center induced by the DMF. To highlight the role of the DMF, a second experiment was run under very similar conditions except that a slight excess of DMF was added at the end of the reaction. Contrary to the initial experiment without DMF, the resulting 1 H NMR spectrum was relatively well-defined and displayed one main compound that appeared to have C2 symmetry based on the number of signals (see SI, Figures S24 andS25, top spectra). In the ESI MS of this solution, the ligand as well as mononuclear titanium(IV) complexes with 3 and zero, one or two DMF molecules were observed (see SI, Figure S27). These results strongly suggest that the presence of a coordinating solvent is a prerequisite to the formation of a mononuclear complex with the proligand 3H4.

Titanium(IV) Complex Formation with 4H4.

The self-assembly of the proligand 4H4, that is more rigid than 3H4, was then examined. Addition of Ti(O i Pr)4 (1.1 equiv.) to a suspension of 4H4

(1 equiv.) in anhydrous CD2Cl2 at rt under argon resulted in the progressive formation of a bright orange homogeneous solution. The 1 H NMR spectrum of the crude solution showed the formation of a new species as well as unreacted starting material (See SI, Figure S40, spectrum b). This reaction was optimized by varying the stoichiometry. When using 1.25 equivalents of Ti(O i Pr)4, the new species was predominant in the 1 H NMR spectrum of the crude mixture while 4H4 was entirely consumed (Figure 2). The main species seemed to contain a C2 symmetry axis based on the observation of two singlets (δ = 1.30 and 1.40 ppm) for the tert-butyl protons. With 1.5 equivalents of Ti(O i Pr)4, the new species was still the major product but other unidentified products appeared in the spectrum (See SI, Figure S40,spectrum d). It should be noted that a septuplet was observed at δ = 3.91 ppm that did not correspond to the resonances of free HOCH(CH3)2 or Ti(OCH(CH3)2)4. This signal was assigned to the resonance of methine protons of HO i Pr ligands of the new species. [START_REF] Mobian | Synthesis and characterization of a monomeric octahedral C2-symmetric titanium complex bearing two 3,3′diphenyl-2,2′-biphenol ligands[END_REF] However, an accurate integration of this signal was not possible as it overlapped with a very intense multiplet (See SI, Figure S41). Finally, employing two equivalents of Ti(O i Pr)4 led to the formation of other compounds, as shown by the appearance of new peaks and the disappearance of the peaks of the major species observed with fewer equivalents of Ti(O i Pr)4 (See SI, Figure S40, spectrum e). Based on this optimization study, a stoichiometry of 1.25 equiv. of Ti(O i Pr)4 for one equivalent of 4H4 was chosen for further studies. A few hours after reacting 4H4 and 1.25 equiv. of Ti(O i Pr)4 in CD2Cl2 at rt, a DOSY NMR spectrum at 298 K showed the diffusion pattern of two species with a diffusion coefficient of D = 4.05 x 10 -10 m²/s for the major compound. The respective volume of 7900 ± 800 Å [START_REF] Ayme | Template Synthesis of Molecular Knots[END_REF] was calculated with the Stokes-Einstein equation using a spherical model for this species (see SI, Figure S45). For comparison, a DOSY experiment was carried out under the same conditions with compound 10, the methoxy-protected precursor of 4H4 that is soluble in CD2Cl2 contrary to 4H4. The observed diffusion coefficient of D = 7.10 x 10 -10 m²/s for 10 corresponds to a significantly smaller volume of 1200 ± 100 Å [START_REF] Ayme | Template Synthesis of Molecular Knots[END_REF] accounting for the self-assembled species formed when 1.25 equiv. of Ti(O i Pr)4 reacted with 4H4.

To investigate if the nitrogen atoms of the ligand were coordinated to the metal, 1 H -15 N HSQC NMR analysis was performed for both the ligand 4H4 and the crude mixture in CD2Cl2 at 298 K.

No significative shift was observed for the nitrogen peak of the crude mixture (277 ppm) compared to that of 4H4 (274 ppm) (see SI Figures S45 andS46). For comparison, 5,6-dimethyl-1,10phenanthroline (phen), which is a good bidentate ligand for titanium(IV), and its monomeric titanium(IV) complex containing two diphenylbiphenolato ligands (Ti(2)2phen) [START_REF] Weekes | Rational Synthesis of a Family of Neutral Monomeric Heteroleptic Titanium Complexes Based on an Octahedral TiO4N2 Motif[END_REF] (see Chart 1 for the structure of 2H2) were also subjected to 1 H - [START_REF] Chen | A Helicate-Based Three-State Molecular Switch[END_REF] N HSQC NMR in CD2Cl2 at 298 K (See SI, Figure S46). Compared to the free ligand, the signal of the phen nitrogen atom was shifted upfield from 308 ppm to 273 ppm in the complex Ti(2)2phen. This shift demonstrates that coordination to the titanium(IV) center strongly affects the resonance of phen nitrogen atom and confirms that the nitrogen atoms within the assembly obtained with 4H4 and Ti(O i Pr)4 are not coordinated to the metal. Next, a solution of this self-assembled species was analyzed by ESI MS and a peak at m/z = 1586.69 was detected (see Figure 3). This peak was assigned to the dimeric assembly formulated as Ti2(4)2 (calcd m/z = 1586.69). Nevertheless, this dinuclear compound was unstable since the analysis of a solution after several hours of its preparation showed only a peak having the isotopic pattern of the proligand 4H4 (m/z = 749.43). The structure of this unstable dinuclear complex was investigated by molecular modelling (vide infra).

To investigate the role of the temperature on this reaction, the same mixture containing the ligand 4H4 (1 equiv.) and Ti(O i Pr)4 (1.25 equiv.) in CD2Cl2 was heated under argon in a closed vial at 100 °C (solvothermal conditions) for 3 h. The 1 H NMR spectrum of the resulting crude mixture was very complex and provided no useful information (See SI, Figure S47). A dimeric species Ti2(4)2 was detected at 1586.6937 in this crude reaction mixture by high resolution ESI mass spectrometry (Supporting Information, Figure S48). However, a more intense molecular peak was observed at m/z = 1646.7540 with an isotopic pattern that corresponds to the tetrameric complex [Ti4(4)2(4H)2(O i Pr)2+2H] 2+ . A second major peak was observed for the starting proligand 4H4 (m/z = 749.4321) (Figure 4). Orange crystals suitable for X-ray diffraction were grown by slow diffusion of n-hexane into a solution of the crude product in toluene. The crystal structure shown in Figure 5 confirms the formation of a tetrameric titanium(IV) complex Ti4(4)2(4H)2(O i Pr)2 with four 4H4 proligand strands. The complex crystallizes in the centrosymmetric P21/n space group with four molecules per unit cell. 34 A two-fold symmetry axis runs lengthwise between the inner two strands and diagonally opposing titanium centers are equivalent due to a center of inversion in the structure. All four phenolic oxygen atoms of the inner two strands are bound to the titanium centers, whereas only three phenolic oxygen atoms of the outer stands participate in the coordination. One phenol oxygen atom of each of the inner strands (shown in pink and blue in Figure 5) forms a μ-O(phenolato) bridge between two metal centers. Intermetallic distances of 3.32 and 11.67 Å separate the titanium cations. Titanium-heteroatom bond lengths are comparable to those in the literature [START_REF] Doherty | Polymerization of Ethylene by the Electrophilic Mixed Cyclopentadienylpyridylalkoxide Complexes[END_REF][START_REF] Kayal | Ortho-Linked Polyaryloxide Ligands and Their Titanium Complexes[END_REF] with the Ti-N bonds being longer than both the Ti-μ-O(phenolato) bonds and the Ti-O(phenoxide) bonds. Distances of 3.62-3.66 Å separate the nearly parallel bipyridine units of the two inner strands (see Figure 5b), highlighting the intramolecular pi-pi stacking of these motifs.

Although the bipyridine of each outer strand is offset relative to that of the adjacent inner strand (Figure 5a), short intermolecular distances ranging from 3.46 -3.83 Å are observed where these moieties stack. Overall, four 4,4-bipyridine units are stacked within Ti4(4)2(4H)2(OEt)2 and the two inner bipyridine fragments are bound to metal centers whereas the two outer bipyridines are free. 

Molecular modelling of the dimeric assembly

Having only a partial assessment of the structural features characterizing the unstable dinuclear species that was formed in solution before the final tetrameric aggregate, DFT calculations were performed to model a plausible structure of the Ti2(4)2 complex (see SI for more details). The NMR investigations of this dimeric assembly provided valuable information that the Ti2(4)2 compound is a symmetrical species displaying a C2 symmetry and that the nitrogen atoms of the two organic strands are not bound to titanium(IV). Based on this information, models were constructed with and without isopropanol molecules coordinated to the metal centers. The number of HO i Pr molecules bound to each Ti atom was not exactly known, thus, the structures of Ti2(4)2 complexes with 0, 2 and 4 HO i Pr molecules coordinated to each Ti atom were optimized. These structures can be found in the SI (Figures S51-55) and the one obtained for Ti2(4)2(HO i Pr)4 is given in Figure 6. For each stoichiometry, the two ligands (4) were considered either in a twisted configuration or in a parallel configuration. The energies of the optimized complexes (Table 1)

indicate that, for each stoichiometric composition, the twisted configuration is energetically preferred over the parallel one. (ΔE = 30.1 kcal/mol, 20.0 kcal/mol and 69.1 kcal/mol for Ti2(4)2, Ti2(4)2(HO i Pr)2 and Ti2(4)2(HO i Pr)4, respectively). The greater stability of Ti2(4)2(HO i Pr)4 results from the formation of a compact structure with many pi-pi interactions. Remarkably, for both the twisted and non-twisted models of the various Ti2(4)2(HO i Pr)n formulas with n = 0 or 2, the metals maximize their coordination number by forming additional bonds, besides the four Ti-O(phenolato) bonds per metal center that were initially fixed when the models were built. The calculations converge to the formation of two μ-O(phenolato) bridges for the twisted model whereas, for the nontwisted complex, the TiO4 coordination spheres are completed by a Ti-N linkage found for each titanium atom. This result follows the tendencies observed for the structural characterization of Ti(IV) coordination compounds where 4-fold Ti(IV) centers are rare and were obtained only in the presence of bulky ligands. 37 The question of how many HO i Pr molecules are most likely coordinated to each Ti atom was addressed using Equation 3: Ti2(4)2(HO i Pr)n+ 2 HO i Pr  Ti2(4)2(HO i Pr)n+2 with n = 0 or 2 (Eq. 3)

The ΔE = Eproducts -Ereactants = E(Ti2(4)2(HO i Pr)n+2) -2 E(HO i Pr) -E(Ti2(4)2(HO i Pr)n) is found to be -48.4 kcal/mol for n = 0 and -67.2 kcal/mol for n = 2 in the twisted case, and -58.4 kcal/mol for n = 0 and -18.1 kcal/mol for n = 2 in the non-twisted case. Hence, in both configurations, the most stable complex is the one in which both titanium(IV) centers are hexacoordinated. 

Conclusion

The difference in flexibility of the two biphenol proligands incorporating a 4,4'-bipyridine core dictates the type of complex formed with Ti(O i Pr)4, namely a chiral monometallic complex, Ti3(DMF)2, with 3H4 containing a phenyl spacer, or a tetrameric titanium(IV) complex with the shorter, more rigid ligand 4H4. For proligand 3H4, the nitrogen atoms are spectators and do not interact with the metallic center. In this case, the stereo-electronic requirements of the metal can be fully satisfied due to the flexibility of the ligand as well as use of a coordinating solvent. The situation is different for the self-assembly process involving 4H4. The rigidity of the backbone of the proligand greatly influences the outcome of the coordination complex formed with titanium(IV). The self-assembly process leading to the formation of the tetranuclear aggregate, Ti4(4)2(4H)2(O i Pr)2, involves the formation of a dinuclear intermediate. According to DFT calculation, this species corresponds to a helical Ti2(4)2 architecture in which two HO i Pr ligands complete the coordination sphere of each metal. In this dimeric complex, the nitrogen atoms do not interact with the metal centers. In a second step, this dinuclear Ti2(4)2(HO i Pr)4 structure is converted to the tetranuclear, thermodynamically stable end product, Ti4( 4 

  H NMR (500 MHz, CD2Cl2) δ 8.83 (d, J = 5.2 Hz, 2H), 8.21 (s, 2H), 7.80 (d, J = 2.6 Hz, 2H), 7.56 (dd, J = 5.2, 1.8 Hz, 2H), 7.37 (dd, J = 8.5, 2.6 Hz, 2H), 7.35 (d, J = 2.6 Hz, 2H), 7.33 (d, J = 2.6 Hz, 2H), 6.94 (d, J = 8.5 Hz, 2H), 3.75 (s, 6H), 3.27

  H NMR (Figure S24, top spectrum). 1 H NMR of the crude reaction mixture (500 MHz, CDCl3) δ 9.06 (s, 1H), 8.76 (d, J = 5.1 Hz, 1H), 8.48 (s, 1H), 7.62 -7.44 (m, 5H), 7.36 (m, 2H), 7.19 (m, 1H), 6.91 (m, 1H), 1.37 (s, 9H), 1.23 (s, 9H). ESI MS: Calc. m/z For [C₆₂H₆0N₂O₄Ti(C₃H₇NO)+H] + = 1018.46, found [M+H] + = 1018.46. Calc. m/z for [C₆₂H₆0N₂O₄Ti(C₃H₇NO)₂+H] + = 1091.52, found [M+H] + = 1091.51.

  H NMR (500 MHz, CD2Cl2 + TFA) δ 9.00 (d, J = 6.0 Hz, 2H), 8.55 (s, 2H), 8.13 (d, J = 6.0 Hz, 2H), 7.84 (d, J = 2.1 Hz, 2H), 7.79 (d, J = 2.1 Hz, 2H), 7.45 (dd, J = 8.5, 2.4 Hz, 2H), 7.35 (d, J = 2.4 Hz, 2H), 7.05 (d, J = 8.5 Hz, 2H), 1.42 (s, 18H), 1.35 (s, 18H). 13 C NMR (126 MHz, CD2Cl2) δ 154.0, 152.7, 151.0, 149.4, 146.9, 146.0, 142.1, 136.3, 130.0, 129.3, 128.2, 125.9, 124.9, 123.0, 122.8, 116.3, 116.1, 35.0, 34.6, 31.5, 31.3. An 1 H NMR spectrum of 4H4 in suspension in CD2Cl2 without TFA is also provided in the Supporting Information (Figure S37), as this spectrum was used to follow the reactions of 4H4 with Ti(OiPr)4. ESI HRMS: Calc. m/z for [C₅₀H₅6N₂O₄+H] + = 749.4313, found [M+H] + = 749.4308. Hypothetical Ti2(4)2(HO i Pr)4. In a vial, titanium(IV) isopropoxide (9.88 µL, 33.3 µmol) was added to a suspension of 4H4 (20 mg, 26.7 µmol) in anhydrous CD2Cl2 (0.7 mL) at rt. The initial suspension became an orange solution, which was shaken vigorously for 1 min, then transferred under argon to a 5 mm NMR tube. The 1 H NMR spectrum was acquired 30 min after the start of the experiment (Figure 2, top spectrum). Compound Ti4(4)2(4H)2(O i Pr)2. In a sealable vial, titanium(IV) isopropoxide (3.45 µL, 11.68 µL) was added to a degassed suspension of the ligand 4H4 (7 mg, 9.35 µmol) in anhydrous CD2Cl2

  the yield. ESI HRMS of the crude mixture: Calc. m/z for [C206H224N8O₁8Ti4+2H] 2+ = 1645.7461, found [M+2H] 2+ = 1645.7505.

  The Ti-O(phenoxide) bonds are shorter (1.837(2)-1.905(1) Å) than the Ti-O(DMF) bonds

( 2 .

 2 083(2) and 2.160(2) Å). The ligand wraps around the titanium center in a helical fashion. The complex crystallizes in the triclinic P1 space group with two molecules (both the P,  and M,  configuration).

Figure 1 .

 1 Figure 1. X-ray diffraction structure of P,-Ti3(DMF)2. Hydrogen atoms and solvent molecules

Figure 2 .

 2 Figure 2. 1 H NMR spectra (500 MHz, CD2Cl2, 298 K) of the starting ligand 4H4 (bottom) and the crude mixture (top) after addition of Ti(O i Pr)4 (1.25 equiv.) at rt in CD2Cl2. The red dots

Figure 3 .

 3 Figure 3. Positive ESI mass spectrum of the crude reaction mixture between 4H4 and Ti(O i Pr)4

Figure 4 .

 4 Figure 4. Positive ESI high resolution mass spectrum of the crude reaction mixture after addition of Ti(O i Pr)4 (1.25 equiv.) to a suspension of 4H4 (1 equiv.) in anhydrous CD2Cl2 and heating at

  Each titanium(IV) atom is organized around a TiO5N core and is coordinated to four or five phenolic entities of three different 4H4 ligands and the nitrogen atom of one central 4,4'-bipyridine unit. The octahedral coordination sphere of two titanium centers is completed by an ethoxide molecule that originates from an initial crystallization attempt of the same sample in CH2Cl2 stabilized with ethanol. The corresponding ligand exchange reaction is shown in equations 1 and 2. 4 4H4 + 4 Ti(O i Pr)4  Ti4(4)2(4H)2(O i Pr)2 + 14 HO i Pr (Eq. 1) Ti4(4)2(4H)2(O i Pr)2 + 2 EtOH  Ti4(4)2(4H)2(OEt)2 + 2 HO i Pr (Eq. 2)

Figure 5 .

 5 Figure 5. X-ray structure of Ti4(4)2(4H)2(OEt)2. (a) View showing the parallel arrangement of the

Figure 6 .

 6 Figure 6. Molecular model of a C2-symmetrical helical dimer containing four coordinated HO i Pr ligands with a formula of Ti2(4)2(HO i Pr)4. This model corresponds to the most stable situation among the six computed structures. The twisted and non-twisted models of Ti2(4)2(HO i Pr)n (n =

  )2(4H)2(O i Pr)2, where four nitrogen atoms are coordinated to Ti(IV) to form TiO5N nodes. The factors explaining the formation of this species are the presence of four stacked 4,4'-bipyridine units within Ti4(4)2(4H)2(O i Pr)2 as well as the creation of TiO5N nodes rather than the TiO6 units composing the dimeric precursor. A Ti-N linkage provides a higher covalent character than a Ti-O bond because the orbital overlap between the titanium d orbitals and the nitrogen (s,p) orbitals is better than the orbital overlap for a polar Ti-O bond. Therefore, a posteriori, this covalent character explains why the self-assembly process involving a rigid strand bearing both nitrogen and oxygen donor atoms led to an aggregate in which Ti(IV)-nodes containing both nitrogen and oxygen atoms are privileged. ASSOCIATED CONTENT Supporting Information.[START_REF] Smulders | Building on Architectural Principles for Three-Dimensional Metallosupramolecular Construction[END_REF] H,[START_REF] Pan | Chiral Metal-Organic Cages/Containers (MOCs): From Structural and Stereochemical Design to Applications[END_REF] C, 1 H -[START_REF] Chen | A Helicate-Based Three-State Molecular Switch[END_REF] N HSQC NMR spectra, MS spectra, crystallographic data and tables, and molecular models of Ti2(2)2 and Ti2(2)2(HO i Pr)2 are available in theTable of Content GraphicSYNOPSISA bis-biphenol ligand incorporating a 4,4'-bipyridine spacer assembles with four titanium(IV) cations to form a ladder-like arrangement. Changing the position of one linker results in a helical mononuclear titanium(IV) complex.

  : One aromatic carbon was not observed. ESI HRMS: Calc. m/z for [C22H31BO4+Na] + = 393.2208, found [M+Na] + = 393.2202.

	1 H NMR (300 MHz, CDCl3) δ 7.84 (d, J
	= 2.7 Hz, 1H), 7.47 (d, J = 2.7 Hz, 1H), 7.39 -7.34 (m, 2H), 6.97 -6.92 (m, 1H), 6.09 (s, 2H),
	3.78 (s, 3H), 3.38 (s, 3H), 1.35 (s, 9H), 1.33 (s, 9H). 13 C NMR (126 MHz, CDCl3) δ 161.5, 154.5,
	146.1, 143.4, 133.6, 132.2, 130.1, 129.0, 127.0, 125.5, 110.9, 61.2, 55.9, 34.5, 34.3, 31.7, 31.6.

Note

  C NMR (126 MHz, CDCl3) δ 158.8, 154.7, 153.3, 150.7, 147.0, 145.9, 143.0, 140.4, 139.1, 133.9, 132.1, 130.5, 129.0, 128.92, 128.87, 128.2, 127.6, 127.5, 125.8, 125.3, 120.2, 118.9, 110.5, 60.8, 55.8, 34.6, 34.3, 31.71, 31.68. ESI HRMS: Calc. m/z for [C66H72N2O4+H] + = 957.5565, found [M+H] + = 957.5515.

  C NMR (126 MHz, CD3OD) δ 160.3, 152.3, 151.2, 149.8, 148.5, 144.6, 144.4, 141.8, 139.8, 132.0, 131.2, 130.0, 129.7, 129.6, 129.2, 129.0, 128.2, 127.0, 126.9, 126.8, 121.6, 120.7, 116.4, 35.1, 35.0, 32.1, 32.0. ESI HRMS: Calc. m/z for [C62H64N2O4+H] + = 901.4939, found [M+H] + = 901.4921.

  C NMR (126 MHz, CD2Cl2) δ 158.2, 155.1, 154.3, 150.5, 146.5, 146.3, 143.3, 132.9, 132.7, 130.4, 128.9, 127.7, 125.6, 122.9, 120.0, 110.7, 61.2, 55.9, 34.8, 34.4, 31.7, 31.6. ESI HRMS: Calc. m/z for [C54H64N2O4+H] + = 805.4939, found [M+H] + = 805.4945. E.A. calc. for C54H64N2O4+0.5 CH2Cl2: C 77.23, H 7.73, N 3.31; found: C 77.17, H 7.71, N 3.33. In a sealable vial the titanium(IV) isopropoxide (2.53 µL, 8.54 µL)

	Compound Ti3(DMF)2.

Table 1 .

 1 Total Energies of the different complexes (Hartree) after optimization. Difference in energy (ΔE = ENon-Twisted -ETwisted) in kcal/mol between the two configurations of a given complex.

		ETwisted	ENon-Twisted	E
	Complex		
		(Hartree)	(Hartree)	(kcal/mol)
	Ti2(4)2	-4808.82787095 -4808.77994835	30.1
	Ti2(4)2(HO i Pr)2	-5197.45682339 -5197.42487902	20.0
	Ti2(4)2(HO i Pr)4	-5586.11579326 -5586.00566706	69.1
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