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Introduction

Cagelike metallasilsesquioxanes (CLMSs) constitute a wide family of metallacomplexes, providing an impressive variety of nuclearities as well as types of molecular architectures. [START_REF] Murugavel | Hetero-and Metallasiloxanes Derived from Silanediols, Disilanols, Silanetriols, and Trisilanols[END_REF](2)[START_REF] Hanssen | The Dynamic Status Quo of Polyhedral Silsesquioxane Coordination Chemistry[END_REF][START_REF] Roesky | Control of Molecular Topology and Metal Nuclearity in Multimetallic Assemblies: Designer Metallosiloxanes Derived from Silanetriols[END_REF](5)[START_REF] Levitsky | Chemistry of Metallasiloxanes. Current Trends and New Concepts[END_REF][START_REF] Edelmann | Metallasilsesquioxanes -Synthetic and Structural Studies[END_REF][START_REF] Levitsky | Modern Concepts and Methods in the Chemistry of Polyhedral Metallasiloxanes[END_REF][START_REF] Zheng | Current Chemistry of Cyclic Oligomeric Silsesquioxanes[END_REF][START_REF] Ouyang | Recent Progress in Metal-Containing Silsesquioxanes: Preparation and Application[END_REF][START_REF] Levitsky | Silicon and Germanium-Based Sesquioxanes as Versatile Building Blocks for Cage Metallacomplexes[END_REF] These factors logically endow CLMSs with an impressive list of functions and potential applications. Among these, CLMSs' derivatives were investigated in the design of molecular magnets (including examples of single-molecule magnet or spin glass behaviors) [START_REF] Levitsky | Magnetic Cage-like Metallasilsesquioxanes[END_REF][START_REF] Liu | An Octanuclear Cobalt Cluster Protected by Macrocyclic Ligand: In Situ Ligand-Transformation-Assisted Assembly and Single-Molecule Magnet Behavior[END_REF][START_REF] Kulakova | New Magnetic and Luminescent Dy(III) and Dy(III)/Y(III) Based Tetranuclear Silsesquioxane Cages[END_REF][START_REF] Sheng | A Carbonate-Templated Decanuclear Mn Nanocage with Two Different Silsesquioxane Ligands[END_REF][START_REF] Bilyachenko | Family of Polynuclear Nickel Cagelike Phenylsilsesquioxanes; Features of Periodic Networks and Magnetic Properties[END_REF][START_REF] Kulakova | Novel Carbonate/Pyridine Tetranuclear Nickel Complex, Exhibiting Slow Relaxation of the Magnetization[END_REF][START_REF] Bilyachenko | Heterometallic Na6Co3 Phenylsilsesquioxane Exhibiting Slow Dynamic Behavior in Its Magnetization[END_REF] and objects with photophysical properties (e.g., CLMS-based luminescent thermometers). [START_REF] Marchesi | Synthesis of Novel Luminescent Double-Decker Silsesquioxanes Based on Partially Condensed TetraSilanolPhenyl POSS and Tb3+/Eu3+ Lanthanide Ions[END_REF][START_REF] Kulakova | New Luminescent Tetranuclear Lanthanide-Based Silsesquioxane Cage-Like Architectures[END_REF][START_REF] Sheng | Arylazopyrazole-Functionalized Photoswitchable Octanuclear Zn(II)-Silsesquioxane Nanocage[END_REF][START_REF] Nigoghossian | Temperature Sensing in Tb3+/Eu3+-Based Tetranuclear Silsesquioxane Cages with Tunable Emission[END_REF] In turn, several functional coordination polymers, [START_REF] Bilyachenko | A Novel Family of Cage-like (CuLi, CuNa, CuK)-Phenylsilsesquioxane Complexes with 8-Hydroxyquinoline Ligands: Synthesis, Structure, and Catalytic Activity[END_REF][START_REF] Kulakova | A New "Bicycle Helmet"-like Copper(II),Sodiumphenylsilsesquioxane. Synthesis, Structure and Catalytic Activity[END_REF][START_REF] Li | Tunable Structures and Magnetic/Optical Properties of Six Cd(II)-Based Coordination Polymers by Introducing Different Para-or Dia-Magnetic Metal Ions[END_REF][START_REF] Bilyachenko | Cagelike Octacopper Methylsilsesquioxanes: Self-Assembly in the Focus of Alkaline Metal Ion Influence─Synthesis, Structure, and Catalytic Activity[END_REF] ceramics, [START_REF] Loganathan | Assembly of Discrete and Oligomeric Structures of Organotin Double-Decker Silsesquioxanes: Inherent Stability Studies[END_REF][START_REF] Wada | Preparation of Novel Materials for Catalysts Utilizing Metal-Containing Silsesquioxanes[END_REF] anodes, [START_REF] Lin | Metallasilsesquioxane-Derived Ultrathin Porous Carbon Nanosheet 3D Architectures via an "in Situ Dual Templating" Strategy for Ultrafast Sodium Storage[END_REF][START_REF] Lin | In-Situ Pre-Lithiated Onion-like SiOC/C Anode Materials Based on Metallasilsesquioxanes for Li-Ion Batteries[END_REF] fungicides, [START_REF] Bilyachenko | A Family of Cagelike Mn-Silsesquioxane/Bathophenanthroline Complexes: Synthesis, Structure, Catalytic and Antifungal Activity[END_REF] and flame retardants [START_REF] Ye | Copper-Containing Tetra-Phenyl Polyhedral Oligomeric Silsesquioxane Endows Epoxy Resin with Reinforcements in the Thermal Stability, Flame Retardancy and Smoke Suppression[END_REF] were successfully developed on the basis of CLMSs. CLMSs are widely applied as homo-and heterogeneous catalysts as well as components of catalytic systems. [START_REF] Wada | Preparation of Novel Materials for Catalysts Utilizing Metal-Containing Silsesquioxanes[END_REF][START_REF] Abbenhuis | Advances in Homogeneous and Heterogeneous Catalysis with Metal-Containing Silsesquioxanes[END_REF](34)[START_REF] Quadrelli | On Silsesquioxanes' Accuracy as Molecular Models for Silica-Grafted Complexes in Heterogeneous Catalysis[END_REF][START_REF] Ward | Metallasilsesquioxanes: Molecular Analogues of Heterogeneous Catalysts[END_REF][START_REF] Levitsky | Cage-like Metallasilsesquioxanes in Catalysis: A Review[END_REF][START_REF] Levitsky | Oxidation of C-H Compounds with Peroxides Catalyzed by Polynuclear Transition Metal Complexes in Si-or Ge-Sesquioxane Frameworks: A Review[END_REF][START_REF] Calabrese | POSS Nanostructures in Catalysis[END_REF] Among recent reports, CLMSs' activity in (i) deacetalization/deketalization-Knoevenagel reactions, [START_REF] Loganathan | A Site-Isolated Lewis Acidic Aluminium and Brønsted Basic Amine Sites in the Dimeric Silsesquioxane Cage as a Reusable Homogeneous Bifunctional Catalyst for One-Pot Tandem Deacetalization/Deketalization-Knoevenagel Condensation Reactions[END_REF] (ii) Chan-Evans-Lam couplings, (41) (iii) Baeyer-Villiger reactions, (42) (iv) CO 2 valorization, [START_REF] Bilyachenko | A Family of Cagelike Mn-Silsesquioxane/Bathophenanthroline Complexes: Synthesis, Structure, Catalytic and Antifungal Activity[END_REF][START_REF] Sheng | Keggin-Type Tridecanuclear Europium-Oxo Nanocluster Protected by Silsesquioxanes[END_REF] and (v) carboxylations [START_REF] Bilyachenko | Cagelike Rb2-, K2-, and Na2-Tetracopper(II) Silsesquioxanes with Quaternary Ammonium Cations: Synthesis, Structures, and Catalytic Activity[END_REF] should be mentioned. Intriguingly, despite detailed investigations of Mn complexes in catalysis, [START_REF] Carney | Recent Advances of Manganese Catalysis for Organic Synthesis[END_REF][START_REF] Valyaev | Manganese Organometallic Compounds in Homogeneous Catalysis: Past, Present, and Prospects[END_REF] the very first example of catalytically active Mn-CLMSs has been reported by some of us very recently for the oxidative amidation conditions. [START_REF] Astakhov | Cage-like Manganesesilsesquioxanes: Features of Their Synthesis, Unique Structure, and Catalytic Activity in Oxidative Amidations[END_REF] In turn, Mn-CLMSs remain as not widespread representatives of the metallasilsesquioxanes family (only six examples were described before 2021), even though impressive molecular architectures are characteristic of these compounds. [START_REF] Sheng | A Carbonate-Templated Decanuclear Mn Nanocage with Two Different Silsesquioxane Ligands[END_REF][START_REF] Igonin | Novel Class of Transition Metal Coordination Compounds with Macrocyclic Organosiloxanolate Ligands; Their Synthesis and Crystal Structure[END_REF][START_REF] Riollet | Grafting of [Mn(CH2tBu)2(Tmeda)] on Silica and Comparison with Its Reaction with a Silsesquioxane[END_REF][START_REF] Lorenz | The First Heterobimetallic Metallasilsesquioxane Derivatives of Manganese[END_REF][START_REF] Bilyachenko | Cage-like Manganesephenylsiloxane with an Unusual Structure[END_REF][START_REF] Levitsky | Competing Ferro-and Antiferromagnetic Interactions in (Manganese,Sodium) Phenylsilsesquioxane with Metal Oxide Fragments[END_REF][START_REF] Gau | Multinuclear Clusters of Manganese and Lithium with Silsesquioxane-Derived Ligands: Synthesis and Ligand Rearrangement by Dioxygen-And Base-Mediated Si-O Bond Cleavage[END_REF] Being interested in both directions, (i) molecular design of Mn-CLMSs and (ii) evaluation of their catalytic properties, we developed an original "acetone-driven" approach to a new family of Mn-CLMS complexes.

Toluene is a common aromatic volatile organic compound (VOC) that is of particular interest due to its widespread utilization in several chemical industries, such as solvent production, paint manufacturing, pharmaceuticals, and combustion fuel blending. [START_REF] Bokade | Synthesis of Pharmaceutical Intermediates by Toluene Benzylation over Heteropoly Acids on Different Support[END_REF][START_REF] Gorbatenko | Auto-Ignition and Detonation of n-Butanol and Toluene Reference Fuel Blends (TRF)[END_REF][START_REF] Böğrek | Effects of N-Heptane/Toluene/Ethanol Ternary Fuel Blends on Combustion, Operating Range and Emissions in Premixed Low Temperature Combustion[END_REF][START_REF] Balkhyour | Evaluation of Environmental and Biological Monitoring Methods for Toluene Exposure Assessment in Paint Industry[END_REF] It is also associated with significant health hazards and environmental concerns. [START_REF] Filley | The Effects of Toluene on the Central Nervous System[END_REF][START_REF] Davidson | Effects of Inhaled Combined Benzene, Toluene, Ethylbenzene, and Xylenes (BTEX): Toward an Environmental Exposure Model[END_REF] The catalytic oxidation of toluene represents a promising approach for its transformation into valueadded products, including benzaldehyde, benzyl alcohol, cresols, and benzoic acid, thereby reducing its environmental footprint. [START_REF] Kamal | Catalytic Oxidation of Volatile Organic Compounds (VOCs) -A Review[END_REF][START_REF] He | Recent Advances in the Catalytic Oxidation of Volatile Organic Compounds: A Review Based on Pollutant Sorts and Sources[END_REF][START_REF] Murindababisha | Current Progress on Catalytic Oxidation of Toluene: A Review[END_REF] These oxygenated products have various applications in many chemical industries, serving as intermediates for the synthesis of pharmaceuticals, fragrances, and polymers. (63-66) Therefore, developing efficient and selective catalytic systems for toluene oxidation is of great interest from both environmental and economic standpoints.

Significant progress has been made in the field of homogeneous catalytic oxidation of toluene using various abundant first-row transition metal catalysts that show promising catalytic activities. [START_REF] Detoni | Cyclohexane and Toluene Oxidation Catalyzed by 1,10-Phenantroline Cu(II) Complexes[END_REF][START_REF] Würtele | Aliphatic C-H Bond Oxidation of Toluene Using Copper Peroxo Complexes That Are Stable at Room Temperature[END_REF][START_REF] Roy | Tetranuclear Copper(Ii) -Schiff-Base Complexes as Active Catalysts for Oxidation of Cyclohexane and Toluene[END_REF][START_REF] Bhattacharjee | Characterization and Catalytic Properties of Dinuclear Complexes of Copper(II) and Nickel(II): Oxidation of Cyclohexane, Toluene and Cyclopentane[END_REF][START_REF] Sutradhar | Catalytic Oxidation of a Model Volatile Organic Compound (Toluene) with Tetranuclear Cu(II) Complexes[END_REF][START_REF] Sutradhar | Ultrasound and Photo-Assisted Oxidation of Toluene and Benzyl Alcohol with Oxidovanadium(V) Complexes[END_REF][START_REF] Razmara | Single Crystal Structure Feature of a New 0D Cr(III) Complex, a Catalyst for Mild Peroxidative Oxidation of Toluene[END_REF] Manganese-based catalysts have gained considerable attention due to the high natural abundance and varied oxidation states (-3 to +7) of this metal. [START_REF] Carney | Recent Advances of Manganese Catalysis for Organic Synthesis[END_REF][START_REF] Lyu | Catalytic Removal of Toluene over Manganese Oxide-Based Catalysts: A Review[END_REF][START_REF] Wu | Recent Progress of Thermocatalytic and Photo/Thermocatalytic Oxidation for VOCs Purification over Manganese-Based Oxide Catalysts[END_REF][START_REF] Mahmoud | Organomanganese/Amido-Phosphine (DAPTA) Catalyst for Rapid Cyanosilylation of Aldehydes in Glycerol and Solvent-Free Conditions at Room Temperature[END_REF] Although hydrocarbon catalytic oxidation reactions based on Mn complexes have been intensively studied, [START_REF] Jana | A [2 × 2] Cu4Molecular Grid and a Mn5 Cluster Derived from a 1-(2-Pyridyl)Pyrazole Based Polytopic Ligand -Synthesis, Structure, Magnetic Properties and Catalytic Activity in the Allylic Oxidation of Cyclohexene[END_REF][START_REF] Alexandru | μ-Chlorido-Bridged Dimanganese(II) Complexes of the Schiff Base Derived from [2 + 2] Condensation of 2,6-Diformyl-4-Methylphenol and 1,3-Bis(3-Aminopropyl)Tetramethyldisiloxane: Structure, Magnetism, Electrochemical Behaviour, and Catalytic Oxidation of Secondary Alcohols[END_REF][START_REF] Sutradhar | Dinuclear Mn(Ii, Ii) Complexes: Magnetic Properties and Microwave Assisted Oxidation of Alcohols[END_REF][START_REF] Shixaliyev | Halogen-Bonded Tris(2,4-Bis(Trichloromethyl)-1,3,5-Triazapentadienato)-M(Iii) [M = Mn, Fe, Co] Complexes and Their Catalytic Activity in the Peroxidative Oxidation of 1-Phenylethanol to Acetophenone[END_REF][START_REF] Mahmudov | Mn II and Cu II Complexes with Arylhydrazones of Active Methylene Compounds as Effective Heterogeneous Catalysts for Solvent-and Additive-Free Microwave-Assisted Peroxidative Oxidation of Alcohols[END_REF][START_REF] Nesterova | Crystal Structures and Catalytic Activity of Cu(II) and Mn(III) Schiff Base Complexes: Influence of Additives on the Oxidation Catalysis of Cyclohexane and 1-Phenylehanol[END_REF][START_REF] Shul'pin | A Hydroperoxo-Rebound Mechanism of Alkane Oxidation with Hydrogen Peroxide Catalyzed by Binuclear Manganese(IV) Complex in the Presence of an Acid with Involvement of Atmospheric Dioxygen[END_REF][START_REF] Librando | Triazaphosphaadamantane-Functionalized Terpyridine Metal Complexes: Cyclohexane Oxidation in Homogeneous and Carbon-Supported Catalysis[END_REF] their utilization for homogeneous oxidation of toluene is still very scarce. [START_REF] Mac Leod | Mild Oxidation of Alkanes and Toluene by Tert-Butylhydroperoxide Catalyzed by an Homogeneous and Immobilized Mn(Salen) Complex[END_REF] Following our interest in the mild oxidation of hydrocarbon VOCs, a representative Mn 3 Na 3 -based compound was employed as a catalyst for the microwave-assisted homogeneous oxidation of toluene as a model substrate, making it the first example of CLMS exhibiting catalytic activity toward this particular reaction. A choice of fruitful synthetic solutions for the self-assembly of CLMS complexes remains a challenging task. Numerous articles confirm the opportunity for transformation of simple RSi(OR') 3 reagents into complicated CLMS structures [START_REF] Kulakova | New Magnetic and Luminescent Dy(III) and Dy(III)/Y(III) Based Tetranuclear Silsesquioxane Cages[END_REF][START_REF] Sheng | A Carbonate-Templated Decanuclear Mn Nanocage with Two Different Silsesquioxane Ligands[END_REF][START_REF] Bilyachenko | Family of Polynuclear Nickel Cagelike Phenylsilsesquioxanes; Features of Periodic Networks and Magnetic Properties[END_REF][START_REF] Kulakova | Novel Carbonate/Pyridine Tetranuclear Nickel Complex, Exhibiting Slow Relaxation of the Magnetization[END_REF][START_REF] Bilyachenko | Heterometallic Na6Co3 Phenylsilsesquioxane Exhibiting Slow Dynamic Behavior in Its Magnetization[END_REF][START_REF] Kulakova | New Luminescent Tetranuclear Lanthanide-Based Silsesquioxane Cage-Like Architectures[END_REF][START_REF] Sheng | Arylazopyrazole-Functionalized Photoswitchable Octanuclear Zn(II)-Silsesquioxane Nanocage[END_REF][START_REF] Nigoghossian | Temperature Sensing in Tb3+/Eu3+-Based Tetranuclear Silsesquioxane Cages with Tunable Emission[END_REF][START_REF] Bilyachenko | A Novel Family of Cage-like (CuLi, CuNa, CuK)-Phenylsilsesquioxane Complexes with 8-Hydroxyquinoline Ligands: Synthesis, Structure, and Catalytic Activity[END_REF][START_REF] Kulakova | A New "Bicycle Helmet"-like Copper(II),Sodiumphenylsilsesquioxane. Synthesis, Structure and Catalytic Activity[END_REF][START_REF] Li | Tunable Structures and Magnetic/Optical Properties of Six Cd(II)-Based Coordination Polymers by Introducing Different Para-or Dia-Magnetic Metal Ions[END_REF][START_REF] Bilyachenko | Cagelike Octacopper Methylsilsesquioxanes: Self-Assembly in the Focus of Alkaline Metal Ion Influence─Synthesis, Structure, and Catalytic Activity[END_REF][START_REF] Astakhov | II)-Silsesquioxanes as Efficient Precatalysts for Chan-Evans-Lam Coupling[END_REF][START_REF] Bilyachenko | Cage-like Cu5Cs4-Phenylsilsesquioxanes: Synthesis, Supramolecular Structures, and Catalytic Activity[END_REF][START_REF] Sheng | Keggin-Type Tridecanuclear Europium-Oxo Nanocluster Protected by Silsesquioxanes[END_REF][START_REF] Bilyachenko | Cagelike Rb2-, K2-, and Na2-Tetracopper(II) Silsesquioxanes with Quaternary Ammonium Cations: Synthesis, Structures, and Catalytic Activity[END_REF][START_REF] Astakhov | Cu6-And Cu8-Cage Sil-And Germsesquioxanes: Synthetic and Structural Features, Oxidative Rearrangements, and Catalytic Activity[END_REF][START_REF] Bilyachenko | Heptanuclear Cage CuII-Silsesquioxanes: Synthesis, Structure and Catalytic Activity[END_REF] via the intermediate alkaline hydrolysis stage. [START_REF] Prigyai | Lithium-Templated Formation of Polyhedral Oligomeric Silsesquioxanes (POSS)[END_REF][START_REF] Laird | Functionalised Polyhedral Oligomeric Silsesquioxane with Encapsulated Fluoride -First Observation of Fluxional Si•••F Interactions in POSS[END_REF] In this context, recent positive results witnessed a successful approach to a large family (14 examples) of copper-based CLMSs via the use of acetone as a key solvate. [START_REF] Sheng | Arylazopyrazole-Functionalized Photoswitchable Octanuclear Zn(II)-Silsesquioxane Nanocage[END_REF][START_REF] Bilyachenko | A Novel Family of Cage-like (CuLi, CuNa, CuK)-Phenylsilsesquioxane Complexes with 8-Hydroxyquinoline Ligands: Synthesis, Structure, and Catalytic Activity[END_REF][START_REF] Bilyachenko | Acetone Factor in the Design of Cu4-, Cu6-, and Cu9-Based Cage Coppersilsesquioxanes: Synthesis, Structural Features, and Catalytic Functionalization of Alkanes[END_REF] To reveal the reproducibility of the "acetone principle" on Mn-CLMSs self-assembly, we performed the synthesis of two analogues of compounds from ref [START_REF] Astakhov | Cage-like Manganesesilsesquioxanes: Features of Their Synthesis, Unique Structure, and Catalytic Activity in Oxidative Amidations[END_REF] in the presence of acetone (Scheme S1). They successfully provided the compounds [(Ph 6 Si 6 O 12 ) 2 Mn 3 III Mn II Na 2 Cl(phen)(DMF) 4 (acetone)]. 2(acetone) 1 in 69% yield (Figure S1) and [(Ph 4 Si 4 O 8 ) 2 Mn 2 III Mn 2 II (OH) 2 (phen) 4 ]. 5.5(acetone) 2 in 50% yield (Figure S2). The structures of both compounds 1 and 2 are similar to those of their predecessors and thus discussed in the SI.

Results and Discussion

Synthesis and

Higher yields of 1 and 2 than those for complexes reported in ref [START_REF] Astakhov | Cage-like Manganesesilsesquioxanes: Features of Their Synthesis, Unique Structure, and Catalytic Activity in Oxidative Amidations[END_REF] (69 vs 60%, 50 vs 39%) pointed out the potential of acetone as a key solvating ligand. In the progress of this approach, we performed the self-assembly synthesis of Mn-silsesquioxanes in acetone media. As the formation of single-crystal products directly from the initial reaction media was found unsuccessful, additional complexations with pyrazine (Scheme 1, left) and 3,5-dimethylpyrazole (dmpzH; Scheme Several structural features of compounds 3 and 4 (Figures 1 and2) are unprecedented for the CLMS family. First of all, this type of nuclearity (Mn 3 Na 3 ) has never been reported for Mn-CLMSs.

Second, sodium cations are intriguingly located, along with the transition metal ions, in the metal belt of prismatic CLMSs. Repeating Mn•••O•••Na contacts form a distorted circular central unit (Figure 3). Such a location of metal ions allowed each manganese ion to be coordinated by an organic ligand (pyrazine for 3; 3,5-dimethylpyrazole for 4). At the same time, the sodium centers of Color code: Si, yellow; O, red; Mn, violet; Na, aquamarine; C, gray; N, blue.

CLMS represents an inverse type of ligation, where sodium centers are ligated by phenanthrolines, while copper ions are "ligand-naked." [START_REF] Dronova | A New Type of Supramolecular Organization in the Cage-like Metallasiloxanes[END_REF] Two additional structural features should be mentioned in the context of N,N-ligands in the structures of 3 and 4. For complex 3, one could see that despite the strong tendency of pyrazine to bridge metal ions, (92) it coordinates only to the manganese center of one cage without formation of a coordination polymer structure. This is quite unusual in comparison to the well-described ability of 1,4-dioxane (which could be considered as a pyrazine structural analogue) to form CLMSs' supramolecular assemblies. [START_REF] Bilyachenko | Family of Polynuclear Nickel Cagelike Phenylsilsesquioxanes; Features of Periodic Networks and Magnetic Properties[END_REF][START_REF] Dronova | A New Type of Supramolecular Organization in the Cage-like Metallasiloxanes[END_REF][START_REF] Bilyachenko | Tuning Linkage Isomerism and Magnetic Properties of Biand Tri-Metallic Cage Silsesquioxanes by Cation and Solvent Effects[END_REF][START_REF] Dronova | Solvent-Controlled Synthesis of Tetranuclear Cage-like Copper(II) Silsesquioxanes. Remarkable Features of the Cage Structures and Their High Catalytic Activity in Oxidation with Peroxides[END_REF] For complex 4, one can observe a simple, pyridine-like coordination of a dmpzH ligand to the manganese center. Thus, no tendency of the pyrazole ligand to bind in an endo-or exobidentate fashion ( 95) is detected here. This is also unusual, taking in Color code is the same as that for Figure 1.

mind the fact that all previously reported examples of pyrazolate-involved metallasesquioxanes described a bridging manner of ligation. [START_REF] Sheng | Arylazopyrazole-Functionalized Photoswitchable Octanuclear Zn(II)-Silsesquioxane Nanocage[END_REF][START_REF] Sheng | Keggin-Type Tridecanuclear Europium-Oxo Nanocluster Protected by Silsesquioxanes[END_REF][START_REF] Liu | Space Craft-like Octanuclear Co(II)-Silsesquioxane Nanocages: Synthesis, Structure, Magnetic Properties, Solution Behavior, and Catalytic Activity for Hydroboration of Ketones[END_REF][START_REF] Kulakova | The First Tris-Heteroleptic Copper Cage, Ligated by Germsesquioxanes, 2,2′-Bipyridines and 3,5-Dimethylpyrazolates. Synthesis, Structure and Unique Catalytic Activity in Oxidation of Alkanes and Alcohols with Peroxides[END_REF] Finally, the formation of compounds 3 and 4 involves the spontaneous oxidation of initial Mn II ions (from the MnCl 2 reagent). Several previous reports on Mn-CLMSs discussed only partial oxidation of manganese(II) to manganese(III) with the formation of mixed Mn II Mn III -CLMSs, [START_REF] Sheng | A Carbonate-Templated Decanuclear Mn Nanocage with Two Different Silsesquioxane Ligands[END_REF][START_REF] Astakhov | Cage-like Manganesesilsesquioxanes: Features of Their Synthesis, Unique Structure, and Catalytic Activity in Oxidative Amidations[END_REF][START_REF] Gau | Multinuclear Clusters of Manganese and Lithium with Silsesquioxane-Derived Ligands: Synthesis and Ligand Rearrangement by Dioxygen-And Base-Mediated Si-O Bond Cleavage[END_REF] including compounds 1 and 2. Unlike this, all manganese ions in 3 and 4 are in the Mn(III) state, giving nine positive charges. With three positive charges from three sodium ions, this is enough to compensate for 12 negative charges from two hexameric silsesquioxane ligands (Ph 6 Si 6 O 12 ) 6-.

Finally, one can see encapsulated species (water molecule) in the inner cavity of both cages in 3 and (νasSi-O in the Si-O-M fragment), and 730-670 cm -1 (σC-H of the monosubstituted phenyl group). These characteristics are quite usual for the CLMS family.

Magnetic Properties

The magnetic properties of compounds 3 and 4 were investigated with a SQUID MPMS3 magnetometer working in the 1.8-310 K range up to 7 T. The temperature dependences of the magnetic susceptibility in direct current (dc) mode were performed under an applied magnetic field of 1000 Oe. At room temperature, the χT values of 8.25 and 10 cm 3 K mol -1 for 3 and 4, respectively, are in a relatively good agreement with the theoretical value of 9.0 cm 3 K mol -1 expected for three noninteracting Mn 3+ ions assuming an isotropic g-value of 2.00. (98,99) For both compounds, the χT product decreases as the temperature decreases, which reflects the presence of antiferromagnetic interactions between the manganese ions or zero-field splitting (Figure 4a).

The field dependences of the magnetization performed at 1.8 K for both compounds show a linear and rapid increase of magnetization in the low field region and then a slow increase after 1 T.

However, saturation is never reached even at 7 T, which indicates the presence of antiferromagnetic interactions.

8 The circle symbols represent the experimental data, and the line curves represent the fit using

Hamiltonian [START_REF] Murugavel | Hetero-and Metallasiloxanes Derived from Silanediols, Disilanols, Silanetriols, and Trisilanols[END_REF].

The magnetic data were fitted by using isotropic Heisenberg interactions on the triangle with three nonequivalent exchange paths in the structure (see the inset in Figure 4a) following PHI Chilton's group software (100)

where is the spin of the ith ion, B ⃗ is the external magnetic field, g is the g-factor, and J ij is the magnetic exchange energy between the ith and jth ions. The best obtained parameters are equal to J 12 = -1.51 ± 0.02, J 13 = 0.63 ± 0.02, and J 23 = 0.24 ± 0.01 cm -1 with g = 1.932 ± 0.001 for 3 and J 12 = -1.17 ± 0.01, J 13 = 0.20 ± 0.04, and J 23 = 0.11 ± 0.02 cm -1 with g = 1.927 ± 0.001 for 4. Note that the obtained interactions are rather weak, as expected considering the relatively long intramolecular distances between the manganese atoms in the structure (for instance, direct intramolecular Mn•••Mn distances vary between 4.995 and 5.069 Å for 3 and between 4.911 and 4.997 Å for 4).

Catalytic Properties

The catalytic performance of compound 4 was evaluated for the oxidation of aromatic VOCs to produce valuable oxygenated products, and toluene was chosen as the representative substrate due to its significant potential health and environmental risks. [START_REF] Filley | The Effects of Toluene on the Central Nervous System[END_REF][START_REF] Davidson | Effects of Inhaled Combined Benzene, Toluene, Ethylbenzene, and Xylenes (BTEX): Toward an Environmental Exposure Model[END_REF]) Under microwave irradiation, compound 4 demonstrated a catalytic activity in the peroxidative oxidation of toluene using an aqueous solution of t BuOOH (TBHP) in acetonitrile in the presence of nitric acid as a cocatalyst, which resulted in the formation of benzaldehyde, benzyl alcohol, and benzoic acid (Table 1). TBHP was selected as an environmentally friendly oxidizing agent, comparable to hydrogen peroxide To investigate the effect of the catalyst loading, the reactions were typically conducted in the presence of 0.4 mmol of toluene, 1.2 mmol (3 equiv) of the TBHP oxidant, and nitric acid (acid/catalyst ratio of 50) in acetonitrile at 80 °C under microwave irradiation for 1 h. Increasing the catalyst amount from 0.25 to 3 mol % had a negative impact on the total yield, which decreased from 19 to 11%, and the amount of benzaldehyde obtained (Table 1, entries 1-3, and Figure 5).

However, the highest yield of benzoic acid was observed using 0.5 mol % of the catalyst. h Reaction performed using MnCl 2 as a catalyst. i Reaction performed in the presence of diphenylamine.

To study the effect of microwave irradiation as a more efficient energy source, the reaction was conducted using a 0.5 mol % catalyst under conventional heating in an oil bath at 80 °C (Table 1, entry 4). The mixture of the oxidized products was obtained in a total yield of 13.4% after 12 h, which is comparable to that obtained after only 1 h under microwave irradiation (Table 1, entry 2).

Considering the evident time efficiency advantage associated with microwave utilization, it will be used as the energy source for the rest of the study.

Increasing the amount of the TBHP oxidant from 1-to 10-fold molar equivalents, relative to the substrate, had no effect on the total yield, which remained around 12% without a significant change (Table 1, entries 2 and 5-7, and Figure 6), agreeing with the robust nature of the catalyst and the stability of the catalytic species in harsh oxidizing conditions. However, it did improve the selectivity toward benzaldehyde formation and reduced benzoic acid amounts. The maximum quantity of benzoic acid was obtained when using a toluene-to-oxidant ratio of 1:3. Enhancing the nitric acid-to-catalyst 4 ratio from 10 to 30 in the reaction medium improved the reaction rate by increasing the yield of all three oxidation products (Table 1, entries 2 and 8-10).

However, further increasing the amount of the acid cocatalyst did not have a significant effect on either the total reaction yield or selectivity toward a specific product.

Increasing the reaction time from 1 to 6 h promoted the production of all of the oxygenated products, with the overall yield increasing from 12.9 to 42.5%, and improved the selectivity toward benzoic acid formation from 33.3 to 62.1% (Table 1, entries 2 and 11-13, and Figure 7). Extending the reaction time to 8 h only slightly increased the total yield from 42.5 to 44%.

The effect of the temperature parameter has also been studied (Table 1, entries 2, 14, and 15, and Figure 8). Increasing the reaction temperature from 60 to 100 °C did not have a considerable effect on the amounts of benzaldehyde and benzyl alcohol obtained. However, the quantities of benzoic acid formed were improved, resulting in an overall increase in the total yield. Due to the utilization of aqueous TBHP solution as an oxidant, water is already present in the reaction medium. To investigate the impact of water content on the reaction progress, additional experiments were performed by introducing further water amounts in the reaction medium (Table 1, entries 2 and 16-18, and Figure 9). It was observed that increasing the amounts of water in the reaction medium had a negative impact on the total yield of the oxygenated products. However, the selectivity toward benzaldehyde formation increased from 51.5%, without additional amounts of water, to 100% when water was employed as the sole solvent. The utilization of the Mn salt precursor used in the synthesis of compound 4 as a catalyst for toluene oxidation led to the formation of benzaldehyde and benzyl alcohol with a total yield of only 6.4%, and no benzoic acid was observed (Table 1, entry 19).

Benzoic acid is widely prevalent and has found applications in diverse production processes. It is commonly employed as a flavoring agent in food, is a component in cosmetics, hygiene, and pharmaceutical products, and serves as an effective preservative with antifungal and antibacterial properties. [START_REF] Maki | Benzoic Acid and Derivatives[END_REF][START_REF] Del Olmo | Benzoic Acid and Its Derivatives as Naturally Occurring Compounds in Foods and as Additives: Uses, Exposure, and Controversy[END_REF] Based on the optimization study and the significance of benzoic acid as the most desired product, [START_REF] Maki | Benzoic Acid and Derivatives[END_REF][START_REF] Del Olmo | Benzoic Acid and Its Derivatives as Naturally Occurring Compounds in Foods and as Additives: Uses, Exposure, and Controversy[END_REF] performing the toluene oxidation reaction in acetonitrile using 0.5 mol % catalyst 4, 3 equiv of the TBHP oxidant, and the nitric acid promoter with an acid-to-catalyst molar ratio of 30, under microwave irradiation at 100 °C, resulted in a 36.8% yield of benzoic acid and a total yield of 53.6% after 6 h (Table 1, entry 20).

Performing the reaction in the presence of a carbon-and oxygen-based radical trap, namely, diphenylamine, (72) had a significant inhibition effect (Table 1, entry 21), which indicates the radical nature of the reaction. Therefore, the course of the reaction is expected to follow the mechanism presented in eqs 2-9.

(

) (3) 2 
(5)

The reaction begins with the metal-assisted decomposition of TBHP (eq 2 and 3), leading to the generation of t BuOO • and t BuO • radicals by reducing Mn(III) or oxidizing Mn(II). (105) The t BuO • radical abstracts a H atom from toluene, forming the benzyl (PhCH 2 • ) radical (eq 4). (106) Subsequently, the benzyl radical reacts with O 2 to yield the benzyl peroxyl (PhCH 2 OO • ) radical (eq 5). (107) Through dismutation, the benzyl peroxyl radical transforms into benzaldehyde and benzyl alcohol (eq 6). [START_REF] Sutradhar | Catalytic Oxidation of a Model Volatile Organic Compound (Toluene) with Tetranuclear Cu(II) Complexes[END_REF][START_REF] Sutradhar | Ultrasound and Photo-Assisted Oxidation of Toluene and Benzyl Alcohol with Oxidovanadium(V) Complexes[END_REF][START_REF] Razmara | Single Crystal Structure Feature of a New 0D Cr(III) Complex, a Catalyst for Mild Peroxidative Oxidation of Toluene[END_REF] The H-abstraction from benzaldehyde by t BuO • results in the formation of the benzoyl (PhC(O) • ) radical, which in turn reacts with O 2 to obtain the benzoylperoxy (PhC(O)OO • ) radical (eq 8). This benzoylperoxy radical adds to the carbonyl group of benzaldehyde, forming an adduct that rearranges and fragments into benzoic acid and a benzoyloxy radical (eq 9). ( 108)

While the catalytic oxidation of toluene using heterogeneous manganese oxide catalysts has been intensively studied, (109-111) the utilization of manganese complexes as homogeneous catalysts remains scarce. In this study, complex 4 was employed as a homogeneous catalyst for toluene oxidation with TBHP in the presence of a nitric acid promoter, which resulted in the formation of benzaldehyde, benzyl alcohol, and benzoic acid as the main products. The catalytic system achieved a total yield of 53.6%, with a higher selectivity toward benzoic acid (approximately 70%) at 100 °C under microwave irradiation after 6 h.

The utilization of a Mn III -Salen complex as a catalyst for the oxidation of toluene with TBHP, in the presence of the nitric acid promoter, resulted in the formation of benzaldehyde and benzyl alcohol with a total yield of around 6% after 24 h, at room temperature, with a higher selectivity (98%) toward the former product. Complexes based on other transition metals, namely, V, [START_REF] Sutradhar | Ultrasound and Photo-Assisted Oxidation of Toluene and Benzyl Alcohol with Oxidovanadium(V) Complexes[END_REF]112,113) Cr, (73) Cu, [START_REF] Sutradhar | Catalytic Oxidation of a Model Volatile Organic Compound (Toluene) with Tetranuclear Cu(II) Complexes[END_REF] and Au, (114) have been studied as homogeneous catalysts for peroxidative oxidation of toluene in acetonitrile to obtain mixtures of oxygenated products (Table S2). In general, they exhibited moderate activities and a high selectivity toward benzaldehyde formation. In this context, our catalytic protocol demonstrated an enhanced activity in terms of a relatively high total yield of 53.6% and a higher selectivity toward benzoic acid formation.

Conclusions

A convenient acetone-involved approach for cagelike manganesephenylsilsesquioxanes has been developed. This allowed the description of a family of tri and tetra manganesesilsesquioxane complexes with different N,N-ligands (1,10-phenanthroline, pyrazine, or dmpzH). Application of acetone as a key solvate gave optimistic results in terms of both isolation of early unknown CLMS types and their high yields. Interaction of Mn(III) ions in the pyrazine-and dmpzH-based Mn 3 Na 3 compounds resulted in antiferromagnetic behavior. The precatalytic activity of complex 4, as a representative Mn 3 Na 3 -based compound, for the oxidation of an aromatic VOC was assessed by using toluene as a model substrate. In this context, complex 4 exhibits a promising catalytic activity toward peroxidation of toluene using the TBHP oxidant in the presence of a nitric acid promoter.

The reaction yielded benzaldehyde, benzyl alcohol, and benzoic acid as the primary products, with a relatively high total yield and a high selectivity toward benzoic acid formation under microwave irradiation. The catalytic protocol developed in this study demonstrated enhanced activity toward toluene oxidation when compared to the previously reported homogeneous catalytic systems, which exemplify the effectiveness of the Mn-CLMS catalysts in promoting VOC oxidation reactions toward the formation of value-added organic products.
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 1 Scheme 1. General Method of the Synthesis of Mn 3 Na 3 -Phenylsilsesquioxane Complexes with Pyrazine 3 and dmpzH 4.
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 41 Figure 1. Side and top views of the Mn 3 Na 3 -phenylsilsesquioxane complex with pyrazine ligand 3.

Figure 2 .

 2 Figure 2. Side and top views of the Mn 3 Na 3 -phenylsilsesquioxane complex with dmpzH ligand 4.

4 .

 4 This can be compared to the observation of an encapsulated chloride in a sandwich-like Mn 6silsesquioxane. (48) Both compounds 3 and 4 exhibit the presence of d-d transitions (ultravioletvisible (UV-vis) spectra, FigureS4) and a similar set of peaks in IR spectra (FigureS5): 1700-1550 cm -1 (νC═C, νC═N), 1150 cm -1 (νPh-Si), 1050-940 cm -1 (νasSi-O, νasSi-O-Si), 900 cm-1 

Figure 3 .

 3 Figure 3. Two projections of the metal oxide central belt in complexes 3-4. Color code is the same as that for Figure 1. Encapsulated water molecules are not shown.

Figure 4 .

 4 Figure 4. (a) χT curves under an external magnetic field of 1000 Oe as a function of temperature for 3 and 4. Inset: schematic representation of the triangle with a nonequivalent exchange path in 3 and 4 with three different interactions between Mn 3+ ions (J 12 , J 13, and J 23 ) used for the fit. (b) Magnetization curves at 1.8 K as a function of the external continuous magnetic field for 3 and 4.

(H 2 O 2 )

 22 and molecular oxygen (O 2 ), due to its higher reactivity in comparison to O 2 and greater thermal stability than H 2 O 2 . (101) Furthermore, TBHP could be conveniently employed as an oxidizing agent in a closed vial under microwave irradiation. (84,102,103) Acetonitrile was chosen as the preferred solvent for its resistance to oxidation under the experimental conditions employed in this study and its ability to activate peroxides by forming the peroxyimidic acid intermediate, which acts as an effective oxygen transfer agent. (104)

Figure 6 .

 6 Figure 6. Yields obtained from the toluene oxidation reaction using different amounts of the TBHP oxidant. {Reaction conditions: toluene (0.4 mmol), catalyst (0.5 mol %), MeCN (350 μL), HNO 3 (Acid/Cat. = 50), 80 °C, 1 h}.

Figure 5 .

 5 Figure 5. Yields obtained from the toluene oxidation reaction using different amounts of catalyst 4. {Reaction conditions: toluene (0.4 mmol), TBHP (1.12 mmol), MeCN (350 μL), HNO 3 (Acid/Cat. = 50), 80 °C, 1 h}.

Figure 8 .

 8 Figure 8. Yields obtained from the toluene oxidation reaction using catalyst 4 to study the effect of reaction temperature. {Reaction conditions: toluene (0.4 mmol), catalysts (0.5 mol %), TBHP (1.12 mmol), MeCN (350 μL), HNO 3 (Acid/Cat. = 50), 1 h}.

Figure 7 .

 7 Figure 7. Yields obtained from the toluene oxidation reaction using catalyst 4 to study the effect of reaction time. {Reaction conditions: toluene (0.4 mmol), catalysts (0.5 mol %), TBHP (1.12 mmol), MeCN (350 μL), HNO 3 (Acid/Cat. = 50), 80 °C}.

Figure 9 .

 9 Figure 9. Yields obtained from the toluene oxidation reaction using catalyst 4 to study the effect of using additional water amounts. {Reaction conditions: toluene (0.4 mmol), catalysts (0.5 mol %), TBHP (1.12 mmol), MeCN + H 2 O, HNO 3 (Acid/Cat. = 50), 80 °C}.

6 Si 6 O 12 ) 2 Mn 3 III Na 3 (pyrazine) 2.5 (acetone) 2.5 (H 2 O) 1.75 ] 3 (in 58% yield) and [(Ph 6 Si 6 O 12 ) 2

  

	[(Ph Mn 3 III Na 3 (dmpzH) 3 (acetone) 3 (H 2 O)] 4 (in 64% yield).				
									1, right)
	were	performed.	Both	reactions	smoothly	gave	cage	compounds,	namely,

Table 1 .

 1 Toluene Oxidation Using Catalyst 4 a

								yield (%) c	
	entry 1	catalyst loading b (mol %) 0.25	oxidant b (n equiv) 3	acid/ catalyst 50	temperature (°C) 80	time (h) 1	benzaldehy de 11.6	benzyl alcohol 4.0	benzoic acid total 3.5 19.1
	2	0.5	3	50	80	1	6.6	2.0	4.3	12.9
	3	3	3	50	80	1	5.9	2.4	2.6	10.9
	4 d	0.5	3	50	80	12	5.6	2.1	5.6	13.4
	5	0.5	1	50	80	1	5.8	2.4	3.3	11.5
	6	0.5	5	50	80	1	7.3	2.0	3.2	12.5
	7	0.5	10	50	80	1	8.5	1.7	2.0	12.2
	8	0.5	3	10	80	1	4.2	1.1	3.0	8.3
	9	0.5	3	30	80	1	6.4	2.0	3.9	12.3
	10	0.5	3	90	80	1	6.7	2.1	4.0	12.8
	11	0.5	3	50	80	3	6.8	2.2	10.1	19.1
	12	0.5	3	50	80	6	11.7	4.4	26.4	42.5
	13	0.5	3	50	80	8	11.9	4.0	28.1	44.0
	14 15	0.5 0.5	3 3	50 50	60 100	1 1	7.1 7.5	1.6 2.1	0 10.9	8.7 20.5
	16 e	0.5	3	50	100	1	6.3	0	3.9	10.2
	17 f	0.5	3	50	80	1	5.2	0	3.3	8.5
	18 g	0.5	3	50	80	1	3.7	0	0	3.7
	19 h 20	0.5 0.5	3 3	50 50	80 100	1 6	4.9 12.2	1.5 4.6	0 36.8	6.4 53.6
	21 i	0.5	3	50	100	6	3.4	0	3.6	7.0

a Reaction conditions: toluene (0.4 mmol), catalyst 4, aqueous TBHP (70%), 350 μL of the MeCN solvent, nitric acid, MW irradiation (10 W). b Based on toluene. c Determined by GC analysis. d Reaction performed under conventional heating in an oil bath. e Reaction performed in a mixture of H 2 O and MeCN (1:4). f Reaction performed in a mixture of H 2 O and MeCN (1:1).

g Reaction performed in H 2 O as a sole solvent.
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