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Cage-likeF e,Na-Germsesquioxanes:Structure,M agnetism,and Catalytic Activity

Abstract: As eries of four unprecedented heterometallic metallagermsesquioxanes were synthesized. Their cage-like architectures have au nique type of molecular topology consisting of the hexairon oxo{ Fe 6 O 19 }c ore surrounded in at riangular manner by three cyclic germoxanolates [PhGe-(O)O] 5 .T his structural organization induces antiferromagnetic interactions between the Fe III ions through the oxygen atoms.E valuated for this first time in catalysis,t hese compounds showed ah igh catalytic activity in the oxidation of alkanes and the oxidative formation of benzamides from alcohols.

The design of metal-based polycyclicc age-like compounds has attracted ag reat deal of attention from researchers worldwide over several decades owing to their structural diversity and their potential technological applications especially in catalysis. [1] Numerous metal-oxygen clusters, [1b,c,j] metal-organic frameworks [1d,l,m] or metal-organic polyhedrons [1f,n] have been designed by using av ariety of selfassembling or templated reactions.A mong those,awide family of polynuclear cage-like metallasilsesquioxanes (CLMSs) architectures with interesting structural topologies [2] and important catalytic activity (e.g.i ne poxidation, oxidation and polymerization) [3] has been synthesized through ar eaction involving transition-metal ions and silsesquioxane [RSiO 1.5 ] n ligands.S urprisingly,e xamples of cage-like architectures involving another metalloid close to silicon, namely germanium, are scarce despite the great potential of this element in organometallic chemistry.T oour knowledge there is only aseries of compounds obtained from germasesquioxane [RGeO 1.5 ] 2 (R = HOOCCH 2 CH 2 )and various cations. [4] Their hydrothermal synthesis requires relatively hard conditions consisting of several days of reactions at 110 8 8C. It is worth mentioning that to date focus has only been on the synthesis,t hermogravimetric analysis,l uminescence, and sorption properties of these architectures and no investigation of the catalytic activity of metallagermanates has been reported.

Herein, we report an alternative and simplified synthetic approach to design aseries of unprecedented individual cagelike metallagermsesquioxanes under mild conditions.I n addition, the catalytic activity and magnetic properties of the metallagermsesquioxanes will be discussed.

Thes (4; Scheme S1 in the Supporting Information) in higher yields (up to 26 %). Single-crystal X-ray diffraction analyses of 1-4 revealed similar structural organization with the cage-like molecular architecture.T he complexes are formed by ac entral hexairon(III) oxo {Fe 6 O 19 }c ore,r eminiscent of the "Lindqvist polyanion", coordinated by three pentameric germoxanolate [PhGe(O)O À ] 5 ligands,f orming an unprecedented three-pointed star geometry.

In the representative crystal structure of 1,the octahedral iron ions are located in vertexes of an octahedron (Figure 1). They are connected through the central and peripheral oxygen atoms.F e À O(Fe) distances are in the range of 1.99-2.05 ,t hose of Fe À O(Ge) and Fe À Fe are in the range of 1.87-1.90 and 3.16-3.27 ,respectively.Inturn, the values of the FeÀOÀFe angle depend on the position of the oxygen atom. It is close to 908 8 when the oxygen occupies the central position and significantly exceeds 908 8 in the other cases (]Fe À O1 À Fe :8 8.1-91.78 8; ]Fe À O À Fe :1 01.9-108.28 8). The Pentameric germoxanolate fragment of 1 adopts ac rown configuration (Figure S1), with the main structural parameters:G e À O(Ge) 1.740-1.791 , ]Ge À O À Ge 117.6-129.08 8. Note that the only example of cyclic germanoxane fragments in metallagermsesquioxane structures describe hexameric units. [4a] Thestructural organization of the related compounds 2-4 is similar to 1.T he difference consists in additional coordination of the respective bidentate ligands (1,10-phenanthroline,2 ,2'-bipyridine,n eocuproine) to the Na ions (Figure S2). Noteworthy is that sodium ions are located in external positions to the cage and, thus,a re responsible for the supramolecular packing (Figure S3). According to the higher yields of 2-4 in comparison to 1,b identate ligands might give additional stabilization of the metallagermsesquioxane cage and facilitate its crystallization. These results show that germsesquioxanes indeed provide great potential for creation of cage metalladerivatives,e ven when using simple alkoxygermane as an initial reagent. Drawing an analogy between Fe-based sesquioxanes of germanium and silicon, we would like to emphasize that known types of cage ironsilsesquioxanes (Refs. [2a,c,j]) have quite different structural features in comparison to germanium-based compounds 1-4.This suggests aunique role of germanium centers in cagecompound formation. Results of EXAFS study on iron and germanium K-edges for 1-4 confirmed that the oxidation states of iron and germanium are + 3a nd + 4, respectively (Figures S4-S5, Tables S3-S4).

Themagnetic properties of these compounds,investigated by using aSQUID magnetometer working in the temperature range 1.8-300 Kupto7T, indicate that they are paramagnetic behavior in this temperature range.The temperature dependence of the magnetic susceptibility for 1 is given as an example (Figure S7, ESI). Theroom temperature value of cT,equal to 14.29 cm 3 Kmol À1 ,i sc onsiderably lower than the theoretical one of 26.25 cm 3 Kmol À1 ,e xpected for six non-interacting Fe III ions (S = 5/2 and g = 2.00). Such ad iscrepancy most likely originates from the occurrence of strong antiferromagnetic interactions between the spin carriers that are still operative at room temperature.T his is indeed confirmed by the temperature dependence of cT,w hich reveals ap rogressive decrease upon cooling to reach 3.80 cm 3 Kmol À1 at 1.8 K. Antiferromagnetic interactions between the Fe III ions can be mediated through both the central and bridging oxygen atoms,a sf ound in similar hexanuclear architectures. [5] For temperatures lower than 10 K, as teep decrease of cT occurs and can be assigned to the zero-field splitting and/or intermolecular interactions between the polynuclear complexes.I na ddition, the non-null value of cT at low temperature indicates the presence of an on-diamagnetic ground state that should be expected for ap ure S = 0s pecies.T his could reflect either the presence of thermally populated excited states or antagonist magnetic interactions mediated by the different bridging oxygen atoms.The field dependence of the magnetization at 1.8 Kfor 1 further confirms the nondiamagnetic state with am agnetization value of 2.72 m B without any evidence of the saturation indicating the presence of am agnetic anisotropy (Figure S8). Alternating current (AC) measurements performed as the temperature dependence of the in-phase (c')and out-of-phase (c'')susceptibilities measured in azero DC magnetic field show an increase upon cooling but without the presence of am aximum, precluding an in-depth characterization of the relaxation dynamics (Figure S9).

We also present herein the first applications of cage metallagermsesquioxanes in catalysis.Ascomplexes 1-4 have similar molecular architectures,weconcentrated on the study of one of them as an example,namely,compound 2.Itiswell established that iron-based compounds [START_REF]Iron Catalysis in Organic Chemistry[END_REF] are capable of catalyzing the oxidation of hydrocarbons with peroxides.W e have found that cyclohexane and other alkanes as well as benzene can be oxidized to the alkyl hydroperoxides and phenol, respectively,byhydrogen peroxide in the presence of catalytic amounts of 2 and CF 3 COOH (some examples are shown in Figure 2, the experimental details are described in the Supporting Information). Theo xidation with H 2 O 2 catalyzed by complex 2 was very efficient as it gave oxygenates from alkanes in avery high yield of 44 %. This yield is one of the highest values obtained so far in metal-catalyzed oxidations of cyclohexane with H 2 O 2 since usually yields are not higher than 5-30 %. Fore xample,c yclohexaneo xidation [6c] with H 2 O 2 catalyzed by ah exanuclear iron(III) carboxylate gave maximum yield of oxygenates of 29 %.

TheS -shape mode of the initial rate W 0 dependence on the concentration of 2 attests that the reaction order with respect to 2 is not constant and gradually changes from an apparent second order to first order,when [2] 0 changes in the interval from 1.5 10 À4 to 3 10 À4 m (Figure 3).

On the basis of these data, amechanism can be proposed which includes as tage of the starting complex monomerization. [2c] Further dimerization of these particles affords species which are responsible for the catalytic activity of the system.

Dependence of the initial oxidation rate on the concentration of the CF 3 COOH co-catalyst is given in Figure S10. Thed ependence of W 0 on the initial concentration of cyclohexane approaches ap lateau at [CyH] 0 > 0.4 m (Fig- ure S11) indicating acompetitive interaction of the oxidizing species with the alkane and acetonitrile. [8] Ther ate dependence on the initial concentration of hydrogen peroxide is linear at [H 2 O 2 ] 0 < 1.5 m (Figure S12).

Complex 2 was also evaluated in the formation of amides directly from alcohols and amines,inthe presence of tert-butyl hydroperoxide as the terminal oxidant. Fort his purpose,w e chose the newly developed metal-catalyzed microwave-activated amidation [9,2c] between benzylic alcohol and (AE)-amethylbenzylammonium chloride (Scheme 1). Theu se of complex 2 allowed amide 5 to be obtained in ayield of 71 %. This result was compared to that obtained with amore simple iron salt, FeCl 2 •4 H 2 O, which gave the product in ay ield of only 51 %. This result clearly shows that the germsesquioxane structure exerts astabilizing effect around the metallic center, resulting in an improved catalytic activity.

In conclusion, afamily of unprecedented cage-like Fe,Nagermsesquioxanes having acentral hexairon(III) oxo {Fe 6 O 19 } core coordinated by three pentameric germoxanolate ligands has been obtained. Their structural arrangement induces antiferromagnetic interactions between Fe III ions through the oxygen bridges resulting in ap aramagnetic behavior. This class of compounds was evaluated for the first time for its catalytic activity.C omplex 2,d isplayed ah igh efficiencyi n catalysis for alkane oxidation and amide formation from benzylic alcohol and amine.Afurther investigation on the design of new metallagermsesquioxanes with different structural organization and catalytic properties is currently in progress.T hese results,c oncerning an influence of composition and structure of such cage complexes on catalytic behavior (including possible synergetic effect of metal and germanium ions as catalytic centers) will be presented in the near future.

  ingle crystals of Fe,Na-phenylgermsesquioxane [(Ph 5 Ge 5 O 10 ) 3 Fe 6 (OH) 3 (O)Na 2 ]•(EtOH) 2 •H 2 O 1 (10 %y ield) were obtained by ar eaction between phenyltrimethoxygermane PhGe(OMe) 3 ,N aOH and anhydrous FeCl 3 in ethanol with further crystallization. Thea ddition of N-containing ligands,s uch as phenanthroline,b ipyridine,o rn eocuproine to this reaction allowed us to isolate complexes [(Ph 5 Ge 5 O 10 ) 3 Fe 6 (OH) 3 (O)Na 2 (phen)]• (EtOH) 4 •( H 2 O) 0.5 (2), [(Ph 5 Ge 5 O 10 ) 6 Fe 6 (OH) 3 OFe 6 (OH) 2 (O) 2 Na 3 (bipy)]• (EtOH) 14.5 •( C 5 H 5 N) 0.5 •( H 2 O) (3), and [(Ph 5 Ge 5 O 10 ) 3 Fe 6 -(OH) 3 (O)Na 2 (neocuproine)]• (EtOH) 2 •( H 2 O) 1.5

Figure 1 .

 1 Figure 1. Top: Molecular structure of 1.Bottom:The structure of Fe 6 O 19 core of 1.F ull color version is given in ESI (Figures S1,S2).

Figure 2 .

 2 Figure 2. Accumulation of oxygenates(cyclohexanol, curves 1, and cyclohexanone, curves 2) in the oxidation of cyclohexane (0.46 m)w ith H 2 O 2 (50 %, aqueous, 1.5 m)c atalyzed by 2 (5 10 À4 m)inthe presence of CF 3 COOH (0.05 m). Solvent was acetonitrile (total volume of the reaction solution was 5mL) at 40 8 8C. Concentrations of cyclohexanone and cyclohexanol were determined before (curves a) and after (curves b) reduction of the aliquots with solid PPh 3 (for this method, see Ref. [7]).

Figure 3 .

 3 Figure 3. Dependence of the initial rate of oxygenate (the sum cyclohexanol + cyclohexanone) formation W 0 on the initial concentration of 2 in the oxidation of cyclohexane (0.46 m,c urve 1) and benzene (0.45 M, curve 2) with hydrogen peroxide (50 %aqueous) in the presence of CF 3 COOH (0.05 m)inMeCN at 40 8 8C. Concentrations of cyclohexanoneand cyclohexanol were determined after reduction of the aliquots with solid PPh 3 .
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