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ABSTRACT: The controlled assembly and functionalization of molecular metal oxide clusters is notoriously difficult. A new approach has been developed which allows the controlled and predetermined functionalization of vanadium oxide clusters with a range of metal centers, giving access to materials with high inherent redox-, catalytic and magnetic activity. Organic, hydrogen-bonding cations, e.g. dimethyl ammonium are used as molecular placeholders to block metal binding sites within vanadate cluster shells. Stepwise, selective replacement of the placeholder cations with metal cations gives the mono- and di-functionalized clusters. Here, the principle is used to access manganese-functionalized vanadates as C-H activation catalysts. The synthetic concept introduces fundamentally new approaches for the controlled bottom-up design of molecular metal oxides for catalysis, energy conversion and supramolecular nanostructures.
In supramolecular chemistry, the precise and predictable synthesis of a target compound is difficult to achieve as complex self-assembly mechanisms often do not allow a high degree of reaction control.1 In inorganic supramolecular chemistry, this is particularly obvious in the field of molecular metal oxides, or polyoxometalates (POMs). POMs are anionic transition metal oxo clusters formed by the spontaneous self-assembly of simple oxometalate precursors.2 In POM chemistry, variation of the reaction conditions is used to access a vast number of different cluster architectures.2,3 However, this synthetic approach inherently lacks the precise control required for predetermined cluster assembly, and often the resulting architectures cannot be predicted. This level of control, however, is required for the targeted synthesis of materials with specific structure and chemical reactivity.4
One notable exception where this approach has been realized in POM chemistry are Keggin-based lacunary clusters: these species are obtained by controlled hydrolysis of the parent anion, e.g. the Keggin anion [SiW12O40]4- or the Dawson anion [P2W18O62]6-. In case of the Keggin anion, lacunary clusters such as the monovacant [SiW11O39]8- or the divacant [SiW10O34]8- are formed2c which feature one or several vacant coordination sites. These binding sites can be functionalized with metal cations, giving species such as [M(H2O)SiW11O39]n- and [{M(H2O)}2SiW10O38]n- (M – metal cation).2c,5 Using this approach, functional molecular materials for energy conversion,6 (photo-)catalysis,7 molecular magnetism,8 supramolecular chemistry9 and materials science10 have been developed. However, to-date, this approach is limited to tungstate-2c, 3b and molybdate-based11 lacunary clusters, and no analogous strategy exists in vanadium oxide chemistry.12
[image: ]
Figure 1. Top: the non-functionalized {V12} featuring two DMA placeholder cations (left) and detailed illustration of the DMA-blocked binding site (right). Bottom: the mono- functionalized {MV12} (here: M = Zn2+)13 and detailed illustration of the metal coordination mode highlighting the four equatorial oxo ligands (the terminal chloro ligand has been removed for clarity). Color scheme: V: teal; Cl: light green; Zn: brown; O: red, N: blue; C: grey; H: white.
We have recently taken the first steps towards controlled metal functionalization in vanadium oxide cluster chemistry: a chloride-templated dodecavanadate cluster, (DMA)2[V12O32Cl]3- (= {V12}; DMA = dimethyl ammonium) was developed which is capable of selective metal ion binding. {V12} features two hexagonal metal binding sites which are blocked by hydrogen-bonded DMA placeholder cations (Fig. 1).13 Reaction of {V12} with transition metals allows the selective replacement of one DMA cation, giving the mono-functionalized cluster anions [M(L)V12O32Cl]n- (= {MV12}, M = FeIII, CoII, CuII and ZnII; L = ligand, e.g. MeCN, Cl-), see Fig. 1. Density-functional theory calculations suggested that the second DMA cation can in principle be replaced also.13
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Figure 2. Top: controlled mono- and di-functionalization of {V12} using stepwise ((1) and (2)) or direct (3) metal incorporation: (1) Mono-functionalization of {V12} with MnII giving {MnV12}. (2) Di-functionalization by reaction of {MnV12} with MnII, giving {Mn2V12}. (3) Direct di-functionalization of {V12} giving {Mn2V12} in a one-pot reaction. Color scheme: see Fig. 1. Bottom: overlay of the metal oxide frameworks of {V12} (red), {MnV12} (green) and {Mn2V12} (blue), highlighting the significant distortions observed upon metal binding.
Here, we give the first example of the versatility of this synthetic concept and show that {V12} can be used as a molecular platform for the stepwise functionalization with reactive metal centers. To this end, the DMA-placeholder-blocked {V12} was reacted with MnCl2 x 4 H2O in acetonitrile solution at room temperature. Crystallization of the mother liquor gave green block crystals and single-crystal X-ray diffraction (SC-XRD)† confirmed the formation of the mono-manganese-functionalized species (nBu4N)3(DMA)[(MnCl)V12O32Cl] x EtOAc (= (nBu4N)3{MnV12} x EtOAc) in yields of ca. 39 %, see Fig. 2). {MnV12} is virtually isostructural to the mono-functionalized {MV12} species described above13 and also features one hydrogen-bonded DMA placeholder cation. The MnII ion is coordinated to the metal binding site by four V-O-Mn coordination bonds and long-range electrostatic interactions between the manganese and the chloride template (d(Mn…Cl) ca. 3.2-3.4 Å) are observed; the Mn coordination environment is completed by a terminal chloro ligand. Bond valence sum (BVS) calculations gave the expected oxidation states (VV, MnII); no protonation of the cluster shell was found.
In the next step, we investigated whether {MnV12} can be functionalized further by a second MnII center. Initial studies had suggested that the di-manganese-functionalized cluster is formed as a minor product in solution (based on ESI-mass spectrometry); however, no crystalline product was obtained. It was hypothesized that the product yield might be increased by reduction of the vanadate shell, as this should improve the electrostatic interactions between the cluster anion and the MnII cation. The viability of this reductive synthetic approach was further substantiated by electrochemical studies which had shown that {V12} can be reversibly reduced by one electron (not shown).
To this end, {MnV12} was reacted with MnCl2 x 4 H2O (4 eq.) in acetonitrile solution in the presence of the reducing agent N2H4 x H2O (0.5 eq.). Diffusion of ethyl acetate into the reaction solution gave one crystalline product and SC-XRD showed that the di-functionalized species (nBu4N)4[(MnCl)2V12O32Cl] (= {Mn2V12}) was obtained (yield ca. 40 %).† Structural analysis shows two MnII centers coordinated to the metal binding sites; their mode of coordination is virtually identical to the binding mode described above for the mono-functionalized {MnV12}. Structural overlay of the metal oxide framework of {V12}, {MnV12} and {Mn2V12} showed that upon coordination of the MnII ions, significant changes in the vanadium oxide framework geometry are observed (Fig. 2); these were quantified by drastic changes of the O…O…O angles in the vicinity of the binding sites (see SI) and highlight the structural flexibility of the vanadate cluster shell. These data suggest that incorporation of larger cations (e.g. f-block metal cations) should be possible.
Charge balance considerations and BVS calculations indicate the presence of one delocalized VIV center in {Mn2V12}; charge delocalization is not unexpected as all V centers are in identical square pyramidal [VO5] coordination environments.14 This was further substantiated by the observation of inter-valence charge-transfer (IVCT) transitions between ʎ ca. 800-1600 nm (see SI). SQUID magnetometry confirmed the presence of one reduced VIV center in {Mn2V12} and gave χmT values (at 300 K) of 9.16 emu mol-1 K for {Mn2V12} and 4.4 emu mol-1 K for {MnV12}; the results are in line with the expected spin-only values (see SI).15,16 Electrochemical analyses show that both Mn-functionalized clusters feature enhanced redox-activity compared with {V12}; cyclic voltammetry of {MnV12} shows three quasi-reversible redox-processes while {Mn2V12} features six quasi-reversible redox-couples (see SI).
[bookmark: _GoBack]The synthetic concept was further expanded and allowed us to show that the direct di-functionalization of {V12} in a one-pot reaction is also possible (Fig. 2): to this end, {V12} was reacted with MnCl2 x 4 H2O (4 eq.) and N2H4 x H2O (0.5 eq.) in acetonitrile at room temperature. Diffusion crystallization of the reaction mixture gave single crystals of {Mn2V12} in yields of ca. 49 %; product purity was confirmed by SC-XRD, EA, ICP-MS, ESI-MS, FT-IR and UV-Vis. In particular, ESI-mass spectrometry showed that both {MnV12} and {Mn2V12} are stable in solution and can be transferred into the gas phase without de-metalation of the manganese ions from the cluster shell, see SI.
Based on their (electro-) chemical properties, the clusters were considered promising candidates for oxidative C-H-activation catalysis.17 Initial catalytic tests used acetonitrile solutions of the respective cluster anion (1 mol-%), the substrate 9,10-dihydroanthracene and the oxidant tBuOOH (12eq.); the reagents were combined and the reaction progress was followed using UV-Vis-spectroscopy. Both manganese-functionalized vanadates showed C-H activation reactivity and the formation of the product anthracene was observed. In detail, moderately higher zeroth order rate constants were observed for the di-functionalized species (kobs({Mn2V12})= 1.2 M h-1) compared with the mono-functionalized cluster (kobs({MnV12}) = 1.0 µM h-1). In contrast, the non-functionalized {V12} showed no catalytic activity, see Fig. 3. Cluster stability under catalytic conditions was confirmed spectroscopically, see SI. The results demonstrate that metal functionalization of {V12} gives access to homogeneous C-H-activation catalysts based on earth abundant materials. Detailed mechanistic studies will explore the reason for the comparable rates observed for the mono- vs di-functionalized species.
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Figure 3. C-H-activation catalysis by {MnV12} and {Mn2V12} illustrating the oxidation of 9,10-dihydroanthracene to anthracene in the presence of the catalyst {MnV12} or {Mn2V12} (1 mol-%) and the oxidant tBuOOH (12 eq) in acetonitrile. The observed zeroth order rate constants are kobs,({MnV12} = 1.0 M h-1 and kobs,({Mn2V12} = 1.2 M h-1.
In summary, we present a novel synthetic strategy which allows the stepwise functionalization of vanadium oxide clusters by incorporation of reactive metal centers. The concept gives access to a family of redox-, magnetically and catalytically active, stable functionalized molecular metal oxides. In addition, stepwise as well as direct mono- and difunctionalization are possible, making this route extremely versatile. Structural and theoretical analyses as well as preliminary experimental studies show that the binding sites should also be able to accommodate larger s-, p-, d- and f-block metal cations. In future work, the synthetic concept will be expanded to design new binding site geometries using the concepts of templated bottom-up self-assembly and supramolecular binding site blockage.
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