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Abstract

:

In sharp contrast with acid-, photo-, and oxidation-catalysis by polyoxometalates, base catalysis by polyoxometalates has scarcely been investigated. The use of polyoxometalates as base catalysts have very recently received much attention and has been extensively investigated. Numerous mono- and polyoxometalate base catalyst systems effective for the chemical fixation of CO2, cyanosilylation of carbonyl compounds, and C-C bond forming reactions have been developed. Mono- and polyoxometalate base catalysts are classified into four main groups with respect to their structures: (a) monomeric metalates; (b) isopolyoxometalates; (c) heteropolyoxometalates; and (d) transition-metal-substituted polyoxometalates. This review article focuses on the relationship among the molecular structures, the basic properties, and the unique base catalysis of polyoxometalates on the basis of groups (a)–(d). In addition, reaction mechanisms including the specific activation of substrates and/or reagents such as the abstraction of protons, nucleophilic action toward substrates, and bifunctional action in combination with metal catalysts are comprehensively summarized.
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1. Introduction


Base-catalyzed reactions such as the isomerization of alkenes/alkynes, C-C bond forming reactions (aldol condensation, Michael addition, Henry reaction, etc.), the Tishchenko reaction, hydrogenation, (trans)esterification, and oxidation are important for the production of bulk and specialty chemicals [1,2,3,4,5,6]. Antiquated technologies with (super)stoichiometric amounts of inorganic and organic bases are still widely used for the manufacture of chemicals (especially fine-chemicals). However, these reagents are usually dissolved in the reaction media, so catalyst/product(s) separation (e.g., undesired formation of byproducts and product contamination during the neutralization process with acids) and reuse of the catalysts are very difficult. Therefore, the use and generation of toxic and hazardous substances can be reduced by replacement of the stoichiometric methodologies with easily recoverable and recyclable base catalysts. Inorganic solid base catalyst materials such as mixed oxides, zeolites, metal phosphates, and metal oxynitrides have been developed [4]. Among these, the basic properties of mixed oxides have been extensively investigated and various effective base catalysts have been reported. However, difficulty in the construction of electrically and structurally controlled uniform basic sites often leads to a problem where the fine-tuning of the catalyst structure and reactivity are limited. Therefore, the design and development of new high-performance inorganic base catalysts remains a strongly desired and challenging subject of research.



Polyoxometalates (POMs) are a large family of anionic metal-oxygen clusters that contain the early transition metals [7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35]. POMs have stimulated many current research activities over a broad spectrum of science, such as in the fields of catalysis, materials, and medicine, because their chemical properties such as redox potential, acidity, and solubility in various media can be finely tuned by the selection of appropriate constituent elements and counter cations. POMs have the following advantages as catalysts: (i) the redox and acid-base properties can be fine-tuned by changing the chemical structures and compositions; (ii) POMs are less susceptible to oxidative and thermal degradation than organometallic complexes; and (iii) the catalytically active sites of POMs can be precisely controlled with an appropriate combination of transition metals and lacunary POMs as inorganic ligands. These superior properties allow the POMs-based catalysts to be designed at the atomic and molecular levels [20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35].



Various POM catalysts have been developed for acid-catalyzed, photocatalytic, and oxidation reactions; however, base catalysis has scarcely been investigated [20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35]. In this review article, the new aspects of POMs as base catalysts are comprehensively summarized [36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58]. POM base catalysts have the following advantages: (i) electrically and structurally controlled uniform basic sites can be constructed in contrast with solid bases; (ii) the thermal and oxidative stabilities of POMs are higher than those of organic bases (e.g., amines, phosphines, guanidines, amidines, phosphazenes, etc.); and (iii) the metal-oxo moiety (i.e., M=O and M-O-M) specifically activates nucleophilic substrates. In this review article, examples of POM base catalysts are highlighted with a focus on their molecular structures, basic properties, and catalytic applications to environmentally-friendly functional group transformations. Details on the syntheses, structures, properties, and applications of POMs have been summarized in many excellent books and review articles [7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35].




2. Structure and Basic Property of Mono- and Polyoxometalates


In the field of solid base catalysts, the basic characteristics, which include the number, location, and strength of basic sites on solid catalysts, are not easily determined. Thus, the basic properties of solid surfaces are estimated by combining several characterization methods such as indicator/titration methods, spectroscopy of adsorbed probe molecules, and temperature programmed desorption (TPD) [4]. On the other hand, the basic properties of POMs can be discussed at the atomic and molecular levels due to their unique rigid and versatile structures. The basic sites of POMs are typically constituent oxygen atoms, and the basicity is correlated to the anion charges, sizes, molecular structures, and constituent elements. The surface POM oxygen atoms with the highest negative charges would presumably be active sites for base-catalyzed reactions. The negative charge densities of oxygen atoms cannot usually be measured experimentally; therefore, the most basic oxygen atoms have been assessed by X-ray crystallography analysis [59,60,61,62,63,64,65,66,67,68,69,70] and/or multinuclear nuclear magnetic resonance (NMR) [71,72,73,74,75,76,77,78,79] investigation of the protonated forms of POMs. On the other hand, the basic oxygen atoms are computationally assessed using molecular electrostatic potential maps, the relative energies of the various protonated forms, and anion charge [80,81,82,83,84].



Several mono- and polyoxometalate catalyst systems effective for base-catalyzed reactions such as the chemical fixation of CO2, cyanosilylation of carbonyl compounds, and C-C bond forming reactions have recently been developed. POM base catalysts are classified into four main groups with respect to their structures: (a) monomeric metalates; (b) isopolyoxometalates; (c) heteropolyoxometalates; and (d) transition-metal-substituted POMs (Figure 1). This section focuses on the relationship between the molecular structures and basic properties (e.g., location of basic sites, amount, strength, etc.) estimated from experimental and theoretical data on the basis of groups (a)–(d).



2.1. Monomeric Metalates


Monomeric metalates such as tetrahedral [WO4]2− and [MoO4]2− are not strictly a family of POMs but precursors for the synthesis of POMs [7,11,23,60]. While the sodium and potassium salts of monomeric metalates are typically soluble in water, the tetra-n-butyl ammonium (TBA) salts of monomeric metalates are soluble in common organic solvents. Thus, various types of POMs can be synthesized in both aqueous and organic media by control of the acidity, concentration, and temperature. Mizuno and co-workers were the first to focus on the high charge density of [WO4]2− in comparison with the other polytungstates and applied [WO4]2− to base-catalyzed reactions [38,42,43,44,45]. Various tungstate structures including [WO4]2− were optimized through density functional theory (DFT) calculations, and the basicities were estimated using the natural bond orbital (NBO) charges of the tungstate oxygen atoms. The lower NBO charge (−0.934) of an oxygen atom in [WO4]2− than those (−0.569 to −0.753) in the other POMs such as [W6O19]2−, [W10O32]4−, and [α-SiW12O40]4− indicates that [WO4]2− can likely act as a strong base catalyst (Figure 2). The pKa values of monomeric metalates and representative examples of strong inorganic and organic bases are shown in Table 1. Despite the weaker basicity of [WO4]2− (pKa of conjugate acid in water: 3.5), TBA2[WO4] exhibited much higher catalytic activity than the strong inorganic and organic bases for the chemical fixation of CO2 with various nucleophiles due to its bifunctional action towards CO2 and substrates [38,42,45]. The combination of TBA2[WO4] with various transition metal species such as Ag+ and Rh2+ was applicable to other base-catalyzed reactions that could not be accomplished with only [WO4]2− [43,44,48,54].




2.2. Isopolyoxometalates


Isopolyoxometalates with the general formula [MmOy]p− are formed by the reaction of protons and monomeric d0-early-transition-metal ions [MO4]n− (M = W, Mo, V, Nb, Ta, etc.) [7,11,23]. Equation (1) shows the typical reaction for the preparation of heptamolybdate:


7[MoO4]2− + 8H+ → [Mo7O24]6− + 4H2O.



(1)







Isopolyoxometalates are often utilized as photocatalysts and building units for the synthesis of POM-based functional assemblies [12,13,14,17,35]. In addition, their basic properties have been extensively studied due to their simple compositions and structures. The bridging oxygens within the polyanion units themselves are generally more basic than the terminal oxygens and form monoprotonated μ-OH group(s) [11,23]. The protonation sites of [V10O28]6− have been widely investigated by Klemperer, Howarth, Yamase, and Ozeki by NMR and X-ray crystallography analyses [61,64,65,70,71,73,74]. There are seven types (OA–OG in Figure 3) of possible protonation sites, taking account of the D2h symmetry. The solution-state 17O NMR spectra of [V10O28]6− (enriched by the addition of H217O) show an up-field shift of the 17O NMR signals assignable to OB and OC upon acidification with HCl [71,74]. It has been reported that the protonation of oxygen atoms in POMs results in upfield shifts of 17O NMR signals. Thus, the OB and OC atoms are estimated to be the most basic oxygen atoms. While the protonation sites in the crystalline state are influenced by the nature of counter cations, the solvents incorporated as guest molecules in the crystals, and hydrogen bonds, protonation occurs at the OB and OC atoms in the solid state [64,65,70], which is in good agreement with the NMR results. Tsukuda and co-workers reported that the NBO charge of OB (−0.873) in [Nb10O28]6− was also the lowest among the constituent oxygen atoms (Figure 2) and that the tetraalkylammonium salts of [Nb10O28]6− were successfully applied to Knoevenagel condensation and CO2 fixation to epoxides [55,57]. Similarly, the protonation of surface bridging oxygen atoms in Lindqvist isopolyoxometalates such as [Nb6O19]8−, [Ta6O19]8−, and [Mo6O19]2− have been reported [79,80]. On the other hand, the metatungstate anion [α-W12O40]8− can act as an inorganic proton cryptate and capture up to three protons within the solvent-inaccessible interior [78].




2.3. Heteropolyoxometalates


Heteropolyoxometalates with the general formula [XxMmOy]q− (x < m) contains one or more heteroatoms X in addition to d0-early-transition-metal atoms M such as W, Mo, and V. The heteroatoms can be p-, d-, or f-block elements such as P, As, Si, Ge, and B [7,11,23]. A typical reaction for the preparation of phosphododecatungstate is given in Equation (2):


12[WO4]2− + [HPO4]2− + 23H+ → [PW12O40]3− + 12H2O.



(2)







Among a wide variety of heteropolyoxometalates, the Keggin structures are the most stable and more easily available. The Keggin anions (typically represented by the formula [Xn+M12O40](8−n)−) contain one central heteroatom surrounded by 12 addenda atoms in four M3O13 triads. Another typical variety of heteropolyoxometalate is the Wells-Dawson type POM. The Wells-Dawson structure (typically represented by the formula [X2n+M18O62](16−2n)−) consists of two trivacant A-type lacunary Keggin species, which are generated by the loss of the corner-shared group of MO6 octahedra, linked directly across the lacunae.



For heteropolyoxometalates (acid form) in the solid state, protons play an important role in the structure of the crystal, by linking the neighboring POM anions. Protons of crystalline H3PW12O40·6H2O are present as the hydrated species, H5O2+, each of which links four neighboring POMs by hydrogen bonding to the terminal W-O oxygen atoms [21]. For anhydrous H3PW12O40, the protons have been reported to be attached to the most basic bridging oxygen atoms based on infrared (IR) and 17O NMR spectroscopy results [21]. Himeno and co-workers reported that the potential difference between the first one- and two-electron redox waves of cyclic voltammograms served as a useful criterion for the basicity of Keggin anions [85,86]. The basicity of the Keggin anions decreased in the order of [XW12O40]5− (X = B, Al) > [XMo12O40]4− (X = Si, Ge) >> [XW12O40]4− (X = Si, Ge) > [XMo12O40]3− (X = P, As) > [XW12O40]3− (X = P, As) ≈ [SMo12O40]2−, which is in good agreement with that of the anion charges. Wang and co-workers reported that the NBO charges of the terminal oxygen atoms in [SiNb12O40]16− were much lower than those of other POMs (Figure 2), although the difference in the basic properties among oxygen atoms has not yet been clarified. The sodium salt of [SiNb12O40]16−, Na16[SiNb12O40], can act as an efficient heterogeneous catalyst for Knoevenagel condensation and CO2 cycloaddition [56].



The removal of one or more addenda atom from the fully-occupied POMs leads to the generation of lacunary POMs [7,11,23]. The most stable lacunary compounds are obtained with Si4+ as the heteroatom. While the silicododecatungstates are stable in acidic solution, the hydrolytic cleavages of W-O bonds occurs and well-defined lacunary POMs with 11, 10, and nine tungsten atoms are produced when the pH increases. The cis-dioxo moiety M(=O)2 at the lacunary site is sufficiently basic to be protonated, and some of them are diprotonated to form aqua ligands. Several structurally characterized POMs with aqua ligands at the vacant sites such as [γ-SiW10O34(H2O)2]4−, [{γ-SiW10O32(H2O)2}2(μ-O)2]4−, [{P2W15O54(H2O)2}2Zr]12−, [{P2W15O54(H2O)2}Zr{P2W17O61}]14−, α-[{[K(H2O)2](μ-H2O)Li(H2O)2]}2Si4W36O126(H2O)4]16−, and [PMo9O31(H2O)3]3− have been reported [59,66,67,68,69].



While lacunary POMs have been utilized as precursors for the preparation of various functionalized POMs, such as transition-metal-substituted POMs and inorganic-organic hybrid materials [7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35], catalysis with lacunary POMs has not been extensively investigated. Mizuno and co-workers reported that the catalytic activity of a divacant silicodecatungstate, [γ-SiW10O36]8−, for the epoxidation of alkenes with H2O2 was strongly dependent on the protonation states [66]. A tetraprotonated silicodecatungstate with two aquo ligands at the vacant sites, [γ-SiW10O34(H2O)2]4−, efficiently catalyzed H2O2-based selective oxidation of alkenes. After the report, experimental and theoretical studies on the catalytic properties of lacunary POMs (especially [γ-SiW10O34(H2O)2]4−) were reported by several research groups [82,83,87,88,89,90]. The formula was suggested to be [γ-SiW10O34(H2O)2]4− based on X-ray crystallographic structure analysis; however, the structural assignment of the four protons on the lacunary sites remains controversial. DFT calculations on the structure of the tetraprotonated form of [γ-H4SiW10O36]4− were presented by Musaev and co-workers [83]. Based on DFT calculations at the B3LYP/Lanl2dz + d(Si) level, the structure of [γ-SiW10O32(OH)4]4− with four hydroxo ligands was calculated to be more stable by 8.0 kcal mol−1 than that of [γ-SiW10O34(H2O)2]4− with two aqua and two oxo(terminal) ligands (Figure 4). On the other hand, Bonchio and co-workers suggested that [γ-SiW10O34(H2O)2]4− was the active epoxidation catalyst [83]. Relativistic DFT calculations using the zeroth-order regular approximated (ZORA)-BP86/triple zeta with 1 polarization function (TZP) level theory including solvent effects with the Conductor-like screening model (COSMO) method indicated the energies of [γ-SiW10O34(H2O)2]4− and [γ-SiW10O32(OH)4]4− were so close as to be very sensitive to the method/basis set combination adopted. However, the optimized geometry of [γ-SiW10O34(H2O)2]4− was a better fit with the X-ray structure of [γ-SiW10O34(H2O)2]4− (Figure 4).



Potentiometric titration of [γ-SiW10O34(H2O)2]4− with TBAOH showed the formation of several deprotonated species; although, the reversibility and structures remain unclear [83]. Mizuno and co-workers reported the in situ formation of tri-, di-, and mono-protonated silicodecatungstates, [γ-SiW10O34(OH)(OH2)]5−, [γ-SiW10O34(OH)2]6−, and [γ-SiW10O35(OH)]7−, with C1, C2v, and C2 symmetries, respectively on the basis of the 1H, 29Si, and 183W NMR data (Figure 5) [91]. Single crystals of TBA6[γ-SiW10O34(OH)2] suitable for X-ray structure analysis were successfully obtained and the anion part was a monomeric γ-Keggin divacant silicodecatungstate with two protonated bridging oxygen atoms. Similar reversible deprotonation and protonation behaviors of germanodecatungstates were observed. Thus, the terminal lacunary oxygen atoms and the bridging oxygen atoms would be possible active sites for [γ-XW10O34(OH)2]6− (X = Si and Ge) and [γ-XW10O35(OH)]7− (X = Si and Ge), respectively (Figure 6). The di- and mono-protonated germanodecatungstates [γ-GeW10O34(OH)2]6− and [γ-GeW10O35(OH)]7− could act as homogeneous catalysts for Knoevenagel condensation and the chemoselective acylation of alcohols, respectively [39,46].



The α-Dawson-type silicotungstate, TBA8[α-Si2W18O62], which was synthesized by dimerization of a trivacant lacunary α-Keggin-type silicotungstate TBA4H6[α-SiW9O34] in an organic solvent, can reversibly capture protons inside the aperture by means of intramolecular hydrogen bonds [47]. This compound exhibited much higher catalytic performance for the Knoevenagel condensation of ethyl cyanoacetate with benzaldehyde than the starting material of trivacant TBA4H6[α-SiW9O34].




2.4. Transition-Metal-Substituted Polyoxometalates


Lacunary POM species can act as multidentate ligands with numerous metal cations, which leads to the formation of mono- and poly-nuclear transition-metal-substituted POMs according to the structure of the lacunary POMs and the type of transition-metal cations. The use of lacunary Keggin, Wells-Dawson, and other POMs and the introduction of metal cations (e.g., d- and f-block elements such as V, Fe, Cu, Ti, Zn, Al, Zr, Hf, Ag, Y, Pd, La, Ce, etc.) into the vacant sites has been used to synthesize several metal-substituted POMs with controlled multinuclear active sites in both aqueous and organic media [7,11,23]. These molecular catalysts exhibit significant activity and selectivity for a wide range of reactions [20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35]. Some organotin-functionalized Dawson-type polyoxotungstates [P2W17O61(SnR)]7− have demonstrated strong nucleophilicity, while they have not yet acted as catalysts [92,93,94].



Since the protonation states of transition-metal-substituted POMs are dependent on their structures and compositions, various types of POMs have been reported. Thus, only several examples are described in this section. In the case of POMs containing group 5 metals such as [Nb2W4O19]4−, A-[β-SiW9V3O40]7−, [α-P2W15V3O62]9−, and [γ-XV2W10O40]n− (X = Si and P), protonation has been reported to occur at the oxygen atoms of Nb-O-Nb and V-O-V sites on the basis of NMR and X-ray crystallography results (Figure 7) [72,75,76,77,95,96,97,98,99,100,101]. On the other hand, the protonation of the Ti=O bond in monomeric [PTiW11O40]5− gives [PTi(OH)W11O39]4− followed by dimerization to form [{PTiW11O39}2(μ-O)]8− (Figure 8) [102]. Similar dimeric structures have been reported for POMs containing group 4 metals such as [{PZrW11O39}2(µ-OH)2]8− and [{α2-P2W17TiO61}2(μ-O)]14− [103,104]. These protonated sites play an important role in the activation of oxidants and the catalytic oxidation abilities are strongly dependent on the protonation states [95,96,97,98,99,100,102,103].



In contrast with small metal cations, full incorporation within lacunary sites to form “in-pocket” structures can be prevented for POMs containing rare-earth (RE) metals. RE cations with high coordination numbers (typically six–12) and flexible coordination geometries can also leave residual (open) coordination sites, which would act as effective Lewis acids for the activation of substrates. Several POMs containing REs have been reported to act not only as Lewis acid catalysts but also as hydrogen-bond acceptor for aldol, imino Diels−Alder reactions or the cyanosilylation of carbonyl compounds with trimethylsilyl cyanide (TMSCN) [37,41,105,106,107,108].





3. Base-Catalyzed Reactions by Mono- and Polyoxometalates


The basic properties of POM base catalysts are strongly dependent on the molecular structures, sizes, charges, and compositions. The structurally and electronically well-defined surface basic oxygen atoms exhibit the specific activation of substrates and/or reagents with basic POMs such as the abstraction of protons (Brønsted base), nucleophilic action toward substrates (Lewis base), and bifunctional action in combination with metal catalysts, which results in significant activity and selectivity (Figure 9). In this section, we focus on the unique base catalysis by POMs and its reaction mechanism.



3.1. Chemical Fixation of CO2


Chemical fixation of carbon dioxide (CO2) into useful and valuable chemicals is a key technology for a sustainable low-carbon society because CO2 is a renewable and environmentally-friendly C1 source in contrast with toxic CO and phosgene [109]. However, CO2 is much less reactive than CO and phosgene, and a large energy input (e.g., highly reactive reagents, high CO2 pressures, and stoichiometric amounts of strong acids or bases) is usually required to transform CO2 into various chemicals. Therefore, the low-energy catalytic fixation of CO2 is highly desirable, and several effective catalytic systems have been reported [110,111,112,113,114,115,116]. Mizuno and co-workers reported that a simple monomeric tungstate TBA2[WO4] could act as a highly efficient homogeneous catalyst for the chemical fixation of CO2 with amines, 2-aminobenzonitriles, and propargylic alcohols to urea derivatives, quinazoline-2,4(1H,3H)-diones, and cyclic carbonates, respectively (Scheme 1, Scheme 2 and Scheme 3) [38,42,45]. For the reaction of 1,2-phenylenediamine with CO2 at atmospheric pressure (0.1 MPa), the reaction rate of TBA2[WO4] was more than 48 times larger than those of other catalysts including other POMs and typical strong inorganic and organic bases. This study provides the first example of catalytic synthesis from aromatic diamines and CO2. The TBA2[WO4] catalyst shows a concerted action on both CO2 and the substrates, and the hydrogen bonding interaction between [WO4]2− and diamine and formation of Lewis base-CO2 adducts have been directly observed using 1H, 13C, and 183W NMR spectroscopy. The proposed reaction mechanism for CO2 fixation with TBA2[WO4] is shown in Figure 10. This bifunctionality facilitates the nucleophilic attack of the NH2 and OH groups on the carbon atom of CO2 to form the corresponding carbamic and carbonic acids followed by transformation to the final products. On the other hand, Cummins and co-workers reported that the reaction of [MoO4]2− with CO2 leads to the formation of the structurally characterized mono- and dicarbonate complexes, [MoO3(κ2-CO3)]2− and [MoO2(κ2-CO3)2]2− [49]. The monocarbonate species reacts with triethylsilane to produce formate together with silylated molybdate; however, catalytic CO2 fixation with [MoO4]2− has not been investigated yet.



After the report on the chemical fixation of CO2 with TBA2[WO4], various catalytic systems based on tungstates and niobates have been developed [48,53,54,55,56,57]. The Ag2[WO4] catalyst system in combination with the Ph3P ligand could efficiently catalyze CO2 fixation such as carboxylative cyclization of propargyl alcohols and one-pot synthesis of oxazolidinones and carbamates (Scheme 4 and Scheme 5) [48,54]. For example, the carboxylative cyclization of 2-methyl-3-butyn-2-ol proceeded under milder reaction conditions than those of TBA2[WO4] (i.e., under atmospheric pressure of CO2 at room temperature), and the Ag2[WO4]/Ph3P catalyst could be reused at least four times without significant loss of activity. A cooperative catalytic mechanism through the activation of the C≡C triple bonds and CO2 by silver and tungstate, respectively, are proposed. This Ag2[WO4] catalyst is also effective for the carboxylation of terminal alkynes with CO2 under ambient conditions even in the absence of Ph3P.



Hou and co-workers utilized a peroxoniobate salt of amidine, (DBUH)3[NbO3(O2)] (DBU = 1,8-diazabicyclo[5.4.0]-undec-7-ene) as a halogen-free catalyst for the synthesis of cyclic carbonates from epoxides and CO2 under solvent-free and halide-free conditions (Scheme 6) [53]. The structural transformation of peroxoniobate into stable niobates such as [NbO4]3− and [NbO3]− was observed during the catalytic recycles, and they did not play a crucial role in promoting the reaction as base catalysts but in immobilizing catalytically active organic cations (i.e., DBUH+). In contrast to monomeric niobates, polyoxoniobates such as TBA6[Nb10O28] and Na16[SiNb12O40] could efficiently catalyze CO2 cycloaddition to epoxides through a possible involvement of CO2 activation on the surface basic oxygen atoms (Scheme 7 and Scheme 8) [55,56,57]. Computational studies on the interaction of [Nb10O28]6− with CO2 indicated that CO2 activation occurs on the corner or edge O site(s) (i.e., OC–OG atoms in Figure 3), while the most basic sites in [M10O28]6− (M = V and Nb) are proposed to be OB and OC atoms as noted in Section 2.




3.2. Knoevenagel Condensation


Knoevenagel condensation of active methylene compounds with carbonyl compounds is one of the most important carbon-carbon bond forming reactions [3]. It is generally accepted that the reaction proceeds through the proton abstraction of active methylene compounds. Thus, Knoevenagel condensation is typically utilized as a test reaction to estimate the basic strength of the catalyst because there are various active methylene compounds with different pKa values. Table 2 summarizes the reactivities of POM base catalysts for the reaction of benzaldehyde with malononitrile (pKa in DMSO = 11.1), ethyl cyanoacetate (pKa = 13.1), and phenylacetonitrile (pKa = 21.9). Isopolyoxometalates (TBA2[W6O19] and TMA6[Nb10O28]), fully-occupied POMs (Na16[SiNb12O40] and TBA8[α-SiW18O62]), and lacunary POMs (TBA8−n[γ-HnGeW10O36] (n = 2 or 1), TBA4[γ-SiW10O34(H2O)2], and Na8H[PW9O34]) could efficiently catalyze the Knoevenagel condensation [36,39,40,46,50,55,56]. However, most catalytic systems exhibit narrow applicability to a limited number of active methylene compounds with low pKa values and there have been only a few reports on catalytic systems applicable to unreactive substrates. Among them, Na16[SiNb12O40] and TBA8−n[γ-HnGeW10O36] have exhibited higher catalytic activities [39,46,56], which indicates that highly negative charges of POMs play an important role in the Knoevenagel condensation. In particular, TBA6[γ-H2GeW10O36] could be applied to the Knoevenagel condensation of a wide range of substrates including unreactive phenylacetonitrile (as a donor) and ketones (as acceptors) (Scheme 9) [39]. The increase in the number of negative charges of germanodecatungstates from −6 to −7 significantly enhanced the catalytic activity for the condensation of phenylacetonitrile with benzaldehyde [46].




3.3. Cyanosilylation


Cyanosilylation of carbonyl compounds with TMSCN to cyanohydrin trimethylsilyl ethers is an important reaction because cyanohydrins are useful synthetic intermediates for the production of α-hydroxy acids, α-hydroxy aldehydes, and β-amino alcohols [37]. Several Lewis acid and base catalysts can activate carbonyl compounds and TMSCN, respectively, to promote cyanosilylation. Table 3 summarizes the reactivities of POM base catalysts for the cyanosilylation of ketones (adamantanone or acetophenone) and aldehyde (benzaldehyde) with TMSCN [36,37,39,41,50,51,52,53]. TBA4[γ-SiW10O34(H2O)2] can nucleophilically activate TMSCN on the basis of NMR and cold-spray ionization-mass spectrometry (CSI-MS) results [37]. Although the corresponding cyanohydrin trimethylsilyl ether was formed by the reaction with 2-adamantanone, the yield was still low. The combination of Lewis acid metal species with this lacunary POM could improve the reactivity, and Y3+ was effective for this reaction. The yttrium-containing POM, [{Y(H2O)2}2{γ-SiW10O36}2]10−, was successfully synthesized by the reaction of TBA4[γ-SiW10O34(H2O)2] with Y(acac)3, and this isolated species can effectively catalyze the cyanosilylation of various carbonyl compounds [37]. In this case, the nucleophilic surfaces of negatively charged POMs and the incorporated Y3+ species could act as Lewis bases and Lewis acids, respectively. Further examination of lanthanide species revealed that the Nd3+-containing POM, [{Nd(H2O)2}2{γ-SiW10O36}2]10−, was the most active because it possesses the highest C=O bond activation ability (i.e., the strongest Lewis acidity) [40]. The higher C=O activation ability of these RE-containing POMs with larger RE cations is likely explained by the weaker interaction between the RE cations and sandwiching [γ-SiW10O36]8− POMs. An and co-workers synthesized self-assemblies by the reaction of lanthanides with [Mo6V2O26]6− and [Co2Mo10H4O38]6− and then applied them to heterogeneous cyanosilylation [51,52]. These compounds could effectively catalyze the reaction; however, the reaction mechanism and applicability to inactive ketones are still unclear. Similarly, the lacunary POM of TBA6[γ-H2GeW10O36] also efficiently catalyzed the cyanosilylation of aldehydes and ketones with TMSCN, and the catalytic reactivity was comparable to those of RE-containing POMs [39], whereas the trivacant POM of Na8H[PW9O34] was not so active [50].




3.4. Other Reactions


The specific activation of O-H and N-H bonds by basic surface oxygen atoms on POM base catalysts can be applied to various types of atom-efficient functional group transformations of nucleophiles such as alcohols, amines, and amides. Regioselective introduction of silyl and alkyl substituents at the N1 positions in indoles is generally difficult because the N1 nitrogen atoms are inert toward electrophilic reagents in comparison with the C3 carbon atoms. Therefore, relatively few examples are known for metal- or base-catalyzed N-silylation of indoles with hydrosilanes [117,118] and/or Michael-type addition of indoles to α,β-unsaturated compounds [119,120,121,122]. The combined catalytic system of Rh2(OAc)4 and TBA2[WO4] was efficient for site-selective N-silylation of indole derivatives with hydrosilanes into the corresponding N-silylated indoles which are important synthons that are widely utilized for the synthesis of indole-based natural products and drug candidates (Scheme 10) [43]. CSI-MS and NMR results revealed that hydrosilanes are activated to form silicon electrophiles and metal hydride species and that the specific hydrogen-bonding interaction between TBA2[WO4] and indole weaken the N-H bond of indole and facilitate the electrophilic attack of activated hydrosilanes on the nitrogen atom (Figure 11). This combined system could also efficiently catalyze the hydrosilylation of various substances including ketones, aldehydes, carbon dioxide, alkenes, nitriles, and furan derivatives into the corresponding hydrosilylation products [44].



The monoprotonated γ-Keggin germanodecatungstate TBA7[γ-HGeW10O36] with a −7 charge efficiently catalyzed the acylation of various alcohols with acid-sensitive functional groups such as acetal, epoxide, and disulfide groups, even under stoichiometric conditions (Scheme 11) [46]. The electronically and sterically well-defined basic site in this POM is effective for chemoselective acylation. For the intermolecular competitive acylation of a primary alcohol and secondary alcohol with vinyl acetate, only the primary alcohol was selectively acylated without formation of the esters from the secondary alcohol (Scheme 12). In this acylation system, a hydrogen-bonding interaction between the POM and benzyl alcohol was also evident from the 1H NMR results, and this interaction facilitates the nucleophilic attack of the hydroxy group in benzyl alcohol on the carbonyl carbon atom in vinyl acetate (Figure 12).



As discussed in Section 2, protonated lacunary POMs possess both labile aqua ligands (diprotonated oxo species, M-OH2) and oxo species (M-O-M and M=O species) at the vacant sites which can act as Lewis acid sites (by elimination of the aqua ligands) and basic sites, respectively. Among the protonated lacunary silicotungstates, TBA4[α-H4SiW11O39] could act as an efficient heterogeneous catalyst for the dehydration of primary amides to the corresponding nitriles in the presence of 3A molecular sieves (MS-3A) (Scheme 13) [123]. The proposed reaction mechanism is shown in Figure 13. The formation of the amide-POM adduct weakens the N-H bond and facilitates proton transfer from the coordinated amide to the oxo species to form the corresponding deprotonated species (e.g., imidate species) followed by further deprotonation to afford the corresponding nitrile.





4. Conclusions and Future Opportunities


Structurally and electronically controlled POMs exhibit unique base catalysis in contrast with typical strong inorganic and organic base catalysts due to their specific action toward substrates and/or reagents. Various types of POM base catalysts including monomeric metalates, isopoly- and heteropolyoxometalates, and RE-containing POMs can catalyze the atom-efficient conversion of substrates into value-added chemicals. Monomeric tungstate can interact with nucleophiles as well as CO2 to promote various types of chemical fixation of CO2, and the further combination of other transition metal catalysts can be effective for the development of new reactions. Isopoly- and heteropolyoxometalates with highly negative charges are intrinsically effective for C-C bond forming reactions due to their strong basicity. In particular, the activity and selectivity can be significantly improved by changing the anion charge of lacunary POMs. RE-containing POMs can also act as effective acid-base catalysts for cyanosilylation of carbonyl compounds with TMSCN.



In the cases of solid base catalysts, such as mixed metal oxide materials, the construction of electrically and structurally controlled uniform basic sites is generally difficult. Thus, these unique base catalyses result from the advantages of POMs where the structure can be controlled at the atomic and/or molecular levels. However, the reaction mechanisms, including the relationship between the substrate activation modes and basic properties of POMs, are still unclear. Further elucidation of the mechanistic aspects should lead to the design and development of highly active POM base catalysts. In addition, most POM base catalysts are homogeneous and the practical application of POMs to base catalysis will require methods for perfect catalyst recovery and recycling. Several heterogeneous catalysts such as alkali metal salts of basic POMs have been developed. However, the surface basic oxygen atoms (possible active site(s)) are strongly coordinated to alkali metal cations, which limits the catalytic performance. Therefore, future targets in this area will require novel catalyst design strategies to overcome these problems. Porous POM materials, POM nanoparticles with various shapes, and combined assemblies with active transition metal species are thus expected to be promising solid POM base catalysts that are workable under mild reaction conditions for practical base-catalyzed reactions.
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Figure 1. Molecular structures of the representative polyoxometalate (POM) anions used for base-catalyzed reaction. (a) Monomeric metalate, (b) isopolyoxometalate, (c) heteropolyoxometalate and (d) transition-metal-substituted polyoxometalate. 
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Figure 2. Ball and stick representations of the anion parts of POM base catalysts and natural bond orbital (NBO) charges of oxygen atoms [38,55,56]. 
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Figure 3. Ball and stick representations of isopolyoxometalates. The arrows indicate the possible protonation sites proposed on the basis of the structure, NMR, and computational analysis [61,64,65,70,71,73,74,78,79,80]. 
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Figure 4. Schematic representations of the lacunary sites on [γ-SiW10O34(H2O)2]4− and [γ-SiW10O32(OH)4]4− [82,83]. 
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Figure 5. Reversible changes among [γ-SiW10O34(OH)(OH2)]5−, [γ-SiW10O34(OH)2]6−, and [γ-SiW10O35(OH)]7− thorough protonation/deprotonation [91]. 
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Figure 6. Ball and stick representations of [γ-GeW10O34(OH)2]6− and [γ-GeW10O35(OH)]7− and possible active sites for base-catalyzed reactions [46]. 
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Figure 7. Molecular structures of vanadium- and niobium-containing POMs. The arrows indicate the possible protonation sites proposed on the basis of the structure, NMR, and computational analysis [72,75,76,77,95,96,97,98,99,100,101]. 
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Figure 8. Reversible change between [PTiW11O40]5− and [{PTiW11O39}2(μ-O)]8− [102]. 
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Figure 9. Schematic representations for activation of substrates by POM base catalysts. (a) Abstraction of protons (Brønsted base); (b) nucleophilic action to substrates (Lewis base); and (c) bifunctional action in combination with metal catalysts. 






Figure 9. Schematic representations for activation of substrates by POM base catalysts. (a) Abstraction of protons (Brønsted base); (b) nucleophilic action to substrates (Lewis base); and (c) bifunctional action in combination with metal catalysts.



[image: Catalysts 07 00345 g009]







[image: Catalysts 07 00345 sch001 550] 





Scheme 1. Chemical fixation of CO2 with 1,2-phenylenediamine catalyzed by TBA2[WO4]. 
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Scheme 2. Chemical fixation of CO2 with 2-methyl-3-butyn-2-ol catalyzed by TBA2[WO4]. 
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Scheme 3. Chemical fixation of CO2 with 2-amino-5-chlorobenzonitrile catalyzed by TBA2[WO4]. 
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Figure 10. Proposed mechanism for the chemical fixation of CO2 with aryldiamines catalyzed by TBA2[WO4] [38]. 
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Scheme 4. Chemical fixation of CO2 with 2-methyl-3-butyn-2-ol catalyzed by Ag2[WO4]/Ph3P. 
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Scheme 5. Carboxylation of phenylacetylene with n-butyl iodide catalyzed by Ag2[WO4]/Cs2CO3. 
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Scheme 6. Cycloaddition of propylene oxide and CO2 catalyzed by (DBUH)3[NbO3(O2)]. 
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Scheme 7. Cycloaddition of epichlorohydrin and CO2 catalyzed by Na16[SiNb12O40]. 
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Scheme 8. Cycloaddition of styrene oxide and CO2 catalyzed by TBA6[Nb10O28]. 
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Scheme 9. Knoevenagel condensation of ethyl cyanoacetate with cyclohexanone catalyzed by TBA6[γ-H2GeW10O36] 
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Scheme 10. N-Silylation of indole with dimethylphenylsilane catalyzed by Rh2(OAc)4/TBA2[WO4]. 
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Figure 11. Proposed mechanism for the site-selective N-silylation of indole derivatives with hydrosilanes by combined catalyst of Rh2(OAc)4 and [WO4]2− [43]. 
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Scheme 11. Acylation of 2,2-dimethyl-1,3-dioxolane-4-methanol with vinyl acetate catalyzed by TBA7[γ-HGeW10O36]. 
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Scheme 12. Intermolecular competitive acylation of primary alcohol (benzyl alcohol) and secondary alcohols (1-phenylethanol or 2-butanol) with vinyl acetate catalyzed by TBA7[γ-HGeW10O36]. 






Scheme 12. Intermolecular competitive acylation of primary alcohol (benzyl alcohol) and secondary alcohols (1-phenylethanol or 2-butanol) with vinyl acetate catalyzed by TBA7[γ-HGeW10O36].



[image: Catalysts 07 00345 sch012]







[image: Catalysts 07 00345 g012 550] 





Figure 12. Proposed mechanism for the chemoselective acylation of alcohols with vinyl acetate catalyzed by [γ-HGeW10O36]7− [46]. 
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Scheme 13. Dehydration of benzamide in the presence of MS-3A catalyzed by TBA4[α-H4SiW11O39]. 
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Figure 13. Proposed mechanism for the dehydration of amides to nitriles catalyzed by [α-H4SiW11O39]4− [123]. 
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Table 1. pKa values of the conjugate acids of various inorganic and organic bases.
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	Compound
	pKa
	Refs.





	[WO4]2−
	3.5
	[7]



	[MoO4]2−
	3.9
	[7]



	[VO4]3−
	13.2
	[7]



	[CO3]2−
	10.3
	[38]



	1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)
	12.0
	[38]



	1,1,3,3-Tetramethylguanidine (TMG)
	13.6
	[38]
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Table 2. Knoevenagel condensation of benzaldehyde with active methylene compounds by POM base catalysts.
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	Catalyst (mol %)
	Donor (Equiv.)
	Solvent
	Temp. (°C)
	Time
	Yield (%)
	TON [a]
	TOF [b] (h−1)
	Ref.





	TBA6[γ-H2GeW10O36] (0.5)
	Malononitrile (1.5)
	CH3CN
	32
	0.5 h
	99
	198
	396
	[39]



	TBA6[γ-H2GeW10O36] (1)
	Ethyl cyanoacetate (1.5)
	CH3CN
	32
	2 h
	98
	98
	49
	[39]



	TBA6[γ-H2GeW10O36] (1)
	Ethyl cyanoacetate (1.5)
	–
	40
	5 min
	85
	85
	1020 (>3000) [c]
	[39]



	TBA6[γ-H2GeW10O36] (5)
	Phenylacetonitirle (1.5)
	CH3CN
	80
	2 h
	96
	19
	10
	[39]



	TBA2[W6O19] (3.7)
	Malononitrile (1)
	EtOH
	reflux
	7 min
	92
	25
	214
	[40]



	TBA8[α-Si2W18O62] (0.5)
	Ethyl cyanoacetate (1.5)
	CH3CN
	32
	3 h
	96
	192
	64
	[47]



	TMA6[Nb10O28] (1)
	Phenylacetonitirle (1)
	CH3OH
	70
	24 h
	35
	35
	1.5
	[55]



	TBA7[γ-HGeW10O36] (2)
	Phenylacetonitirle (1.5)
	CH3CN
	80
	5 min
	83
	42
	504
	[46]



	Na16[SiNb12O40] (0.23)
	Ethyl cyanoacetate (1)
	–
	70
	2 h
	67
	288
	144
	[56]



	TBA4[γ-SiW10O34(H2O)2] (0.5)
	Malononitrile (0.67)
	CH3CN
	32
	2.5 h
	90
	180
	72
	[36]



	Na8H[PW9O34] (0.25)
	Malononitrile (1.5)
	CH3OH
	25
	6 h
	92
	368
	61
	[50]



	Na8H[PW9O34] (0.25)
	Ethyl cyanoacetate (1.5)
	CH3OH
	25
	6 h
	80
	320
	53
	[50]







[a] TON = Products (mol)/catalyst (mol). [b] TOF (h−1) = TON/time (h). [c] The TOF value in the parenthesis is determined by the initial rate.
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Table 3. Cyanosilylation of carbonyl compounds with trimethylsilyl cyanide (TMSCN) by POM base catalysts.
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	Catalyst (mol %)
	Substrate
	TMSCN (Equiv.)
	Solvent
	Temp. (°C)
	Time
	Yield (%)
	TON [c]
	TOF [d] (h−1)
	Ref.





	TBA4[γ-SiW10O34(H2O)2] (1)
	2-Adamantanone
	2
	DCE [a]
	32
	72 h
	30
	30
	0.4
	[36]



	TBA8H2[{Y(H2O)2}2(γ-SiW10O36)2] (1)
	2-Adamantanone
	1.5
	DCE [a]
	30
	1.5 h
	91
	91
	61
	[37]



	TBA8H2[{Y(H2O)2}2(γ-SiW10O36)2] (0.01)
	Benzaldehyde
	1.5
	DCE [a]
	30
	15 min
	94
	9400
	37,600
	[37]



	TBA6[γ-H2GeW10O36] (0.1)
	Acetophenone
	1.5
	CH3CN
	30
	30 min
	99
	990
	1980
	[39]



	TBA8H2[{Nd(H2O)2}2(γ-SiW10O36)2] (0.5)
	2-Adamantanone
	1.5
	DCE [a]
	30
	7 min
	98
	196
	1680
	[41]



	TBA8H2[{Nd(H2O)2}2(γ-SiW10O36)2] (0.1)
	Benzaldehyde
	1.5
	DCE [a]
	30
	2 min
	99
	990
	29,700
	[41]



	Na8H[PW9O34] (0.25)
	2-Adamantanone
	1.5
	EtOAc [b]
	25
	6 h
	92
	368
	61
	[50]



	Na8H[PW9O34] (0.25)
	Benzaldehyde
	1.5
	EtOAc [b]
	25
	6 h
	99
	396
	66
	[50]



	[Nd(H2O)5]2MoV2O26 (1)
	Benzaldehyde
	3
	–
	25
	7 h
	96
	96
	14
	[51]



	[Sm(H2O)5][Sm(H2O)7][Co2Mo10H4O38] (2)
	Benzaldehyde
	3
	–
	25
	5 h
	98
	49
	10
	[52]



	(C2N2H12)[Ba(H2O)3][Co2Mo10H4O38] (2)
	Benzaldehyde
	3
	–
	25
	6 h
	99
	50
	8
	[52]







[a] DCE = 1,2-Dichloroethane. [b] EtOAc = Ethylacetate. [c] TON = Products (mol)/catalyst (mol). [d] TOF (h−1) = TON/time (h).
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