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1. Abstract
Silicotungstic acid (H4SiW12O40) demonstrates some fascinating reversible redox behavior that in recent years has been exploited both for decoupled electrolysis and for the selective hydrogenation of nitroarenes to their aniline derivatives without the need to use hydrogen gas or precious metal catalysts. Specifically, silicotungstic acid can be reduced electrochemically to its two-electron reduced form (H6SiW12O40), which displays good stability and which can be induced to cycle multiple times between H6SiW12O40 and H4SiW12O40 on account of its reversible reduction and re-oxidation. In contrast, studies on more deeply-reduced states of silicotungstic acid are rarely addressed in the literature, although the potential for developing more powerful, yet still selective, hydrogenation agents if more deeply-reduced states could be accessed reliably offers an incentive to explore their formation. Herein, we report the controlled and reproducible formation of silicotungstic acid in its previously uncharacterized four-electron reduced form by judicious selection of electrochemical reduction parameters. We obtain and compare the crystal structures of two- and four-electron reduced silicotungstic acid for the first time and show that four-electron reduced silicotungstic acid is indeed a more effective hydrogenation agent for the reduction of 4-cyanobenzaldehyde and 4-(trifluoromethyl)benzaldehyde than the two-electron reduced form. Our results suggest that careful optimization of reduction conditions can allow polyoxometalates in oxidation states hitherto considered rather exotic to be produced reliably, and subsequently deployed to produce reaction outcomes that are demonstrably different from those occasioned by their less-reduced analogues.

2. Experimental
2.1. Materials
Tungstosilicic acid hydrate, (H4[Si(W3O10)4]·xH2O, reagent grade, CAS: 12027-43-9) and phosphoric acid (H3PO4, 85% aqueous solution, CAS: 7664-38-2) were purchased from Thermo Fisher. 4-Cyanobenzaldehyde (C8H5NO, 98+%, CAS: 105-07-7), 4-(trifluoromethyl) benzaldehyde (CF3C6H4CHO, 98%, CAS: 455-19-6), and phthalonitrile (C6H4(CN)2​, 98%, CAS: 91-15-6) were obtained from Thermo Scientific. Terephthalonitrile (C8H4N2​, 98%, CAS: 623-26-7), 4-(trifluoromethyl) acetophenone (CF3C6H4COCH3, CAS: 709-63-7), and activated carbon (CAS:7440-44-0) were sourced from Alfa Aesar. Biphenyl-4-carboxaldehyde (C6H5C6H4CHO, CAS: 3218-36-8), 2-naphthaldehyde (C10H7CHO, CAS: 66-99-9), and diethyl ether (≥99.8%, CAS:60-29-7) were acquired from Sigma-Aldrich and used as received. Sodium hydroxide (NaOH, CAS: 1310-73-2), magnesium sulfate (dried, ≥ 98%, MgSO4​, CAS: 7487-88-9) and hydrochloric acid (HCl, CAS: 7647-01-0)  were purchased from Honeywell and used as received. Chloroform (CHCl3, 99.8+, certified AR for analysis, stabilized with amylene, CAS: 67-66-3) was obtained from Fisher Scientific.  All chemicals were used without further purification.  Nafion membrane 117 was obtained from Fuel Cell Store and stored in 1.0 M H2SO4. Nitrogen (˃99% purity) was purchased from BOC Ltd. Chloroform-d, DLM-7-100 was obtained from Cambridge Isotope Laboratories (CDCl3, CAS: 865-49-6).

2.2. Electrochemical set-up 
Cyclic voltammetry (CV) experiments were performed using a three-electrode setup in single-chamber cells at room temperature (~20 °C). The measurements were conducted at a scan rate of 100 mV/s using a Gamry Interface 1010E, without stirring and without iR compensation. The solution (10 mL) was thoroughly degassed with nitrogen for 5 minutes before measurements were collected and was kept under an inert atmosphere throughout the process. A glassy carbon disc electrode (surface area = 0.071 cm2) served as the working electrode, a platinum wire was used as the counter electrode, and an Ag/AgCl (3 M NaCl) reference electrode was employed. 
The bulk electrolysis experiments were conducted using a three-electrode configuration in a two-compartment H-cell. The compartments were separated by a Nafion N-117 membrane to permit H+ ion diffusion between the electrolytes. The cathode compartment contained a 0.5 M aqueous silicotungstic acid solution with a carbon felt working electrode (total geometric dimensions: 2.5 × 4.0 cm2) and an Ag/AgCl reference electrode, while the anode compartment contained 1.0 M aqueous H3PO4 (pH = ~0.5) and a platinized titanium counter electrode. The cathode compartment was stirred at around 300 rpm, and both compartments were continuously bubbled with nitrogen/argon to avoid oxidation of the solution by the air. Bulk electrolysis was then carried out at −0.36 V vs NHE to selectively generate the initial 2-electron reduced form of silicotungstic acid, as evidenced by the current declining to background levels of less than 20 mA after about 16 hours. After preparing the 2e− reduced solution of silicotungstic acid, it was removed from the working electrode compartment of the H-cell. 
Organic compounds were subsequently added to the reduced silicotungstic acid solution in ratios of either 1:1 or 1:10, corresponding to 1 part organic compounds to 1 or 10 parts silicotungstic acid. These mixtures were stirred using a magnetic stirrer in a round-bottom flask and allowed to react overnight (approximately 18 hours) under a nitrogen atmosphere at 20 °C. The nitrogen atmosphere was maintained by continuously flowing nitrogen gas over the reaction mixture through a gas inlet and outlet system. Following reaction, the pH of the acidic solution was adjusted to approximately 7 using 1.0 M NaOH to neutralize the strongly acidic medium and facilitate efficient extraction of the neutral benzylic alcohol products into the organic phase in their neutral forms. The mixture was then extracted with chloroform in two 30 mL aliquots. The organic phase was subsequently dried over MgSO4, filtered through filter paper, and concentrated using a rotary evaporator. This process is summarized in Figure 2. Reduced silicotungstic acid was recycled following a literature method previously reported in detail by our group.7 Recycled silicotungstic acid was reused as a hydrogenation agent in reactions with organic substrates, with adjustment of substrate loading where required. The recovered aqueous silicotungstic acid solution was partially evaporated, acidified with concentrated HCl to pH < 1, and heated at 95 °C for 24 h to regenerate the Keggin structure. After activated carbon treatment and filtration, silicotungstic acid was separated from the mother liquor by diethyl ether/HCl extraction and concentrated by rotary evaporation to afford a solid, which was repeatedly dissolved and re-evaporated to remove residual HCl before recrystallisation and drying at 100 °C overnight. The regenerated silicotungstic acid was then electrochemically reduced, after which organic substrates were added to the reduced silicotungstic acid solution for hydrogenation process. The extraction and reuse cycle was repeated three times.  
2.3. Analysis of reduced organic substrates
To analyse the products, nuclear magnetic resonance (NMR) spectroscopy was employed. 1H NMR spectra were recorded at room temperature using a Bruker 400 MHz NMR spectrometer. The products were dissolved in CDCl3 for this analysis. An Agilent GC-MS instrument equipped with a 7890A gas chromatograph and a 5975C inert mass selective detector (triple-axis detector), and an Agilent J&W DB-35ms column (30 m × 0.32 mm, 0.25 µm: Part Number: 123-3832) was used for further analysis of the obtained products. All obtained products were dissolved in dichloromethane before analysis. The initial oven temperature was set to 45 °C and held for 3 minutes. It was then ramped at a rate of 20 °C per minute until reaching 275 °C and held for 5 minutes. The total analysis time was 19.5 minutes. Ultraviolet-visible (UV-Vis) spectroscopy was also employed to analyse both liquid and solid samples of reduced silicotungstic acid. Liquid sample measurements were performed using an Agilent Cary 60 UV-Vis spectrophotometer (wavelength range: 190-1100 nm), while solid sample measurements were carried out using a Shimadzu UV-2600 spectrophotometer (wavelength range: 185-900 nm) equipped with an air sensitive solid sample holder. Single-crystal X-ray diffraction data were collected for 2e− reduced and 4e− reduced silicotungstic acid at 150 K on a Rigaku XtaLAB Synergy R diffractometer, using a HyPix-Arc 150 detector, equipped with graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) micro-focus sealed X-ray source (50 kV, 24 mA). Data collection and reduction was performed using CrysAlisPro software package, and structures were solved and refined using Olex 1.5. For oxidized silicotungstic acid, single-crystal X-ray diffraction data was obtained at 150 K using Bruker D8 Venture with a Photon II detector, Mo Kα radiation (λ = 0.71073 Å) micro-focus sealed X-ray source (50 kV, 24 mA) at 150 K. Data collection and reduction was performed using APEX4 and SAINT V8.37A. To evaluate the reusability of silicotungstic acid, oxidized silicotungstic acid, and their two-electron and four-electron reduced forms, the structures of the recycled materials were characterised using Fourier Transform Infrared (FTIR) spectroscopy. FTIR spectra were recorded using a Nicolet™ Summit™ FTIR spectrometer.
[image: ]
Figure 2. An overview of the hydrogenation process for organic substrates using reduced silicotungstic acid: Step 1 involves the electrochemical reduction of silicotungstic acid (oxidised form shown in white, reduced form shown in blue). In Step 2, the reduced silicotungstic acid hydrogenates the organic substrates. Step 3 involves the extraction of the products. Finally, Step 4 consists of analysing the products using 1H NMR and GC-MS
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