Chapter
Photo-electrochemical Cells (PECs) for Organic Synthesis and Transformations

Introduction
The utilization of solar energy for organic transformations is also another way of exploiting the inexpensive, abundant non-polluting and renewable source of energy.2 Scientists have found that the potential of PECs was not limited to the hydrogen production from water, and other applications of PECs can be advantageous. The applications of PEC thus expanded to the fields of fuel production, conversion of carbon dioxide, reduction of dinitrogen and pollutant degradation.   These aspects have been already considered... However, the application of PEC in organic synthesis and transformations was limited.  Various oxidizing photoanodes, such as BiVO4 and WO3, have been employed to realize organic redox reactions. Different reaction types, such as the oxidation of simple substrates, C–H functionalization and R1-H/R2-H cross coupling reactions, have been successfully achieved in PEC cell systems this aspect is pictorially shown in Fig.1... This organic transfer system in PEC cells has become a powerful strategy for the construction of high value-added chemicals, which has emerged as an atom-economical, environmentally friendly, and energy saving method in organic chemistry.
The obvious advantage of chemical reactions in PECs is the reduction of external bias, thereby saving electricity. Notably, organic system reactions in PECs mostly work under metal-free and chemical oxidant-free conditions... With the use of a photoanode as the electrode material, the use of external power can be avoided and the applied voltage can be restricted... At present, PEC cells have no obvious advantage regarding the control of reactivity and selectivity. Organic transformation in PECs may avoid excessive oxidation and reduce side reactions to obtain better chemical selectivity due to lower external bias. 

Simple Oxidation Reactions in PECs
In this section, let us consider some typical organic oxidation reactions that have been already realized, 5-Hydroxymethylfurfural (HMF) is a key intermediate in biomass conversion, and 2, 5-furandicarboxylic acid (FDCA) is an important monomer for the production of numerous polymer materials.  effort has been made to achieve the conversion of HMF into FDCA. Although the methods are efficient, the requirements for transition-like metal catalysts, high-pressure O2 or air (3–20 bar), an alkaline aqueous solution (pH ≥ 13), and elevated temperatures (30–130 °C) are general drawbacks of the conventional process.8 Thus, it is attractive to find a mild, efficient synthetic strategy to carry out this valuable transformation.
 TEMPO-mediated electrooxidative reaction of HMF for the synthesis of FDCA in a photoelectrochemical cell was reported in 2015. The schematic versions and the chemical transformations taking place in the conversion of HMF are shown in Fig.2.9 Employing an n-type BiVO4 material as the oxidation photoanode and a platinum plate as the reduction cathode in the presence of TEMPO as a mediator, HMF can convert into FDCA with a near-quantitative yield and 100% faradaic efficiency at ambient conditions without the use of precious-metal catalysts.. The study suggests that PECs can be used in producing high value-added chemicals from simple organic substrates by photoanode oxidation processes and this process can be carried out at much lower applied potential by proper choice of photo anode. In this case, the material used is BiVO4.
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Fig.1. Schematic representation of substrate transformations in a PE Cell.
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Fig.2. the reactions involved in HMF oxidation is shown in (a) and the PEC and conventional electrochemical process for this conversion is shown in b and c respectively.
Eince the PEC route avoids the use of expensive and toxic chemicals, this methodology appears to be promising... In 2017, photoelectrochemical alcohol oxidation and C–H functionalization in PEC cells were reported.. Employing a BiVO4 electrode as the photoanode, MeCN as the solvent, and NHPI as the electron transfer reagent, benzyl alcohol, cyclohexene and 1,2,3,4-tetrahydronaphthalene could furnish the corresponding ketones in moderate to good yields . The processes considered are pictorially shown in Fig.3. Compared with traditional chemical oxidation conditions, the PEC  method avoids the use of other additives, such as metal catalysts and strong oxidants, which may cause pollution problems. Moreover, this photoelectrochemical oxidative reaction was accomplished by using sunlight as the single energy source, which can reduce the applied voltage of an EC oxidation process by 1 V.. [image: https://pubs.rsc.org/image/article/2020/qo/d0qo00486c/d0qo00486c-s3_hi-res.gif] 
Fig.3. PEC cells for oxidation of organic substrates in organic media.
Thus similar  photoelectrochemical oxidation of benzylic alcohol derivatives on BiVO4/WO3 under visible light irradiation has also been reported. This study is shown in Fig.4. A BiVO4/WO3 composite photo electrode in aprotic organic media was used and the oxidation reaction proceeded and generated the corresponding ketones in up to 97% yield. The recyclability of this electrode material was also known. It was noted that the TON of products to BiVO4 was approximately 1200. [image: https://pubs.rsc.org/image/article/2020/qo/d0qo00486c/d0qo00486c-s4_hi-res.gif]
Fig.4.  The photo-assisted electrochemical oxidation of benzylic alcohol derivatives.
The transformation of n-butanol to 2-ethylhexenal by tandem enzymatic oxidation and aldol condensation in a PEC system by employing BiVO4 as the anode material was also reported. Direct C–H activation reactions was reported. This process attracted attention in organic synthesis because this reaction can often improve the atom- economy. Over the past decades, many methods have been developed, including transition-metal-catalyzed C–H activation and electrochemical C–H activation.  In order to achieve specific reactivity for C–H activation under mild conditions, a novel photo-electrochemical C–H bond activation reaction of cyclohexane using a WO3 photoanode and visible light in air at room temperature and atmospheric pressure .This process is shown in Fig.5. The oxidation ability of h+ at the valence band potential of WO3 is almost identical to that of TiO2 (+3.1 V vs. RHE), and the conduction band potential of WO3 is +0.5 V vs. RHE. In this strategy, excellent partial oxidation selectivity up to 99% and apparent faradaic efficiency (76%) could be obtained and the IPCE at 365 and 420 nm were 57% and 24%, respectively. The possible mechanistic aspect has also been suggested...
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Fig.5. PEC cells for C–H bond activation of cyclohexane.
.
A selective photoelectrochemical dimethoxylation reaction between furan and MeOH by using a composite n-type semiconductor BiVO4/WO3 photoanode and Br+/Br− as a mediator, with excellent faradaic efficiency up to 99% was reported. This process is shown schematically in Fig.6 The utilization of photoelectrochemistry instead of an electrochemical method under dark conditions tactfully addressed the challenge of avoiding side reactions, such as the oxidation of MeOH and the methoxylated product. In addition, the applied potential in this system could be decreased by using solar energy as proved that in photoelectrolysis the applied potential decreased from 1.2 V  in dark to O under irradiation.  The bromide ion plays an important role in the transformation process; only a trace amount of product was detected in the absence of Et4NBr as a Br− source. The addition of Et4NBF4 as a co-supporting electrolyte also improved the efficiency of the dimethoxylation.
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Fig.6. Plausible mechanism for photoelectrochemical dimethoxylation of furan with Br+/Br− as a mediator.

C–H functionalization and R1-H/R2-H cross coupling in PEC cells
Recently,  a novel photoelectrocatalytic C–H amination of arenes and pyrazoles  has been realized. This process is shown in Fig.7. In this reaction, a haematite photoanode was used as the electrode due to its low cost, high stability and suitable bandgap of 2.1 eV for strong visible light absorption; compared to organic photoredox catalysts, such as acridinium, haematite (2.3 V versus the standard hydrogen electrode).. Using LiClO4 as the supporting electrolyte, HFPI/MeOH (4 : 1) as the co-solvent, and blue LED as the light source, various arenes could be converted to the corresponding substituted N-heterocycle products in up to 89% yield.
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Fig.7. PEC cells mode  for C–H amination reaction  of arenes.
Organophosphorus compounds, especially α-amino phosphonates, are a valuable skeleton widely present in materials chemistry, agrochemicals, and biochemistry. Most of the reported methods for their synthesis suffer from various disadvantages such as the need for metal catalysts, stoichiometric oxidants or directing groups. PEC cells, as a valuable electrochemical synthetic tool to save energy in organic synthesis, can solve these problems. An energy saving electrochemical synthesis method in PEC cells to achieve P–H/C–H cross coupling with a hydrogen evolution strategy between amines and P(O)H compounds has been realized. These typical reactions are shown in Fig.8. By using BiVO4 as a photoanode and NHPI as a mediator, a series of organophosphorus compounds were produced in good to excellent yields with hydrogen evolution. In addition, this approach showed good functional-group tolerance and broad substrate scope. Importantly, nearly 90% external bias input was saved to achieve this conversion by the use of PEC cells as the reactor (0.1 V vs. 0.5 V for the BiVO4 PEC system and glassy carbon EC system). Generally, chemists are considering using PEC cells to achieve organic reactions because this method can avoid energy waste. In this transformation, they successfully proved that PEC systems can considerably decrease the applied voltage for C–P bond construction, and serve as viable methods to realize selective redox transformations under efficient and energy saving conditions through electron transfer on the electrode surface.
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Fig.8.  PEC cells for phosphorylation of C–H bond.
Dye-Sensitized Solar cells (DSSC) are another version of the solar cell configurationfor the conversion of light energy into electric and chemical energy. Recently,  visible-light-induced α-oxyamination between 1,3-dicarbonyls and TEMPO via a photo(electro)catalytic process using visible light as the energy source was reported. This process is shown in Fig.9. By using a DSSC anode or a DSSC system, the cross-coupling of 1,3-dicarbonyls and TEMPO occurred smoothly, leading to a series of α-oxyaminated carbonyl compounds in good to excellent yields (32–97%). These process has the advantages such as easy separation, environmental protection, low energy consumption, and sustainability. The repeatability of the use of the DSSC anode  was also established. [image: https://pubs.rsc.org/image/article/2020/qo/d0qo00486c/d0qo00486c-s11_hi-res.gif]
Fig. 9. PEC cells for α-oxyamination of 1,3-dicarbonyls.
Conclusion
The successful development of photoanode oxidation has been converted into as a powerful tool in organic synthesis, a wide range of oxidative C–H/X–H (X = N, O, P, etc.) cross-coupling reactions have already been reported. In this section a few typical examples are given. A wide range of efficient and green methods for directly forming C–N, C–O, and C–P bonds have been developed. Generally, PEC cell photoelectrochemical systems use the oxidizing power of photoanodes, such as BiVO4 and WO3, for this transformation under metal- and chemical oxidant-free conditions. Compared with conventional electrochemical systems, PEC systems probably operate at lesser potential bias and thus save  energy. However, there are some limitations of the utilization of photoelectrochemical cells for organic synthesis, such as a more complex set-up, which is a major hurdle for reaction scale-up. Although various photoelectrochemical organic reactions have been studied in recent years for the construction of carbon–heteroatom bonds, there are still some challenges: Some of them are: Methods for constructing carbon–carbon, other carbon–heteroatom and heteroatom–heteroatom bonds in PEC systems are relatively limited.        Single electrode type and narrow substrate scope.   Low chemical- and region-selectivity in this transformation.  Hopefully, future extensive studies of photoelectrochemical methods in PEC cells can enrich complicated reaction types by utilizing new electrode materials and/or the addition of transition metal catalysts or organic small molecule catalysts. The photoelectrochemical oxidative reactions with hydrogen evolution have thus great scope.
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