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Abstract 

Photoelectrochemical (PEC) cells are well documented as an important tool for energy and 
environmental applications. Most commonly used to produce hydrogen fuel from water 
splitting, PEC cells have also been directed towards pollutant degradation, carbon dioxide 
reduction and the production of solar fuels. Their application in organic synthesis, however, 
remains in its infancy. Motivated by the desire for green and sustainable synthetic methods, 
the merger of photochemistry and electrochemistry is envisaged to become a new strategy to 
accompany the modern organic chemists. PEC cells are desirable due to the abundance, 
convenience, inexpensive and clean nature of sunlight, the rich variety of photoelectrode 
materials and redox mediators as well as their ability to utilise mild reaction conditions. This 
perspective article describes some of the recent developments in PEC-driven organic 
synthesis by combining electrochemistry and photoredox catalysis in a single system. Specific 
emphasis has been given for reactions concerning C-H activations, whereby new chemical 
bonds are forged, whether they be for the late stage functionalisation of interesting compounds 
or the conjoining of two molecular building blocks. This combination is emerging as a powerful 
system that can achieve reactions that previous methodologies would find difficult or 
impossible, and can do so in an environmentally friendly, energy saving manner with high 
atom- and step-economies.       
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Introduction 

Photocatalysis is a captivating technique in chemistry and organic synthesis, largely attributed 
to its employment of renewable visible light that acts as an effective tool to induce single 
electron transfer (SET) steps in cross-coupling reactions.1–7 Energy is selectively transferred 
to the catalyst rather than the substrate, therefore, unwanted side reactions such as 
decomposition of desired compounds can be avoided.1,7–11 Unfortunately, energy constraints 
of the visible light, (400-700 nm, 1.8-3.1 eV) poses a problem as it is typically insufficient for 
many challenging chemical transformations (e.g. production of glucose from H2O and CO2),12–

14 and is further hampered by intersystem crossing and nonradiative losses. For instance, 
potentials of +2.4–3.5 V vs. SCE and -2.6–3.4 V vs. SCE are required for many SET oxidations 
and reductions, respectively.13 This means that many compounds cannot be activated by 
phototcatalysis, leading to the requirement for external oxidants/reductants to achieve redox-
neutral reactions, which can introduce hazards and generate by-products, thus damaging 
chemoselectivity.13,15–17  

Green electrochemistry, on the other hand, can overcome this limitation by using safer, 
alternative oxidants/reductants with electricity as the traceless redox agent.18–27 An example 
would be protons which are effective as the terminal oxidant and produce hydrogen as the 
predominant by-product. At the anode and cathode, respectively, oxidation and reduction 
occur simultaneously. Furthermore, these can occur in the same system (undivided cell) or in 
one that is separated into two individual components (divided cell). Similar to photocatalysis, 
the same open-shell intermediates are generated from electron exchange at the electrode 
surface in an electrochemical system. However, in opposition, this is usually followed by a 
second SET in the same direction in electrochemistry due to the harsher redox conditions.28 
The applied potential employed by electrocatalysis gave the technique traction as a powerful 
tool which can prevent electrode passivation, eliminate the need for external oxidants, improve 
electron transfer kinetics and impart the catalyst with selectivity and tunability.29 Thus, many 
electrosynthetic transformations have been realised such as C-H activations,30 direct C-H 
oxidations,31 and alkene functionalisations.32,33 The ability of electrochemistry to choose any 
potential is arguably its biggest advantage, allowing access highly reactive intermediates at 
extreme potentials (without the dependence on excited states)34 with the tolerance of the 
solvent being the redox windows only limit.1 However, the constant application of high 
potentials can result in undesirable reactions near the surface of the electrode, damaging 
yields, chemoselectivities and functional group tolerance (from overpotentials). 
Electrochemically generated radicals can easily undergo radical homo-coupling, over-
oxidation/reduction (e.g. radicals at the cathode reduced to anions), and inefficient mass 
transfer at the electrode/bulk solution interface leads to electrode passivation.35 Moreover, a 
high ohmic drop between the two electrodes in an organic solvent system (in conjunction to 
one that is aqueous) means that high potentials are required for acceptable conversions.1,36,37 
The drop can be decreased with a high supporting electrolyte concentration (n-Bu4NPF6), 
however, one that is amphiphilic can be difficult to separate from the desired product. 
Therefore, what is needed is something that can access an extreme redox potential under 
mild conditions without over-exerting the intermediates. 
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Scheme 1: a. Electrochemically mediated photocatalysis:  merging of photoredox chemistry 
with electrochemistry in organic synthesis to yield the photoelectrochemical method; SET 
(single electron transfer), PC (photocatalyst), R-X (substrate) b. Interfacial electro-
photocatalysis: Photoelectrochemical cells (PECs) using a photoelectrode for oxidative 
organic transformations. (Lower part). In an electrochemical process, the intermediates are 
generated upon the exchange of an electron at the surface of an electrode. However, at 
variance with photocatalysis, the involved intermediates usually undergo a second electron 
transfer in the same direction because of the strong oxidizing/reducing conditions. 

In the leap towards green and sustainable chemistry both electrochemistry and photoredox 
catalysis have received much attention in the past decade.38–45 They are often mentioned and 
compared together because of their close similarities, such as the generation of open shell 
intermediates via SET methods, enabling transformations to be translated from one to the 
other and to allow easy access to radical intermediates for organic synthesis. To date, the 
constructive merging of photochemistry and electrochemistry is in its infancy states, 
particularly when compared to the constituent parts (Scheme 1). However, it does possess 
the opportunity to use the advantages of one to compensate for the weaknesses of the other, 
thereby realising a powerful new tool for green chemistry with the possibility of unlocking novel 
reaction pathways that are not possible with each individual methodology.44 
Photoelectrochemical (PEC) cells have been of interest to multiple disciplines to tackle modern 
energy and environmental issues through the conversion of solar energy to electricity, to 
produce hydrogen from the water splitting reaction and the reduction of CO2. Typically, solar 
photons strike a photoelectrode emerged in an electrolyte solution, generating electron-hole 
pairs. These then direct the redox reaction by reducing water to oxygen and protons at the 
cathode and oxidising protons to hydrogen at the anode.46 These same electron-hole pairs, 
which are generated under mild conditions with high oxidising/reducing power, can also be 
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used to drive organic reduction and oxidation reactions to high-value targets. Precise control 
over reaction progress and selectivity can subsequently be achieved using the electrons, 
photons and photoelectrode properties (i.e. band position, morphology and composition). 

This branch of chemistry has developed from the desire to create green catalysts for the 
splitting of water that are inexpensive (e.g. no noble metals), highly active and display long-
term activity. Many PEC semiconductor electrodes are burdened with low photo-water splitting 
efficiency due to material degradation, poor light absorption, charge separation and 
transportability. Recently however, waste-yeast biomass supports decorated with Ru single-
atoms and nanoparticles and Fe-based materials has been reported for cathode and anode 
electrodes to produce hydrogen and oxygen from water, respectively.47 This study is 
interesting because the living organism yeast (rich in phosphorus, carbon, sulphur and 
nitrogen) provided several positive attributes including eco-friendly chemistry, good electrical 
conductivity, functional group tolerance that allows strong interaction with metal ions, low cost, 
nontoxic, easy availability, degrades easily and has a bio-composition (DNA, proteins, lipids, 
etc.). Moreover, for the hydrogen evolution reaction and in addition good activity and a long 
cycle life (10,000 cyclic voltammetry (CV)), with respect to overpotential, Tafel slope, 
exchange current density and durability, the Ru-catalyst managed to outperform the 20wt% 
Pt/C catalyst and the Fe-anode showed good activity of the oxygen evolution reaction. This 
was attributed to the supports good conductivity, synergy between single atoms and 
nanoparticles, a large porous surface area with lots of catalytically active sites, and fast charge 
transfer kinetics.  Other attempts involving semiconductor electrodes to improve performance 
by mitigating electron-hole recombination and poor light absorbance is to decorate with single 
atoms and p- and d-block elements (noble metals Pt, Pd, Ru, Ir, Au, Ag as well as Fe, Co, Ni, 
Cu, Mo, Bi, W and their respective alloys),48 graphene and other nanomaterials. To improve 
the PEC conversion efficiency, activity, light absorption spectrum, reduce recombination etc. 
semiconductors can be functionalised with 0D quantum dot nanomaterials such as CdS, 
graphene, graptitic carbon nitride (g-C3N4), Co3O4 and 1D nanotubes (carbon, TaON), 
nanowires (SiC, Fe2O3, CdS, ZnO) and nanorods (WO3, ZnO, TiO2/TiO2).48  2D materials such 
as MoS2, g-C3N4, TiO2, and hematite can lead to enhanced photoactivity due to high surface 
areas and thin sheets providing greatly reduced resistance and access to UV light. Moreover, 
graphene is often referred to as a “wonder material” due to its variety of exciting properties 
arising from a single atomic layer of sp2-hydridised carbon atoms π-conjugated with a large 
surface area and excellent electrical conductivity and mechanical strength. Graphene’s 
properties allow it to act as a protective layer over a semiconductor to hinder photocorrosion 
and to enhance catalytic activity by reducing charge recombination, provide a large area for 
adsorption, improve charge transfer at interfaces and to and from the semiconductor and 
provide more photocatalytically active centres. 3D nanostructures may also be used to enable 
easy diffusion pathways, reduce electrolyte/electrode distances and offer high-temperature 
photoactivity (e.g. dendritic α-Fe2O3).48  

Moreover, PEC systems can be constructed with heterogeneous photoelectrodes and 
homogeneous catalysts, hence the generation of a chromophore in solution is possible if so 
desired. Clean energy from the light and electricity not only reduce the required external bias, 
saving electricity and reducing the chances of the chemoselectivity being negatively affected 
due to unfavourable side reactions, but also eliminate the need of chemical 
oxidants/reductants. Thus, the environmental impact of organic redox reactions is reduced, 
the milder conditions can broaden the functional group tolerance, redox window (allowing 
access to high redox potentials), increase atom economies and still enable net-oxidative 
photochemical processes, e.g. C-H alkylation of heteroarenes.28  PEC cells do, however, 
require a more complex setup than photocatalysis and electrochemistry; equipment is not yet 
standardised and their use for organics is limited.  
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Combining photocatalysis with electrochemistry are expected to broaden the redox window of 
SET processes, increase atom economy, energy/ money savings and improve selectivities 
and functional group tolerance by using milder conditions. The applicability may also extend 
to difficult SET chemistries such as direct reductions of ethers, amides, sulphides, sulfoxides, 
Si-X (X=Cl, F, OR, OSiR3) and direct oxidations such as hydrocarbons, carbonyls, fluorinated 
aromatics and sulfones.1 Electrophotochemistry occurs when there is an interdependent 
relationship between constituent components, i.e. photoexcitation of electrochemically 
generated ions. This can allow a large redox window of SET reactions by the generation of 
super-oxidants and reductants and thus perform processes at potentials beyond the 
capabilities of organic solvents in each individual process. In addition, this method can appeal 
to industry and sustainability by alleviating the need for a sacrificial agent. Interfacial 
photoelectrochemistry on the other hand is the same process, but with reactions occurring at 
semiconductor photoelectrodes. Compared to electrophotochemistry it has a disadvantage in 
that some photoanode materials can photocorrode in the aqueous solvents, nor can it attain 
the very high redox potentials, thus loses an energy benefit. However, it is advantageous in 
the sense that is does not need to form a chromophore, it is difficult to measure redox 
potentials when they lie outside the redox window of the solvent, can interact with compounds 
that do not absorb visible light, and can use the visible light energy to reduce the high external 
bias applied to electrode, thus reducing electricity-induced electrode damage and improving 
energy efficiency and selectivity. Most of its application has been realised for simple chemical 
transformations but as progress is made, in time interfacial photoelectrochemistry will extend 
to more complex substrates. For both techniques, addressing certain challenges will be 
needed to propel photoelectrochemical organic transformations into a highly established 
methodology. One will be the more rigorous control experiments, highlighting the benefit and 
necessity for both light and electricity. Another will be the standardisation of equipment since 
many of the current PEC syntheses are performed in custom-built electrochemical glassware 
that can be irradiated with light. That being said commercially available water splitting PEC 
cells can be adapted for transformations in organic solvents and continuous flow technology 
can be incorporated to remove the current problems of scalability in batch reactors as well as 
to improve the kinetics and transmission of light and electrons. 

The nomenclature “photoelectrocatalysis” is associated with interfacial photoelectrocataysis, 
also commonly used in physical chemistry, i.e. concerning the water splitting reaction, and has 
been used for a longer time, while “electrophotocatalysis” is used for electrochemically-
mediated photocatalysis. However, IUPAC defines photoelectrochemistry as a “term applied 
to a hybrid field of chemistry employing techniques which combine photochemical and 
electrochemical methods for the study of the oxidation-reduction chemistry of the ground or 
excited states of molecules or ions. In general, it is the chemistry resulting from the interaction 
of light with electrochemical systems.” Therefore, photoelectrochemistry technically coverers 
both photoelectrocatalysis and electrophotocatalysis, however, in organic chemistry it is now 
being associated with photocurrent generation and reaction at semiconductor electrodes and 
hence, interfacial photoelectrocatalysis. In the absence of the heterogeneous semiconductors 
with the reaction performing in solution with homogenous catalysts, electrophotocatalysis is 
the term commonly used.49 

Recent breakthroughs indicate that the enabling technology could open up a plethora of green, 
sustainable reactions, many of which could be non-redox neutral, yet to be explored, and 
transformations not possible in the absence of light and electricity. Several examples have 
already been reported, employing photoanodes such as BiVO4 and WO3, to afford various 
solar-induced organic transformations.46 Herein, we have directed our attention of the combing 
of electrochemistry with photoredox catalysis to the activation of C-H bonds. This is because 
direct C-H functionalisations are an established process during the synthesis of important 



 6 

organic molecules, and have been known to improve reaction atom- and step economies.50 
C-H functionalisations are a very important way of making important organic compounds by 
combining two molecular building blocks or later stage functionalisations (e.g. of 
pharmaceuticals). C-H bonds are commonplace in every organic molecule and yet are also 
infamous for being notoriously stable. To be able to selectively swap one of these hydrogens 
for something specifically desired by the chemist is a difficult task. However, to do so allows 
us to manipulate molecules at will, something that is of particular interest for the large-scale 
functionalisation of simple alkanes and the creation of more complex, highly functionalised 
value-added compounds such as pharmaceuticals and agrochemicals. When C-H activations 
took their initial strides 25 years ago it was evident that a catalytic system would be needed to 
overcome the challenge of selectivity and efficiency. To date we are still progressing towards 
such a catalytic system with a high enough turnover to be industrial practical. By gaining better 
understandings of homogeneous and heterogeneous catalytic systems, that the goal that C-
H functionalisations will one day be a useful, commonplace methodology will be realised on a 
practical scale. We show that attractive solutions to challenging problems are revealed via this 
new catalytic tool, which opens the door to SETs that utilise the unique reactivity’s of open 
shell intermediates that were not previously possible.51 We envision that 
photoelectrochemistry will be a great new asset to organic synthesis and reveal an element of 
sustainability, such as the formation of radical intermediates and hydrogen gas.   

 

Electro-photochemical C-H bonds Transformations 

Electrochemically-mediated photocatalysis: C(sp2)-H Functionalisation   

 

Scheme 2: Electrophotochemical undirected C-H trifluoromethylation of an unactivated arene. 

It was through the combination of photo- and electro-chemistry that enabled the first 
electrophotochemical undirected C-H trifluoromethylation of unactivated arenes and 
heteroarenes (Scheme 2).52 The cheap Langlois reagent CF3SO2Na allowed CF3 radicals to 
be generated under mild conditions without the need for toxic and expensive chemical 
oxidants. This is attractive because pharmaceutical/ medicinal chemistry industries are 
interested in the unique bioactivity and lipophilicity of trifluoromethylated compounds.53–55 In 
an undivided cell, CF3SO2Na was combined with the readily available mesitylene with Pt 
(cathode), graphite felt (GF, anode), CH3CN (solvent) and LiClO4 (additive). It was found that 
photocatalysts [Mes-Acr+]ClO4

− or [Ru(bpy)3](PF6)2 worked well, giving yields of 85 and 88%, 
respectively, while the addition of light and electricity were paramount to this success. The 
importance of light was evidenced by monitoring the conversion profile of the trimethylation 
via a Stern–Volmer plot analyses (Scheme 3a), which revealed effective fluorescence 
quenching of MesAcr*, predominantly by CF3SO2Na, accounting for reaction suppression in 
the absence of light. Moreover, on/off experiments demonstrated that transformation 
suppression was also apparent in the absence of electricity (Scheme 3b). Taking the organic 
dye Mes-Acr+ as the example, light excitation oxidised it to its excited state of Mes-Acr+* at the 
anode, which was then involved in a single electron transfer (SET) process with the sulfonate 
anion to produce the acridinyl and the CF3SO2 radical (Scheme 4, top route).52 CF3● radicals 
were then efficiently generated from the latter with the loss of SO2, attributed from CV 
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(Scheme 3c and d) studies whereby a reductive current was observed at Eonset= 0.57 V vs. 
SCE (trimethylation observed at Eonset=+1.02 V vs.SCE). The spectra remained the same after 
the addition of the photocatalyst, however, under blue light irradiation displayed the 
consumption of CF3SO2 to give the radical via oxidation at Ered=+2.06 V vs. SCE, suggesting 
the presence of CF3● radicals, which readily performed intermolecular oxidative C–H 
transformations; proton reduction to H2 occurred at the cathode. Toleration of a board 
substrate scope was subsequently discovered (e.g. ester, amide, and acetyl substituents), 
including naturally occurring heteroarenes, electron-rich and electron-poor benzenes with high 
regioselectivity. Further utility was demonstrated with the efficient late-stage 
trifluoromethylations of naturally occurring motifs such as caffeine, pentoxifylline, doxofylline, 
theobromine, methyl estrone, and tryptophan derivatives. Finally, these batch results paved 
the way for a corresponding continuous flow methodology that displayed high efficiency and 
utilised on-line flow-NMR which gave support for SET processes. 

 

Scheme 3. a. Stern-Volmer plot analysis of fluorescence quenching of [Mes-Acr+]ClO4− with 
CF3SO2Na; b. Light on/off experiments; c and d. Cyclic voltammagrams with substrates (5 
mmol/L), LiClO4 (100 mmol/L), MeCN, 100 mV/s; 2 = CF3SO2Na, PC = photocatalyst. 
Reproduced from ref 52, Copyright (2020) John Wiley & Sons. 
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Scheme 4: Proposed mechanisms for electrophotochemical C–H trifluoromethylation of 
mesitylene with the Langlois reagent (top route) and C–H alkylation of lepidine with potassium 
isopropyltrifluoroborate (bottom route) proceeding via a Minisci-type reaction. 

 

 

 

Scheme 5: Photoelectrochemical C-H alkylations of a heteroarene with an 
organotrifluoroborate. 

The merger of photoredox catalysis and electrocatalysis has led to chemical-oxidant free 
Minisci-type reactions for electrophotochemical C-H alkylations of heteroarenes with 
organotrifluoroborates (Scheme 5) and carboxylic acids.56 Alkyl radicals are generated from 
a variety of heteroarenes efficiently and functionalised from primary, secondary and tertiary 
organotrifluoroborates. Typically, the generation of alkyl radicals via electrochemical means is 
plagued by undesirable reactions such as overoxidation to carbocations (non-Kolbe 
electrolysis), reacting, and therefore passivating, the electrode surfaces and radical-radical 
dimerization (Kolbe reaction).56–58 Overoxidation is a common problem for redox catalysis 
because the oxidation potentials of many common radial precursor is higher than that of many 
alkyl radicals.57,59–61 Here, however, this was observed to occur in regio- and chemoselective 
manners, whereby the alkyl radicals readily underwent intermolecular oxidative 
transformations without being overoxidised to carbocations. Electrolysis with the assistance 
of light from a 20 W LED (blue) was initially applied to the alkylation of lepidine with potassium 
isopropyltrifluoroborate, in an undivided cell that used a Pt cathode and a reticulated vitreous 
carbon (RVC) anode. An optimised solvent system of MeCN/H2O (2:1) at rt with TFA (acid 
additive), Et4NBF4 (supporting electrolyte) and the organic dye [Mes-Acr+]ClO4

− (catalyst) led 
to an 87% yield of the product. Importantly, product formation was significantly hampered in 
the absence of light, electricity or catalyst, thus illustrating the importance of the merger. The 
reaction could even be conducted without Et4NBF4 (80% yield) and in air, albeit with a lower 
yield (63%). Other, lower redox potential catalysts were found to be less efficient. 
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Nevertheless, a broad scope of heteroarenes and organotrifluoroborates were well tolerated, 
including secondary alcohols, alkynes, amines and tertiary amines, all of which are prone to 
overoxidation during electrolysis. This, and the following C-C bond formations typically occur 
via a Minisci-type mechanism.62 A carbon-centred radical (C-radical) is conjoined to an 
electron-deficient heteroaromatic compound, which is attractive since a broad scope of 
heterocycles can therefore be incorporated. The C-radical precursors are mostly used due to 
their availability, non-toxicity, structural diversity and affordability, however, they are typically 
produced with stoichiometric amounts chemical oxidants (gives rise to atom economic, safety 
and environmental issues). The oxidants may be something like peroxide, hypervalent iodine 
or persulfate, that are exposed to light or heat to promote hydrogen atom transfer (HAT) to 
cleave a C-H donor to produce the radical.63 However, using electrochemistry to replace these 
oxidants is an exciting way forward to unlock a greater range of chemical moieties and improve 
chemioselectivity. This example, shown in Scheme 4 (bottom route), is a Minisci-type 
reaction where the catalyst, Mes-Acr+, is irradiated to its excited, highly oxidising state (Mes-
Acr+*, Ered = 2.06 V vs SCE in MeCN). An SET between Mes-Acr+* and the 
organotrifluoroborate forms the alkyl radical and the stable Mes-Acr● (which is oxidised at the 
anode to reform the ground state Mes-Acr+). The C-radical can then react with the protonated 
heteroarene, which is followed by the loss of a proton and then an electron to afford the 
product. 

 

Scheme 6: Electrophotochemical dehydrogenative cross-coupling of 2-phenylquinoline with 
cyclohexane. 

Xu et al. extended this work to another elegant strategy whereby electrochemistry and 
photochemistry have been combined in a single system for the dehydrogenative cross-
coupling of C(sp2)-H heteroarenes and C(sp3)-H donors (Scheme 6).63 Heteroarenes are 
important components of functional materials, pharmaceutical and bioactive compounds,64,65 
and combining them with dehydrogenative cross-coupling with aliphatic C-H bonds provides 
an excellent way of functionalising their C-H bonds via the creation new C-C bonds. It should 
be noted that this can be done using readily available starting materials with high step and 
atom economies.66 Photochemical methods alone have reported this, although they require 
cobalt catalyst that lead to the reduction and elimination of alkyl radicals.67 Electrochemical 
methods have achieved efficient acylation of heteroarenes68 and C-H fluroalkylation69 but have 
failed when it comes to election-poor heteroarenes and C(sp3)-H due to oxidation difficulties 
with the coupling partners and election-rich alkyl radicals oxidising to carbocations.70 The 
electrophotochemical system comprised an undivided cell with 10 W LEDs (392 nm), a Pt 
cathode, RVC anode and a MeCN solvent containing Et4NCl and HCl.63 Proton reduction at 
the cathode, in combination with anodic Cl- oxidation to Cl2, revealed the evolution of H2 with 
independence from additional chemical oxidants or metal catalysts. A yield of 92% was 
obtained for an initial, optimised cross-coupling of cyclohexane with 2-phenylquinoline. 
Similarly to the above, no product formation occurred in the absence of light, electricity or acid, 
and the mechanism is quite similar. Moreover, performing the reaction in air, thereby leaving 
oxygen in the system, still gave a good yield of 80%. Further investigations revealed that a 
broad scope of both C(sp3)-H and heteroarene species could be well tolerated (listed in ref 63). 
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As a final proof-of-concept a synthesis was scaled up to the gram and even decagram scale 
when using a continuous flow setup. This eliminated the disadvantages of batch scale-up such 
as poor light penetration through the solution due to the reactors low surface-area-to-volume 
ratio, making it hard to balance the kinetics of electro- and photochemistry.   

 

Scheme 7: Electrophotocatalytic C−H Functionalisation of an ethers with an isoquinoline. 

Alternatively, one of the nitrogen substituents in the photoexcited radical cation of 
trisaminocyclopropenium (TAC) has been determined to possess aminyl radical cation 
character that could impart the catalyst with a new reactivity function by enabling it to act as a 
HAT acceptor.71 This premise is supported when considering the sterically hindrance nature 
of TAC, since HAT reactions are sensitive to steric effects,72,73 and therefore, TAC may enforce 
reactions between chemically similar (but structurally different) C-H bonds regioselectively. To 
prove this, regioselective catalysis of important reactions concerning C-H functionalisation of 
ethers, in a single electrophotocatalytic system employing TAC, has been performed (Scheme 
7).71 In accordance with other highlighted studies combining electro- and photochemistry, 
additional chemical oxidants were able to be excluded. Not only do the results concur with the 
above hypothesis, they reveal a diverse arsenal of organic transformations initiated by this 
novel activation event. Ethers could then be coupled with a variety of other compounds such 
as isoquinolines, azols, pyrazoles, purines, alkanes and alkenes. Reaction probing began with 
the coupling THF and 4-bromoisoquinoline in an undivided cell with a cell voltage of 1.5 V, 
while light compact fluorescent light (CFL), acetic acid, and CF3CO2H. The optimised Minisci 
reaction (Scheme 8) afforded the product in 82% yield using 8 mol % of the catalyst and 36 h 
reaction time; this was completely dependent (≤5% yield) on the attendance of light, electricity 
and catalyst. On/off experiments demonstrated that light and electricity were paramount to the 
success of the reaction as well as eliminating the possible idea that the transformation 
proceeded by a radical chain process. A larger voltage of 3 V produced a mixture of 
unidentifiable products. In terms of regioselectivity of C-H bods: almost no regioselectivity was 
observed for substrates with only slight steric differences, primary were favoured over tertiary 
(only primary functionalised products detected), secondary favoured over tertiary (no reaction 
with tertiary), and secondary were favoured over primary. This was likely due to an 
intermediate secondary carbon radical having a greater stability which outweighed differences 
in steric environment.71 Moreover, C-N bonds were able to be formed with similar conditions 
to C-C bond formations, but with CF3CO2H replaced with acetic acid and a 2 V cell voltage.  
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Scheme 8: Mechanism electrophotocatalytic Minisci reaction using a TAC catalyst for the C-
H functionalisation of ethers with isoquinolins.  

Electrochemically-mediated photocatalysis: C(sp3)-H Functionalisation   

Continuing on similar lines, C-C bonds may also be constructed by decarboxylative C–H 
functionalisation reactions which, like the above, are attractive due to desirable step- and 
atom-economies, as well as pervasiveness of carboxylic acids and C–H bonds. Ideally, these 
reactions would be conducted in the absence of chemical oxidants with the assistance of 
hydrogen evolution. Such was the case for the groups of Li at al.67 and Ackermann et al.74  
where they employed photocatalysis for heteroarene C-H alkylation but only achieved a limited 
reaction scoped. Xu et al. have attempted to solve this challenge via an oxidant-free 
electrophotochemical approach whereby organotrifluoroborates have been replaced with 
carboxylic acids for decarboxylative C–H alkylation and carbamoylation of heteroarenes with 
carboxylic acids, oxamic acids and the release of H2.75 In agreement with the above, only 
when the strengths of electrochemistry and photocatalysis were combined did the efficiency 
of the reactions become acceptable. Decarboxylation was directed by the efficiency and 
selectivity of photocatalysis while proton reduction was promoted by electrochemistry which 
enabled a diverse range of carboxylic and oxamic acids to be cross-coupled with a large scope 
of heteroarenes. This included several drug molecules e.g. the direct alkylation of fasudil 
tolerated in 96% yield. Although the alkaline additive Cs2CO3 has been used in previous 
photocatalytic works,76 the catalyst that was revealed to be efficient in the presence of the HCl 
acid additive was the inexpensive CeCl3●7H2O.75 Initial studies for the decarboxylative 
alkylation of lepidine with cyclohexanecarboxylic acid (Scheme 9) under a 10 W LED (392 
nm) in a solvent system of HFIP/TFE (3:2) in an undivided cell with nBu4NCl as supporting 
electrolyte and Pt (cathode) and Ni or Cu (anode) gave a 91% yield. These conditions formed 
the basis for the larger scope testing, which was eventually confirmed to allow scale up to 
gram and decagram scales and for late stage drug functionalisation. 
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Scheme 9: Plausible mechanism for direct electrophotochemical decarboxylative C–H 
alkylation of lepidine with cyclohexanecarboxylic acid. Cyclic voltammogram. a) CeCl3·7H2O 
(3.0 mM), nBu4NCl (9.0 mM), Ep/2ox = 0.45 V; b) CyCO2H (3.0 mM), CeCl3·7H2O (3.0 mM), 
nBu4NCl (9.0 mM), Ep/2ox = 0.47 V; c) CyCO2H (15.0 mM), CeCl3·7H2O (3.0 mM), nBu4NCl (9.0 
mM), Ep/2ox = 0.49V; d) CyCO2H (30.0 mM), CeCl3·7H2O (3.0 mM), nBu4NCl (9.0 mM), Ep/2ox = 
0.49V. CV reproduced with permission from ref 75, Copyright (2020) John Wiley & Sons. 

 

Scheme 10: Trisaminocyclopropenium (TAC) mediated electrophotocatalytic C–H/N–H 
coupling of benzene and pyrazole. 

Due to the prevalence of amines and nitrogen heterocycles found in pharmaceuticals and 
natural products,77–79 another similar area of interest is the direct dehydrogenative amination 
of sp3 C-H bonds. An example is the Hofmann- Löffler–Freytag (HLF) reaction80,81 which has 
several variations including stepwise ET-PT-ET (electron transfer, proton transfer),82 proton-
coupled electron transfer (PCET),82 and one that is bromide-mediated, the latter two of which 
are followed by a key 1,5-HAT step.83,84 A significant problem with these, however, is that 
electron transfer from an organic species requires a large electrode voltage that results in 
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overoxidation or decomposition. A possible correction is use an aminoxyl or imidoxyl species 
because they are electron-proton transfer mediators that, in conjunction to non-mediated 
processes, can reduce electrode potentials by >1 V for oxidations.31,85 Even so, this progress 
is not sufficient since functional group tolerance is still limited by high potentials for HAT 
mediators.82,85,86 

When used together, electrochemistry and photochemistry can transfer their energy to 
generate catalysts more potent that those obtained when they are performed separately.  
Lambert et al. reported that TAC could act as a potent selective oxidation electrophotocatalyst 
that could be oxidised (E1/2 = +1.26 V vs SCE)87–90 to an air-stable radical dication (seen by a 
colourless to deep red change).29 Visible light then excites the radical dication to a species 
with oxidising power of 3.33 V vs SCE, a value higher than several others.2 This oxidising 
power was sufficient enough to oxidise a range of challenging substrates (i.e. benzene and its 
halogenated derivatives) via SET so that they could undergo C-H/C-N coupling with azoles. 
This premise was initiated with the challenging Nicewciz-type oxidation of benzene (2.48 V vs 
SCE) coupling to pyrazole, which achieved a 65% yield with a cell voltage of 1.5 V and a 23 
W CFL in acetonitrile with acetic acid (Scheme 10). The authors were enthralled to note that 
without light, electricity of catalyst the reaction did not occur. Moreover, the chemical oxidant 
oxygen was not used, nor was TEMPO which would have been typically employed as a co-
catalyst during photocatalysis. A higher potential of 3 V led to a significantly decreased yield 
and the formation of polymeric material. Divided and undivided cells were utilised to prove that 
a diverse scope of arenes and nitrogen heteroaromatics could be well tolerated, with the 
divided cell being optimal for the coupling of benzene and halogenated benzenes, and the 
undivided cell optimal for alkylated benzenes. This can be viewed through the consumed 
current of the divided cell (2.05 F/mol – adheres to the theoretical value) and the undivided 
cell (3.44 F/mol).29 The oxidising power of the diradical was also able to incorporate strongly 
deactivated arenes into the scope (albeit with lesser performance). The excess charge 
consumption was attributed to the unproductive, competing reaction of the radical dication 
back to TAC. In addition, this work represents only one of a few cases during photocatalysis 
where a doublet excited state have been employed. 
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Scheme 11: Electrophotochemical iodide-mediated HLF-type sp3 C–H amination of two N-
alkyl sulfonamide derivatives and an imidate nucleophile-containing substrate proceeding via 
iodide-mediated coupling. CVs of iodide and bromine (for comparison) using a platinum wire 
(counter electrode) and a glassy carbon disk working electrode, the latter potentials measured 
versus a Ag/AgNO3 reference electrode (internal solution, 0.1 M Bu4NClO4 and 0.01 M AgNO3 
in CH3CN). The redox potential of ferrocene/ferrocenium (Fc/Fc+) was measured (same 
experimental conditions) and used to provide an internal reference. CV reproduced with 
permission from ref 91, Copyright (2019) John Wiley & Sons. 

On the other hand, iodide as the mediator, in combination with electrophotochemistry has 
been reported as a good alternative to reduce applied voltages via photolysis contributing to 
homolysis of intermediate N-I bonds, forming an N-centred radical that then takes part in the 
1,5-HAT step to form an alkyl radical.91 Performing sp3 C-H/N-H amination in this way allowed 
Wang and Stahl to lower the necessary electrode potential,91 due to the redox potential of I3-

/I2 being lower by 1-1.5 V compared to those for the PCET and ET-PT-ET, and ca.0.2-0.6 V 
lower compared to that of the most commonly used electrochemical C-O oxidation HAT 
reagent, phthalimido-N-oxyl (PINO) generated from N-hydroxyphthalimide (NHPI).91 The light-
induced homolysis is also advantageous as it did not promote the N-iodo intermediate to 
undergo β-elimination to form HI and imine. Beginning with the three aforementioned HLF 
reactions (ET-PT-ET, PCET, and Br-mediated mediated electrochemical HLF reaction) with 
two N-alkyl sulfonamide derivatives 1a and 1b, but 1b with an electron-rich substituent was 
almost completely converted into a complex mixture of products (Scheme 11). Next, these 
reactions were probed under electrophotochemcial conditions utilising an undivided cell, 0.5 
V, CFL, 10% tetrabutylammonium iodide (TBAI, mediator), KPF6 (electrolyte), Pt (cathode), 
graphite rod (anode) and TFE in CH3CN (solvent). This iodide-mediated coupling led to a 75% 
yield for the previously failed 1b N-alkyl sulfonamide derivative. Moreover, these conditions 
were applied for the C-H amination of an imidate nucleophile-containing substrate and gave a 
54% yield, which was further optimised to 82% with 0.7 V and pyridine. No product was 
observed in the absence of light. It’s worth noting that the estimated sulfonamide and imidate 
N-H bond dissociation energies are > 100 kcal/mol compared to NHPI O-H (ca.88 kcal/mol), 
indicating that the created N-centred radicals are stronger H-acceptors than PINO.92,93  For 
completion, a number of substrates with electron-poor and electron-rich (typically participate 
in unwanted side reactions at high potentials) moieties were shown to be compatible with this 
low-potential iodide-mediated approach.91 The CVs shown is Scheme 11 illustrate the low 
redox window needed to regenerate the I2 at the anode (0.3–0.7 V vs. Fc/Fc+). Potent oxidants 
that enabled the dehydrogenative coupling were able to be formed at the lower potentials and 
thus revealed a good functional group tolerance. 
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Scheme 12: Manganese-catalysed oxidative photoelectrochemical azidation of 1-
ethylnaphthalene with NaN3. 

 

Figure 1. On-Off measurements for Mn-catalysed PEC azidation of 1-ethylnaphthalene with 
NaN3. Reproduced from ref  94, Copyright (2020) American Chemical Society. 

Azide groups are another attractive motif due to their ability to be turned into amines, amides, 
triazoles, aziridines and imines95,96 and thus selectively incorporating them into C(sp3)-H 
bonds in a sustainable way is of great importance to chemical biology, organic and 
pharmaceutical synthesis.97–99 This has been achieved using a PEC cell with NaN3 via 
manganese-catalysed oxidative azidations of a range of C(sp3)-H bonds and late stage 
functionalisation of drug-like molecules.94 Unlike typical electrochemical amination methods 
this approach does not need stoichiometric amounts of chemical oxidants (i.e. iodine (III) or 
NFSI) nor is its applications confined to C(sp3)-H bonds adjacent to special benzyl C(sp3)-H 
bonds or N or O atoms. Initial optimisation gave a 61% yield for the reaction between 1-
ethylnaphthalene and NaN3 (Scheme 12) in a system consisting of blue LED light irradiation, 
a constant current of 4.5 mA, carbon cloth (anode), Pt (cathode), MnF2 (manganese catalyst), 
1, 10-Phen (ligand), p-fluronone (photocatalyst), CH3CN (9.5 mL)/HOAc (0.5 mL) (solvent), 
LiClO4 (electrolyte), TFA (acid) and KBr (additive). In the absence of light some product 
formation was still observed at a low yield of 28% (Figure 1) and no product formation 
occurred without electricity. This method was then found to be well tolerant for a range of 
aliphatic, as well as secondary and tertiary benzylic C(sp3)-H bonds and bioactive materials. 
After these were produced in moderate to excellent yields, the potential applications of the 
system was further demonstrated by scaling up to the gram-scale. 

Interfacial photoelectrocatalysis  

A popular catalyst for PEC oxidations is BiVO4, which has found utility in forming value-added 
chemicals. For example nanoporous BiVO4 nanoarrays in a H-type cell drove the PEC 
oxidation of glycerol (main by-product from biodiesel production) to 1,2-dihydroxyacetone 
(DHA) (widely used in the cosmetic, pharmaceutical, fine chemical, and food industries).100 
Glycerol oxidation was achieved with a 51% selectivity towards DHA with a photocurrent 
density, in acidic medium (pH = 2) under AM 1.5G light, of 3.7 mAcm-2 at a potential of 1.2 V 
vs. RHE. This corresponded to 200 mmol per m2 h-1 at an overall Faradaic efficiency of 
ca.30%. A by-product of this was glyceric acid (another valuable derivative) which may 
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increase the selectivity of value-added compounds to ca.60%. Formic acid and glycolic acid 
(trace) were also detected, along with CO2, CO, H2O2 and O2 from further oxidation of liquid 
products and water. Moreover, the photocurrent and selectivity towards desired organics was 
found to decrease with increased pH (Figure 2a and b), with almost complete oxidation of 
glycerol with ca.99% Faradaic efficiency at pH = 12. High selectivity, efficiency and stability 
against photocorrosion was also observed at pH =2 under ambient temperature and pressure. 
It was noted that in the absence of light under electrochemical conditions glycerol oxidation to 
DHA did occur, but at a very low efficiency. The PEC mechanism for reaction shown in Figure 
2c and d which was drawn from the conclusion that when 10% H2

18O was used to label the 
electrolyte, DHA in the form of C3H6O2

18ONa was detected. The oxygen in DHA therefore 
comes from the water in the electrolyte which probably oxidised the C(sp3)- β-hydroxy to 
C(sp2)-carbonyl group. Overall, it is speculated that glycerol is adsorbed onto BiVO4 and 
oxidised by radicals formed by photogenerated holes, reacts with water followed by 
dehydreation to form DHA; this pathway is similar to the formation of glyceric acid and formic 
acid via further oxidation of glyceraldehyde. 

 
Figure 2. a. Production rate and b. selectivity of DHA production. c. Energy profile of glycerol 
oxidation on BiVO4. Black and red correspond to reactions taking place at the terminal and 
middle carbon, respectively. d. Schematic illustration showing PEC reaction mechanism of the 
oxidation of glycerol to DHA. Reproduced from ref 100, Copyright (2019) Springer Nature. 

In another PEC oxidation BiVO4 was found to resist photocorrioisn significantly more in MeCN 
rather than in water. There is a counter argument due increased resistance of the organic 
media (~20 mV), however, this was deemed admissible for the transformations. These 
involved PEC oxidations of benzyl alcohol, cyclohexene and tetralin (usually necessitates 
precious metals and toxic chemicals) with a BiVO4 photoanode, 100 W Xe lamp fitted with an 
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AM1.5G filter and N-Hydroxysuccinimide (NHS) to mediate hole-transfer, and for the latter 
two, tert- butyl hydroperoxide (tBuOOH) was required as an external oxygen source. These 
oxidations could, however, be performed under electrochemical conditions only. Nevertheless, 
it is noteworthy to mention that the added benefit of the PEC system arises from the energy 
saving ability of the method, requiring 1.0 V less potential than the electrochemical system, 
translating to 60% energy savings.  

 

Scheme 13: PEC C-H activation of cyclohexane to KA oil over a WO3 photoanode. 

Similar energy saving C-H oxidations have been reported by Tateno and Sayama, such as 
the C-H activation of cyclohexane (normally difficult due to a high dissociation energy of 439 
kJmol-1) to form a mixture of cyclohexanol and cyclohexanone (Scheme 13), aka KA oil 
(ketone-alcohol oil).101 Here, another heterogeneous catalyst used in photoelectrochemistry 
to complete an important (and in this case difficult) reaction is porous WO3, due to its direct 
band gap of ca. 2.58 eV. C-H cleavage induced by an SET process at the porous photoanode 
converts cyclohexane into a cyclohexyl radical, which is activated by oxygen to give a 
cyclohexylperoxyl radical which is converted into KA oil. With the combination of 
photoirradiation and an applied bias, the applied bias of above 2.0 V for the linear sweep 
voltammograms of a cyclohexane-based electrolyte solution could be reduced by the light 
energy at a current density of 0.5 mAcm-2. Without light, no product was formed, without 
electricity some product was formed, but at a greatly reduced rate (<8 mmolh-1); the influences 
of light and electricity can be viewed in Figure 3. Moreover, a Faradaic efficiency of 76% and 
partial oxidation selectivity of 99% were obtained (without by-product formation i.e. 
bicyclohexyls), along with high incident photon-to-current efficiencies (IPCE) of 57% and 24%, 
at 365 and 420 nm, respectively. 

  

 

Figure 3. Linear sweep voltammograms with AM 1.5G light and dark under air and scan rate 
of 10 mV s-1. The effect of light irradiation and applied bias dependence of on PEC oxidation 
of cyclohexane to KA oil in constant potential mode at a cell voltage of 0.5 V or 0-2.0 V vs. 
counter electrode. WO3 (working electrode), Pt (counter electrode), 10 ml cyclohexane: 12 ml 
tBuOH: 2 ml HNO3 (electrolyte). Reproduced with permission from ref 101, Copyright (2018) 
John Wiley & Sons. 

This work can be furthered to include a BiVO4/WO3 photoanode for the PEC dimethoxylation 
of furan, which was mediated by bromide ions to achieve an 84% yield and Faradaic efficiency 
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of up to 99% at low applied potential (+0.1 V vs. SHE).102 Under the same conditions in the 
absence of light, the oxidation current and methoxylated product were hardly observed. In the 
dark at +1.2 V vs. SHE, an oxidation an current could then be observed, however, AM 1.5G 
could shift this nearly to 0 V vs. SHE, thereby demonstrating then energy saving capabilities 
of the PEC method. The authors continued to work with the BiVO4/WO3 photoanode and 
performed the first PEC organic transformation with PINO, formed by the oxidation of NHPI.103 
PINO then serves as a catalyst for the abstraction of the C-H hydrogen from organic bond 
scission. Concurrently, the oxidation potential for PINO is greater than that for other electron 
transfer mediators such as TEMPO and N-hydroxysuccinimide (NHSI), and can therefore 
preform difficult chemical reactions including oxidation of relatively inert hydrocarbons. As 
such, the selective oxidation of cyclohexane to 2-cyclohexene-1-one was conducted, and 
occurred with a Faradaic efficiency >99% with a low applied bias. Interestingly, the oxidation 
potential was much lower, decreasing from +2.4 V to +0.5 V vs. Ag/AgNO3, with the use of 
light compared to conventional electrochemical reactions. Moreover, this oxidation potential 
was slightly increased when cyclohexene was introduced, attributed to the concentration of 
NHPI increasing from reaction of PINO with cyclohexene on the surface of the catalyst. This 
method also displayed future promise by realising reaction with several N-oxyl radicals and 
cycloalkenes. 

 

Figure 4: a. Unbiased PEC cell using a solar cell, BiVO4 photoanode, carbon nitride/reduced 
graphene oxide cathode, water and light to promote oxyfunctionalisations of C-H bonds. b. 
Corresponding CV of 0.2wt% CN/rGO-0.2 electrode measured in O2- and N2-saturated 0.1 M 
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KPi buffer (pH 7.0) at a scan rate of 50 mV s−1 and c. Nyquist curves of 2 cm2 (area) CN/rGO-
n electrodes measured in a 0.1 M KPi buffer (pH 7.0) at an applied bias of −0.3 V (vs Ag/AgCl). 
Reproduced from ref 104, Copyright (2019) American Chemical Society. 

 

In 2019 Park et al. reported a peroxygenases catalysed selective oxyfunctionalisation of C-H 
bonds via the generation of in situ H2O2 through the use of a tandem PEC with a FeOOH/n-
BiVO4 photoanode and a graphitic carbon nitride/reduced graphene oxide (CN/rGO) cathode 
(Figure 4a).104 Excitingly, an external bias was not required because the system employed a 
Cu(In,Ga)Se2 (CIGS) solar cell with a band gap of 1.1 eV, thus maximising the amount of solar 
energy to be converted. Water oxidation at the photoanode and concurrent H2O2 generation 
via O2 reduction at the cathode, using only water and solar energy in the absence of an applied 
potential, was tested for the selective hydroxylation of ethylbenzene to (R)-1-phenylethanol, 
catalysed by the biocatalyst peroxygenase from Agrocybe aegerita (AaeUPO). The thin-film 
CIGS solar cell could then provide sufficient photovoltage to fulfil the thermodynamic 
requirements for a spontaneous reaction. The FeOOH co-catalyst and BiVO4 were chosen as 
a suitable band gap catalyst (~2.5 eV for the nanostructure) with good photochemical stability 
in aqueous environments. A 0.4 wt% loading of GO was found to optimal; CV suggested 
cathodic O2 reduction due to increased cathodic currents in oxygen (compared to N2)-
saturated solutions (Figure 4b), the peak current density of CN/rGO increased from -0.2 to -
0.53 from 0.2-0.5 wt% (with negligible difference between 0.4 and 0.5 wt%), double-layer 
capacitance increased by a factor of 29 and the EIS spectra suggested a decrease in charge 
transfer resistance from 0.1-to 0.5 wt% (Figure 4c), respectively, indicating that rGO facilitates 
efficient charge transfer to solution. Increased loading of GO will cause blocking of active sites. 
The CN/rGO cathode is therefore, praised for significantly increasing the electrical conductivity 
and the specific surface areas of the cathode hybrid, enabling high O2 reduction activity.  This 
unbiased system was observed to generate H2O2 and (R)-1- phenylethanol at a rate of 2.8 
mM h−1 cm−2 and 0.89 mM h−1, respectively, the latter being 4.2 times faster than when in the 
absence of the solar cell. No (R)-1- phenylethanol was produced in the absence of light, 
AeaUPO or oxygen. Hydroxylation occurred with high enantioselectivity (ee > 99%), a turnover 
frequency (TOF) of 12.9 s−1 and total turnover number (TTN) of 43,300. This TOF is noted to 
be much larger than other H2O2-generating PEC platforms such as Flavin-hybridised carbon 
nanotube cathode (1 s-1).105 By physically separating the anodic and cathodic reactions, 
oxidation of H2O2 at the anode and enzyme degradation at the cathode were avoided. Thus, 
this approach provides an ecologically and economically promising strategy to yield C-H 
oxyfunctionalisations using light and water whilst avoiding the accumulation of by-products.104 

 

Scheme 14: Photoelectrochemical P-H/C-H dehydrogenation cross-coupling of N-phenyl 
tetrahydroisoquinoline with diphenyl-phosphine oxide.  

The photoanode BiVO4 has also been incorporated into a PEC system for P-H/C-H 
dehydrogenation cross-coupling with the evolution of hydrogen. In doing so C-P bonds in 
organophosphates can be synthesised in a cleaner, more energy efficient manner without 
metal catalysts, chemical oxidants or directing groups (as would be the case for 
electrochemistry). C-P bonds are of particular interest due to their ubiquitous presence in 



 20 

materials chemistry, agrochemistry and biochemistry. In an undivided cell using BiVO4 as the 
photoanode and NHPI as the mediator, Wu et al. were able to afford a 93% yield from the 
cross coupling of N-phenyl tetrahydroisoquinoline with diphenyl-phosphine oxide (Scheme 
14).106 This was furthered to include a range of organophosphates in good to excellent yields, 
displaying a board substrate scope and good functional group tolerance. What is interesting 
here is that, compared to a purely electrochemical system, nearly 90% of the external input 
bias is saved when light was involved. A similar yield was obtained (88%) with a glassy carbon 
anode, however, the PEC cell took the centre stage by requiring only 0.1 V compared to 1.5 
V vs. Ag.AgCl, thereby demonstrating its energy saving ability. 

PEC C-H amination reactions have also been recently carried out by Hu et al.  A novel set of 
high ortho selective non-directed aminaitions of arenes and pyrazols using the inexpensive, 
Earth abundant hematite as the photoelectrode were realised.107 Haematites 2.1 eV bandgap 
suitable for light absorption, in combination with its high oxidising potential (2.3 V vs. SCE), 
which is similar to organic photoredox catalysts, i.e. acridinium was promising for the C–H/N–
H coupling of anisole with pyrazole. In an undivided cell with a Pt cathode, LiClO4 as the 
electrolyte, HFIP/MeOH (4:1) as the co-solvent, a blue LED (0.7 V) as the light source and a 
photocurrent of 2~3 mA cm–2, an ortho/ para ratio of 6:1 was obtained along with a 77% yield. 
Notably, there were no side products detected after the reaction, only unreacted species which 
is in opposition to electrochemistry where trimerisation due to overoxidation is observed. This 
method was expanded to include a wide array of C-N containing molecules and could be used 
for the late stage functionalisation of several pharmaceutical compounds in up to 89% yield. 
Without the light component, higher electrochemical potentials were required, leading to side 
product formation and poorer yields. Both ortho and para configurations are expected, 
however, the domination of the former is an unusual phenomena since steric hindrance 
typically favours the para in electron-rich C-H aminations. The reason has been attributed to 
the ortho pyrazole intermediate species being stabilised by hydrogen bonding to the 
hexafluoroisopropanol co-solvent. The mechanistic rational for this is displayed in Scheme 
15, within which both the typical photoredox catalysed para dominating route (green) and the 
new PEC, solvent stabilised ortho route (pink) are shown. 

 

Scheme 15: Mechanistic rational for the PEC C-H amination revealing the conventionally para 
dominating pathway (green) and ortho dominating pathway (pink). The ortho intermediate can 
be seen hydrogen bonding (dashed lines) to the hexafluoroisopropanol co-solvent, thereby 
stabilising the intermediate.   
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Table 1. Performance data for the above listed schemes and figures. * By-products: unreacted 
substrate + H2. 

From Table 1 it is clear that the method of combining electrochemistry with photocatalysis is 
a powerful one that can achieve good yields, efficient and selectivities of reactions that may 
not be possible by each lone strategy. A range of catalysts and PEC systems are beginning 
to be employed whilst keeping the door open for more discoveries. A large redox window have 
been evidenced,1 difficult C-H activations have been realised and energy saving attributed 
have now made themselves apparent. With more attention to this upcoming synthetic 
approach the goal of practical scale transformations is looking like a real possibility. 

Conclusion 

We have highlighted recent examples of organic C-H activations driven by the creative 
adoption of electrochemistry and photoredox catalysis in the same system. The combination 
shows that photoelectrochemical cells, along with their photovoltaic effect, water splitting and 
solar fuel production, can now include organic synthesis to their repertoire. Applicable to 
homogeneous and heterogeneous catalytic systems, this emerging yet promising approach is 
receiving growing attraction due to its nature of using the advantages of one method to 
overcome the shortcomings of the other. This has enabled reactions to occur in the absence 
of chemical oxidants/reductants, incorporation of modified photoelectrodes, the generation of 
more potent homogeneous catalysts compared to electrochemistry or photochemistry, and 
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specific requirements of specific reactions to be met. As a consequence, synthetic organic 
processes that are not possible during each individual approach are achievable with this 
combined strategy. Furthermore, in the future, integration with continuous flow chemistry will 
enable safe and efficient scale-up and may even improve reaction times, kinetics, yields and 
transmission of light/electrons through the solution. Overall, PEC cells will become of great 
interest to a number of interesting areas including synthetic, materials and energy-related 
chemistry. 

 

Acknowledgments 

Support from UKRI and Cardiff University to Dr. Nisar Ahmed (*EPSRC Investigator, School 
of Chemistry) are gratefully acknowledged. Former support from the Marie Curie EU-COFUND 
Fellowship (Grant No 663830) to Dr. Nisar Ahmed is also gratefully acknowledged.  Thanks 
to Prof. Dr. Ahsanulhaq Qurashi for his contribution to Scheme 1.  

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

(1)  Barham, J. P.; Kçnig, B. Synthetic Photoelectrochemistry. Angew. Chem Int. Ed. 
2020, 59, 11732–11747. DOI 10.1002/anie.201913767. 

(2)  Romero, N. A.; Nicewicz, D. A. Organic Photoredox Catalysis. Chem. Rev. 2016, 116 
(17), 10075–10166. DOI 10.1021/acs.chemrev.6b00057. 

(3)  Karkas, M. D.; Porco Jr, J. A.; Stephenson, C. R. J. Photochemical Approaches to 
Complex Chemotypes: Applications in Natural Product Synthesis. Chem. Rev. 2016, 
116 (17), 9683–9747. DOI 10.1021/acs.chemrev.5b00760. 

(4)  Skubi, K. L.; Blum, T. R.; Yoon, T. P. Dual Catalysis Strategies in Photochemical 
Synthesis. Chem. Rev. 2016, 116 (17), 10035–10074. DOI 
10.1021/acs.chemrev.6b00018. 

(5)  Fukuzumi, S.; Ohkubo, K. Organic Synthetic Transformations Using Organic Dyes as 
Photoredox Catalysts. Org. Biomol. Chem. 2014, 12 (32), 6059–6071. DOI 
10.1039/C4OB00843J. 

(6)  Prier, C. K.; Rankic, D. A.; MacMillan, D. W. C. Visible Light Photoredox Catalysis 
with Transition Metal Complexes: Applications in Organic Synthesis. Chem. Rev. 
2013, 113 (7), 5322–5363. DOI10.1021/cr300503r. 

(7)  van der Vlugt, J. I. Radical-Type Reactivity and Catalysis by Single-Electron Transfer 
to or from Redox-Active Ligands. Chem. Eur. J. 2019, 25 (11), 2651–2662. DOI 
10.1002/chem.201802606. 

(8)  Plesniak, M. P.; Huang, H.-M.; Procter, D. J. Radical Cascade Reactions Triggered by 
Single Electron Transfer. Nat. Rev. Chem. 2017, 1 (10), 1–16. DOI 10.1038/s41570-
017-0077. 

(9)  Ashby, E. C. Single-Electron Transfer, a Major Reaction Pathway in Organic 
Chemistry. An Answer to Recent Criticisms. Acc. Chem. Res. 1988, 21 (11), 414–421. 
DOI 10.1021/ar00155a005. 

(10)  Broggi, J.; Terme, T.; Vanelle, P. Organic Electron Donors as Powerful Single-
Electron Reducing Agents in Organic Synthesis. Angew. Chemie Int. Ed. 2014, 53 (2), 



 23 

384–413. DOI 10.1002/anie.201209060. 

(11)  Bhattacharyya, B. Synthetic and Mechanistic Approach to Reduction Of�, β-
Unsaturated Ketones via Zinc-Mediated Single Electron Transfer (SET) Process: A 
Preliminary Review. Int. J. Environ. Sci. 2016, 5 (2), 110–116.  

(12)  Barber, J.; Tran, P. D. From Natural to Artificial Photosynthesis. J. R. Soc. Interface 
2013, 10 (81), 20120984. DOI 10.1098/rsif.2012.0984. 

(13)  Cowper, N. G. W.; Chernowsky, C. P.; Williams, O. P.; Wickens, Z. K. Potent 
Reductants via Electron-Primed Photoredox Catalysis: Unlocking Aryl Chlorides for 
Radical Coupling. J. Am. Chem. Soc. 2019, 142, 2093–2099. DOI 
10.1021/jacs.9b12328. 

(14)  El-Khouly, M. E.; El-Mohsnawy, E.; Fukuzumi, S. Solar Energy Conversion: From 
Natural to Artificial Photosynthesis. J. Photochem. Photobiol. C Photochem. Rev. 
2017, 31, 36–83. DOI 10.1016/j.jphotochemrev.2017.02.001. 

(15)  Joshi, D. K.; Sutton, J. W.; Carver, S.; Blanchard, J. P. Experiences with Commercial 
Production Scale Operation of Dissolving Metal Reduction Using Lithium Metal and 
Liquid Ammonia. Org. Process Res. Dev. 2005, 9 (6), 997–1002. DOI 
10.1021/op050155x. 

(16)  He, C.; Stratton, T. P.; Baran, P. S. Concise Total Synthesis of Herqulines B and C. J. 
Am. Chem. Soc. 2019, 141 (1), 29–32. DOI 10.1021/jacs.8b13029 

(17)  Fuchigami, T.; Atobe, M.; Inagi, S. Fundamentals and Applications of Organic 
Electrochemistry: Synthesis, Materials, Devices; John Wiley & Sons, 2014. 

(18)  Martins, G. M.; Shirinfar, B.; Hardwick, T.; Murtaza, A.; Ahmed, N. Organic 
Electrosynthesis : Electrochemical Alkyne Functionalization. Catal. Sci. Technol. 
2019, 9 (21), 5868–5881. DOI 10.1039/c9cy01312a. 

(19)  Lund, H. A Century of Organic Electrochemistry. J. Electrochem. Soc. 2002, 149 (4), 
S21. DOI 10.1149/1.1462037. 

(20)  Faraday, M.‘Ueber den primären und secundären Char- akter der an Elektroden 
entwickelten Substanzen. Pogg. Ann. Phys. Chem. 1834, 33, 433–451. 

(21)  Kolbe, H. Beobachtungen Über Die Oxydirende Wirkung Des Sauerstoffs, Wenn 
Derselbe Mit Hülfe Einer Elektrischen Säule Entwickelt Wird. J. für Prakt. Chemie 
1847, 41 (1), 137–139. DOI 10.1002/prac.18470410118. 

(22)  Nguyen, B. H.; Redden, A.; Moeller, K. D. Sunlight, Electrochemistry, and Sustainable 
Oxidation Reactions. Green Chem. 2014, 16 (1), 69–72. DOI 10.1039/C3GC41650J. 

(23)  Horn, E. J.; Rosen, B. R.; Baran, P. S. Synthetic Organic Electrochemistry: An 
Enabling and Innately Sustainable Method. ACS Cent. Sci. 2016, 2 (5), 302–308. DOI 
10.1021/acscentsci.6b00091. 

(24)  Möhle, S.; Zirbes, M.; Rodrigo, E.; Gieshoff, T.; Wiebe, A.; Waldvogel, S. R. Modern 
Electrochemical Aspects for the Synthesis of Value-Added Organic Products. Angew. 
Chemie Int. Ed. 2018, 57 (21), 6018–6041. DOI 10.1002/anie.201712732. 

(25)  Peters, B. K.; Rodriguez, K. X.; Reisberg, S. H.; Beil, S. B.; Hickey, D. P.; Kawamata, 
Y.; Collins, M.; Starr, J.; Chen, L.; Udyavara, S.; Klunder, K.; Gorey, T. J.; Anderson, 
S. L.; Neurock, M.; Minteer, S. D.; Baran, P.S. Scalable and Safe Synthetic Organic 
Electroreduction Inspired by Li-Ion Battery Chemistry. Science 2019, 363 (6429), 
838–845. DOI 10.1126/science.aav5606. 

(26)  Perkins, R. J.; Pedro, D. J.; Hansen, E. C. Electrochemical Nickel Catalysis for Sp2-



 24 

Sp3 Cross-Electrophile Coupling Reactions of Unactivated Alkyl Halides. Org. Lett. 
2017, 19 (14), 3755–3758. DOI 10.1021/acs.orglett.7b01598. 

(27)  Sun, G.; Ren, S.; Zhu, X.; Huang, M.; Wan, Y. Direct Arylation of Pyrroles via Indirect 
Electroreductive C–H Functionalization Using Perylene Bisimide as an Electron-
Transfer Mediator. Org. Lett. 2016, 18 (3), 544–547. DOI 
10.1021/acs.orglett.5b03581. 

(28)  Capaldo, L.; Quadri, L. L.; Ravelli, D. Merging Photocatalysis with Electrochemistry: 
The Dawn of a New Alliance in Organic Synthesis. Angew. Chem Int. Ed. 2019, 58, 
17508–17510. DOI 10.1002/anie.201910348. 

(29)  Huang, A. H.; Strater, Z. M.; Rauch, M.; Shee, J.; Sisto, T.; Nuckolls, C.; Lambert, T. 
H. Electrophotocatalysis with a Trisaminocyclopropenium Radical Dication. Angew. 
Chem Int. Ed. 2019, 58, 13318–13322. DOI 10.1002/anie.201906381. 

(30)  Ackermann, L. Metalla-Electrocatalyzed C–H Activation by Earth-Abundant 3d Metals 
and Beyond. Acc. Chem. Res. 2019, 53 (1), 84–104. DOI 
10.1021/acs.accounts.9b00510. 

(31)  Wang, F.; Rafiee, M.; Stahl, S. S. Electrochemical Functional-Group-Tolerant Shono-
type Oxidation of Cyclic Carbamates Enabled by Aminoxyl Mediators. Angew. Chemie 
2018, 130 (22), 6796–6800. DOI 10.1002/anie.201803539. 

(32)  Ahmed, N.; Martins, G. M.; Shirinfar, B.; Hardwick, T. A Green Approach: Vicinal 
Oxidative Electrochemical Alkene Difunctionalization. ChemElectroChem 2019, 6 (5), 
1300–1315. DOI 10.1002/celc.201801466. 

(33)  Fu, N.; Song, L.; Liu, J.; Shen, Y.; Siu, J. C.; Lin, S. New Bisoxazoline Ligands Enable 
Enantioselective Electrocatalytic Cyanofunctionalization of Vinylarenes. J. Am. Chem. 
Soc. 2019, 141 (37), 14480–14485. DOI 10.1021/jacs.9b03296. 

(34)  Zhang, W.; Carpenter, K. L.; Lin, S. Electrochemistry Broadens the Scope of Flavin 
Photocatalysis : Photoelectrocatalytic Oxidation of Unactivated Alcohols. Angew. 
Chem Int. Ed. 2020, 59, 409–417. DOI 10.1002/anie.201910300. 

(35)  Yu, Y.; Guo, P.; Zhong, J.; Yuan, Y.; Ye, K. Merging Photochemistry with 
Electrochemistry in Organic Synthesis. Org. Chem. Front. 2020, 7, 131–135. DOI 
10.1039/c9qo01193e. 

(36)  Allen, J. B.; Larry, R. F. Electrochemical Methods Fundamentals and Applications; 
John Wiley & Sons, 2001. 

(37)  Rountree, K. J.; Mccarthy, B. D.; Rountree, E. S.; Eisenhart, T. T.; Dempsey, J. L. A 
Practical Beginner ’ s Guide to Cyclic Voltammetry. 2017. DOI 
10.1021/acs.jchemed.7b00361. 

(38)  Liu, J.; Lu, L.; Wood, D.; Lin, S. New Redox Strategies in Organic Synthesis by 
Means of Electrochemistry and Photochemistry. ACS Cent. Sci. 2020, 6 (8), 1317–
1340. DOI 10.1021/acscentsci.0c00549. 

(39)  Manbeck, G. F.; Fujita, E. A Review of Iron and Cobalt Porphyrins, Phthalocyanines 
and Related Complexes for Electrochemical and Photochemical Reduction of Carbon 
Dioxide. J. Porphyr. Phthalocyanines 2015, 19 (01n03), 45–64. DOI 
10.1142/S1088424615300013. 

(40)  Yaashikaa, P. R.; Kumar, P. S.; Varjani, S. J.; Saravanan, A. A Review on 
Photochemical, Biochemical and Electrochemical Transformation of CO2 into Value-
Added Products. J. CO2 Util. 2019, 33, 131–147. DOI 10.1016/j.jcou.2019.05.017. 



 25 

(41)  Oturan, M. A.; Aaron, J.-J. Advanced Oxidation Processes in Water/Wastewater 
Treatment: Principles and Applications. A Review. Crit. Rev. Environ. Sci. Technol. 
2014, 44 (23), 2577–2641. DOI 10.1080/10643389.2013.829765. 

(42)  Luca, O. R.; Fenwick, A. Q. Organic Reactions for the Electrochemical and 
Photochemical Production of Chemical Fuels from CO2–The Reduction Chemistry of 
Carboxylic Acids and Derivatives as Bent CO2 Surrogates. J. Photochem. Photobiol. 
B Biol. 2015, 152, 26–42. DOI 10.1016/j.jphotobiol.2015.04.015. 

(43)  De, B.; Karak, N. Recent Progress in Carbon Dot–Metal Based Nanohybrids for 
Photochemical and Electrochemical Applications. J. Mater. Chem. A 2017, 5 (5), 
1826–1859. DOI 10.1039/C6TA10220D. 

(44)  Verschueren, R. H.; De Borggraeve, W. M. Electrochemistry and Photoredox 
Catalysis: A Comparative Evaluation in Organic Synthesis. Molecules 2019, 24 (11), 
2122. DOI 10.3390/molecules24112122. 

(45)  Nafady, A.; O’Mullane, A. P.; Bond, A. M. Electrochemical and Photochemical Routes 
to Semiconducting Transition Metal-Tetracyanoquinodimethane Coordination 
Polymers. Coord. Chem. Rev. 2014, 268, 101–142. DOI 10.1016/j.ccr.2014.01.017. 

(46)  Hardwick, T.; Qurashi, A.; Shirinfar, B. Interfacial Photoelectrochemical Catalysis: 
Solar-Induced Green Synthesis of Organic Molecules. ChemSusChem 2020, 13 (8), 
1967–1973. DOI 10.1002/cssc.202000032. 

(47)  Tiwari, J. N.; Dang, N. K.; Sultan, S.; Thangavel, P.; Jeong, H. Y.; Kim, K. S. Multi-
Heteroatom-Doped Carbon from Waste-Yeast Biomass for Sustained Water Splitting. 
Nat. Sustain. 2020, 3 (JulY), 556–563. DOI 10.1038/s41893-020-0509-6. 

(48)  Tiwari, J. N.; Singh, A. N.; Sultan, S.; Kim, K. S. Recent Advancement of P- and d-
Block Elements , Single Atoms , and Graphene-Based Photoelectrochemical 
Electrodes for Water Splitting. Adv. Energy Mater. 2020, 10, 2000280. DOI 
10.1002/aenm.202000280. 

(49)  McNaught, A. D.; Wilkinson, A. Compendium of Chemical Terminology; Blackwell 
Science Oxford, 1997; Vol. 1669. 

(50)  Wu, Y.; Song, R.; Li, J.-H. Recent Advances in Photoelectrochemical Cells (PECs) for 
Organic Synthesis. Org. Chem. Front. 2020, 7, 1895–1902. DOI 
10.1039/d0qo00486c. 

(51)  Kim, H.; Kim, H.; Lambert, T. H.; Lin, S. Reductive Electrophotocatalysis: Merging 
Electricity and Light To Achieve Extreme Reduction Potentials. J. Am. Chem. Soc. 
2019, 5, 2087–2092. DOI 10.1021/jacs.9b10678. 

(52)  Qiu, Y.; Scheremetjew, A.; Finger, L. H.; Ackermann, L. Electrophotocatalytic 
Undirected C–H Trifluoromethylations of (Het)Arenes. Chem. – A Eur. J. 2020, 26, 
3241 –3246. DOI 10.1002/chem.201905774. 

(53)  Müller, K.; Faeh, C.; Diederich, F. Fluorine in Pharmaceuticals: Looking beyond 
Intuition. Science. 2007, 317 (5846), 1881–1886. DOI 10.1126/science.1131943. 

(54)  Hagmann, W. K. The Many Roles for Fluorine in Medicinal Chemistry. J. Med. Chem. 
2008, 51 (15), 4359–4369. DOI 10.1021/jm800219f. 

(55)  Gouverneur, V.; Seppelt, K. Introduction: Fluorine Chemistry. Chem. Rev. 2015, 115, 
563–565. DOI 10.1021/cr500686k. 

(56)  Yan, H.; Hou, Z.-W.; Xu, H-C. Photoelectrochemical C–H Alkylation of Heteroarenes 
with Organotrifluoroborates. Angew. Chem Int. Ed. 2019, 58 (14), 4592-4595. DOI 



 26 

10.1002/anie.201814488. 

(57)  Ohtsuka, K.; Inagi, S.; Fuchigami, T. Electrochemical Properties and Reactions of 
Oxygen-Containing Organotrifluoroborates and Their Boronic Acid Esters. 
ChemElectroChem 2017, 4 (1), 183–187. DOI 10.1002/celc.201600519. 

(58)  Kurihara, H.; Fuchigami, T.; Tajima, T. Kolbe Carbon− Carbon Coupling 
Electrosynthesis Using Solid-Supported Bases. J. Org. Chem. 2008, 73 (17), 6888–
6890. DOI 10.1021/jo801016f. 

(59)  Roth, H.; Romero, N.; Nicewicz, D. Experimental and Calculated Electrochemical 
Potentials of Common Organic Molecules for Applications to Single-Electron Redox 
Chemistry. Synlett 2016, 27 (05), 714–723. DOI 10.1055/s-0035-1561297. 

(60)  Wayner, D. D. M.; McPhee, D. J.; Griller, D. Oxidation and Reduction Potentials of 
Transient Free Radicals. J. Am. Chem. Soc. 1988, 110 (1), 132–137. DOI 
10.1021/ja00209a021. 

(61)  Fu, Y.; Liu, L.; Yu, H.-Z.; Wang, Y.-M.; Guo, Q.-X. Quantum-Chemical Predictions of 
Absolute Standard Redox Potentials of Diverse Organic Molecules and Free Radicals 
in Acetonitrile. J. Am. Chem. Soc. 2005, 127 (19), 7227–7234. DOI 
10.1021/ja0421856. 

(62)  Minisci, F.; Bernardi, R.; Bertini, F.; Galli, R.; Perchinummo, M. Nucleophilic Character 
of Alkyl Radicals—VI: A New Convenient Selective Alkylation of Heteroaromatic 
Bases. Tetrahedron 1971, 27 (15), 3575–3579. DOI 10.1016/S0040-4020(01)97768-
3. 

(63)  Xu, P.; Chen, P.-Y.; Xu, H.-C. Scalable Photoelectrochemical Dehydrogenative 
Cross-Coupling of Heteroarenes with Aliphatic C–H Bonds. Angew. Chemie Int. Ed. 
2020, DOI 10.1002/anie.202005724. 

(64)  Proctor, R. S. J.; Phipps, R. J. Recent Advances in Minisci-Type Reactions. Angew. 
Chemie Int. Ed. 2019, 58 (39), 13666–13699. DOI 10.1002/anie.201900977. 

(65)  Evano, G.; Theunissen, C. Beyond Friedel and Crafts: Innate Alkylation of C− H 
Bonds in Arenes. Angew. Chemie Int. Ed. 2019, 58 (22), 7202-7236. DOI 
10.1002/anie.201806629. 

(66)  Wang, H.; Gao, X.; Lv, Z.; Abdelilah, T.; Lei, A. Recent Advances in Oxidative R1-
H/R2-H Cross-Coupling with Hydrogen Evolution via Photo-/Electrochemistry: Focus 
Review. Chem. Rev. 2019, 119 (12), 6769–6787. DOI 10.1021/acs.chemrev.9b00045. 

(67)  Tian, W.-F.; Hu, C.-H.; He, K.-H.; He, X.-Y.; Li, Y. Visible-Light Photoredox-Catalyzed 
Decarboxylative Alkylation of Heteroarenes Using Carboxylic Acids with Hydrogen 
Release. Org. Lett. 2019, 21 (17), 6930–6935. DOI 10.1021/acs.orglett.9b02539. 

(68)  Wang, Q.-Q.; Xu, K.; Jiang, Y.-Y.; Liu, Y.-G.; Sun, B.-G.; Zeng, C.-C. Electrocatalytic 
Minisci Acylation Reaction of N-Heteroarenes Mediated by NH4I. Org. Lett. 2017, 19 
(20), 5517–5520. DOI 10.1021/acs.orglett.7b02589. 

(69)  O’Brien, A. G.; Maruyama, A.; Inokuma, Y.; Fujita, M.; Baran, P. S.; Blackmond, D. G. 
Radical C-H Functionalization of Heteroarenes under Electrochemical Control. 
Angew. Chemie Int. Ed. 2014, 53 (44), 11868–11871. DOI 10.1002/anie.201407948. 

(70)  Xiang, J.; Shang, M.; Kawamata, Y.; Lundberg, H.; Reisberg, S. H.; Chen, M.; 
Mykhailiuk, P.; Beutner, G.; Collins, M. R.; Davies, A.; Bel, M. D.; Gallego, G. M.; 
Spangler, J. E.; Starr, J.; Yang, S.; Blackmond ,D. G.; Baran, P. S. Hindered Dialkyl 
Ether Synthesis with Electrogenerated Carbocations. Nature 2019, 573 (7774), 398–
402. DOI 10.1038/s41586-019-1539-y. 



 27 

(71)  Huang, H.; Strater, Z. M.; Lambert, T. H. Electrophotocatalytic C−H Functionalization 
of Ethers with High Regioselectivity. J. Am. Chem. Soc. 2020, 142, 1698–1703. DOI 
10.1021/jacs.9b11472. 

(72)  Eisenberg, D. C.; Lawrie, C. J. C.; Moody, A. E.; Norton, J. R. Relative Rates of 
Hydrogen Atom (H. Cntdot.) Transfer from Transition-Metal Hydrides to Trityl 
Radicals. J. Am. Chem. Soc. 1991, 113 (13), 4888–4895. DOI 10.1021/ja00013a026. 

(73)  Gunasekara, T.; Abramo, G. P.; Hansen, A.; Neugebauer, H.; Bursch, M.; Grimme, 
S.; Norton, J. R. TEMPO-Mediated Catalysis of the Sterically Hindered Hydrogen 
Atom Transfer Reaction between (C5Ph5) Cr (CO) 3H and a Trityl Radical. J. Am. 
Chem. Soc. 2019, 141 (5), 1882–1886. DOI 10.1021/jacs.8b12892. 

(74)  Koeller, J.; Gandeepan, P.; Ackermann, L. Visible-Light-Induced Decarboxylative C–H 
Adamantylation of Azoles at Ambient Temperature. Synthesis. 2019, 51 (05), 1284–
1292. DOI 10.1055/s-0037-1611633. 

(75)  La, X.-L.; Shu, X.-M.; Song, J.; Xu, H.-C. Electrophotocatalytic Decarboxylative C–H 
Functionalization of Heteroarenes. Angew. Chem Int. Ed. 2020, 59 (26), 10626-
10632. DOI 10.1002/anie.202002900. 

(76)  Yatham, V. R.; Bellotti, P.; König, B. Decarboxylative Hydrazination of Unactivated 
Carboxylic Acids by Cerium Photocatalysis. Chem. Commun. 2019, 55 (24), 3489–
3492. DOI 10.1039/C9CC00492K. 

(77)  Ricci, A. Amino Group Chemistry: From Synthesis to the Life Sciences; John Wiley & 
Sons, 2008. DOI 

(78)  Davies, H. M. L.; Manning, J. R. Catalytic C–H Functionalization by Metal Carbenoid 
and Nitrenoid Insertion. Nature 2008, 451 (7177), 417–424. DOI 
10.1038/nature06485. 

(79)  Newhouse, T.; Baran, P. S. If C� H Bonds Could Talk: Selective C� H Bond 
Oxidation. Angew. Chemie Int. Ed. 2011, 50 (15), 3362–3374. DOI 
10.1002/anie.201006368. 

(80)  Stateman, L. M.; Nakafuku, K. M.; Nagib, D. A. Remote C–H Functionalization via 
Selective Hydrogen Atom Transfer. Synthesis. 2018, 50 (8), 1569–1586. DOI 
0.1055/s-0036-1591930. 

(81)  Corey, E. J.; Hertler, W. R. A Study of the Formation of Haloamines and Cyclic 
Amines by the Free Radical Chain Decomposition of N-Haloammonium Ions 
(Hofmann-Löffler Reaction). J. Am. Chem. Soc. 1960, 82 (7), 1657–1668. DOI 
10.1021/ja01492a035. 

(82)  Hruszkewycz, D. P.; Miles, K. C.; Thiel, O. R.; Stahl, S. S. Co/NHPI-Mediated Aerobic 
Oxygenation of Benzylic C–H Bonds in Pharmaceutically Relevant Molecules. Chem. 
Sci. 2017, 8 (2), 1282–1287. DOI 10.1039/C6SC03831J. 

(83)  Zhang, S.; Li, L.; Xue, M.; Zhang, R.; Xu, K.; Zeng, C. Electrochemical Formation of 
N-Acyloxy Amidyl Radicals and Their Application: Regioselective Intramolecular 
Amination of Sp2 and Sp3 C–H Bonds. Org. Lett. 2018, 20 (12), 3443–3446. DOI 
10.1021/acs.orglett.8b00981. 

(84)  Shono, T.; Matsumura, Y.; Katoh, S.; Takeuchi, K.; Sasaki, K.; Kamada, T.; Shimizu, 
R. Electroorganic Chemistry. 120. New Patterns of Anodic Oxidation of Amides. 
Synthesis of. Alpha.-Amino Aldehyde Acetals and Pyrrolidines from Amines. J. Am. 
Chem. Soc. 1990, 112 (6), 2368–2372. DOI 10.1021/ja00162a042. 

(85)  Rafiee, M.; Wang, F.; Hruszkewycz, D. P.; Stahl, S. S. N-Hydroxyphthalimide-



 28 

Mediated Electrochemical Iodination of Methylarenes and Comparison to Electron-
Transfer-Initiated C–H Functionalization. J. Am. Chem. Soc. 2018, 140 (1), 22–25. 
DOI 10.1021/jacs.7b09744. 

(86)  Kawamata, Y.; Yan, M.; Liu, Z.; Bao, D.-H.; Chen, J.; Starr, J. T.; Baran, P. S. 
Scalable, Electrochemical Oxidation of Unactivated C–H Bonds. J. Am. Chem. Soc. 
2017, 139 (22), 7448–7451. DOI 10.1021/jacs.7b03539. 

(87)  Sevov, C. S.; Samaroo, S. K.; Sanford, M. S. Cyclopropenium Salts as Cyclable, 
High-Potential Catholytes in Nonaqueous Media. Adv. Energy Mater. 2017, 7 (5), 
1602027. DOI 10.1002/aenm.201602027. 

(88)  Weiss, R.; Schloter, K. Stable Radical Dications. Tetrahedron Lett. 1975, 16 (40), 
3491–3494. DOI 10.1016/S0040-4039(00)91392-3. 

(89)  Johnson, R. W. Electrochemistry of Heterosubstituted Cyclopropenyl Cations. 
Tetrahedron Lett. 1976, 17 (8), 589–592. DOI 10.1016/S0040-4039(00)77918-4 

(90)  Gerson, F.; Plattner, G.; Yoshida, Z. Tris (Dimethylamino)-Cyclopropenium Radical 
Dication. Mol. Phys. 1971, 21 (6), 1027–1032. DOI 10.1080/00268977100102181. 

(91)  Wang, F.; Stahl, S. S. Merging Photochemistry with Electrochemistry: Functional 
Group Tolerant Electrochemical Amination of Sp3 C–H Bonds. Angew. Chem Int. Ed. 
2019, 58, 6385–6390. DOI 10.1002/anie.201813960. 

(92)  Šakić, D.; Zipse, H. Radical Stability as a Guideline in C–H Amination Reactions. Adv. 
Synth. Catal. 2016, 358 (24), 3983–3991. DOI 10.1002/adsc.201600629. 

(93)  Luo, Y.-R. Handbook of Bond Dissociation Energies in Organic Compounds; CRC 
press, 2002.  

(94)  Niu, L.; Jiang, C.; Liang, Y.; Liu, D.; Bu, F.; Shi, R.; Chen, H.; Chowdhury, A. D.; Lei, 
A.; Niu, L.; Jiang, C.; Liang, Y.; Liu, D.; Bu, F.; Shi, R.; Chen, H. Manganese-
Catalyzed Oxidative Azidation of C ( Sp 3 ) -H Bonds under Electrophotocatalytic 
Conditions. J. Am. Chem. Soc. 2020, 142 (41), 17693–17702. DOI 
10.1021/jacs.0c08437.  

(95)  Bräse, S.; Banert, K. Organic Azides: Syntheses and Applications; John Wiley & 
Sons, 2010. 

(96)  Bräse, S.; Gil, C.; Knepper, K.; Zimmermann, V. Organic Azides: An Exploding 
Diversity of a Unique Class of Compounds. Angew. Chemie Int. Ed. 2005, 44 (33), 
5188–5240. DOI 10.1002/anie.200400657. 

(97)  Meng, G.; Guo, T.; Ma, T.; Zhang, J.; Shen, Y.; Sharpless, K. B.; Dong, J. Modular 
Click Chemistry Libraries for Functional Screens Using a Diazotizing Reagent. Nature 
2019, 574 (7776), 86–89. DOI 10.1038/s41586-019-1589-1. 

(98)  Thirumurugan, P.; Matosiuk, D.; Jozwiak, K. Click Chemistry for Drug Development 
and Diverse Chemical–Biology Applications. Chem. Rev. 2013, 113 (7), 4905–4979. 
DOI 10.1021/cr200409f. 

(99)  Agalave, S. G.; Maujan, S. R.; Pore, V. S. Click Chemistry: 1, 2, 3-triazoles as 
Pharmacophores. Chem. Asian J. 2011, 6 (10), 2696–2718. DOI 
10.1002/asia.201100432. 

(100)  Liu, D.; Liu, J.; Cai, W.; Ma, J.; Yang, H. Bin; Xiao, H.; Huang, Y.; Liu, B. Selective 
Photoelectrochemical Oxidation of Glycerol to High Value-Added Dihydroxyacetone. 
Nat. Commun. 2019, 10 (2019), 1779. DOI 10.1038/s41467-019-09788-5. 

(101)  Tateno, H.; Iguchi, S.; Miseki, Y.; Sayama, K. Photo-Electrochemical C−H Bond 



 29 

Activation of Cyclohexane Using a WO3 Photoanode and Visible Light. Angew. 
Chemie - Int. Ed. 2018, 57 (35), 11238–11241. DOI 10.1002/anie.201805079. 

(102)  Miseki, Y.; Sayama, K. Photoelectrochemical Dimethoxylation of Furan via a Bromide 
Redox Mediator Using a BiVO4/WO3 Photoanode. Chem. Commun. 2017, 53, 4378–
4381. DOI 10.1039/c7cc01190c. 

(103)  Tateno, H.; Miseki, Y.; Sayama, K. PINO/NHPI-Mediated Selective Oxidation of 
Cycloalkenes to Cycloalkenones via a Photo-Electrochemical Method. Chem. 
Commun. 2019, 55 (63), 9339–9342. DOI 10.1039/c9cc03540k. 

(104)  Choi, D. S.; Lee, H.; Tieves, F.; Lee, Y. W.; Son, E. J.; Zhang, W.; Shin, B.; Hollmann, 
F.; Park, C. B. Bias-Free In Situ H2O2 Generation in a Photovoltaic- 
Photoelectrochemical Tandem Cell for Biocatalytic Oxyfunctionalization. ACS Catal. 
2019, 9, 10562−10566. DOI 10.1021/acscatal.9b04454. 

(105)  Choi, D. S.; Ni, Y.; Fernández-Fueyo, E.; Lee, M.; Hollmann, F.; Park, C. B. 
Photoelectroenzymatic Oxyfunctionalization on Flavin-Hybridized Carbon Nanotube 
Electrode Platform. Acs Catal. 2017, 7 (3), 1563–1567. DOI 
10.1021/acscatal.6b03453. 

(106)  Wang, J.-H.; Li, X.-B.; Li, J.; Lei, T.; Wu, H.-L.; Nan, X.-L.; Tung, C.-H.; Wu, L.-Z. 
Photoelectrochemical Cell for P–H/C–H Cross-Coupling with Hydrogen Evolution. 
Chem. Commun. 2019, 55 (70), 10376–10379. DOI 10.1039/c9cc05375a. 

(107)  Zhang, L.; Liardet, L.; Luo, J.; Ren, D.; Grätzel, M.; Hu, X. Photoelectrocatalytic Arene 
C–H Amination. Nat. Catal. 2019, 2 (4), 366–373. DOI 10.1038/s41929-019-0231-9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 30 

 

For Table of Contents Use Only: 

 
Herein, the recent developments of C-H activation / functionalisation via electrophotocatalysis 
and photoelectrochemistry have been described. Through this complementary chemistry 
difficult C-H organic transformations are possible with high atom- and step-economies.     
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