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质子耦合电子转移在有机合成中的应用 

周子杰 a    孔祥梅 a    刘天飞*,a,b  
(a南开大学元素有机化学国家重点实验室  天津 300071) 

(b中国科学院上海有机化学研究所有机氟化学重点实验室  上海 200032) 

摘要  质子耦合电子转移(PCET)是一类非传统的氧化还原反应, 因其电子和质子转移过程具有独特的相互依赖性, 这
类反应表现出特殊的反应性和选择性. PCET 反应在包括天然和人工系统的氧化还原过程中, 如小分子活化等, 起到了

相当关键的作用. 最近, PCET反应在有机合成中的应用引起了广泛的关注和兴趣. 人们实现了通过PCET机理的X—H
键(如 C—H 键、N—H 键、S—H 键和 O—H 键等)的活化, 基于该过程合成了多种重要结构和基础骨架、获得了不同的

合成砌块和天然产物. 此外, 通过 PCET 反应机理, 人们不仅获得了 C＝Y 键等多重键的还原产物, 而且获得了底物之

间的偶联产物. 综述了近年来 PCET 在有机合成中的应用和发展, 并且对该领域未来的发展进行了展望. 
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Applications of Proton-Coupled Electron Transfer in  
Organic Synthesis 
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(a State Key Laboratory of Elemento-organic Chemistry, Nankai University, Tianjin 300071) 
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Abstract  Proton-coupled electron transfer (PCET) reactions are a kind of unconventional redox reactions, which exhibit 
special reactivities and selectivities due to their unique interdependent electron-proton transfer mechanisms. There are three 
possible pathways of PCET processes, including stepwise electron transfer followed by proton transfer (ETPT), proton transfer 
followed by electron transfer (PTET), and concerted pathway in which electron and proton transfer synchronously (CEPT), 
avoiding intermediates with high energy. These reactions have been playing a key role in numerous areas in organic chemistry, 
inorganic chemistry, bioorganic chemistry, organometallic and material chemistry, including the redox processes in natural and 
artificial systems, such as the activation for small molecules. Recently, the application of PCET reactions in organic synthesis 
has received a great deal of attentions and interests. Being accompanied by the development of electrochemical methods and 
photocatalysts, more and more novel reactions in electrochemistry and photochemistry involve PCET processes have been 
reported. Applying these electrochemical and photochemical methods, the activation of X—H bond has been achieved via 
PCET processes, including C—H bond, N—H bond, P—H bond, S—H bond or O—H bond. Thus, based on these crucial pro-
cesses, a number of vital structures and fundamental frameworks can be synthesized, and various synthetic building blocks and 
natural products have been attained. For example, pharmaceutical building blocks like 2°-piperidines can be cyanated at their 
α-position; substituted dimeric pyrroloindolines such as (－)-calycanthidine, (－)-chimonanthine, and (－)-psychotriasine have 
also been successfully synthesized via PCET mechanism. Moreover, not only the products of reduction of multiple bonds (C＝
Y bond such as C＝C bond, C＝N bond and C＝O bond), but also the products of self/cross-coupling have been achieved via 
PCET mechanism. In this review, the recent applications and developments of PCET mechanism in organic synthesis are 
summarized, including new catalyst systems and new reagents, especially with electrochemical and photochemical methodolo-
gies. The future of this area has also been demonstrated from both experimental and theoretical aspects. 
Keywords  proton-coupled electron transfer; organic synthesis; radical reactions; functionalization 
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1  Introduction 
Proton-coupled electron transfer (PCET) reactions, in 

which an electron coupled with a proton transfer from do-
nors to acceptors in a stepwise or concerted way,[1-6] are a 
sort of fundamental reactions in a various of areas, includ-
ing organic chemistry,[7-9] inorganic chemistry,[10-11] bioor-
ganic chemistry,[12] organometallic and material chemi-
stry[6,13-19], and so on. Most recently, the applications of 
PCET in organic synthesis have attracted attentions from 
organic chemists. Since this process was first discovered 
experimentally in 1981,[20] this area has been developing 
flourishingly accompanied by the inventions of new elec-
trochemical and photochemical methods.[21-24] Nowadays, 
more and more new methodologies involving PCET 
mechanism have been reported (Figure 1), including two 
main types of the bond transformation. First of all, via 
PCET processes, the homolysis of X—H bond for con-
structing a diverse range of structures has been well de-
veloped, including C—H (ΔH°＝ 414 kJ/mol), N—H  
(ΔH°＝389 kJ/mol), O—H (ΔH°＝464 kJ/mol), P—H 
(ΔH° ＝ 322 kJ/mol) and S — H (ΔH° ＝ 338 kJ/mol) 
bonds,[25-26] some of which are commonly considered as 
strong bonds, while PCET provides some favorable path-
ways for their activations. Secondly, the reduction of double 
bonds via PCET has been reported, including C＝C, C＝N 
and C＝O bonds, to form not only the hydrogenated prod-
ucts, but also advanced structures via the C—C bond for-
mation after the generation of radical intermediates. In these 
reactions, neither sensitive reductants like metal hydrides 
nor dihydrogen need to be used, and the conditions are 
always very mild. With these two types of reactions, a 
number of vital structures and fundamental frameworks can 
be synthesized, and various synthetic building blocks and 
natural products have been attained.  

 

Figure 1  Synthetic application of PCET 

The structure of this review is as follows: at the beginning 
of this review, we introduce the elementary principles of 
PCET in a concise and most understandable way to organic 
chemists, avoiding deriving complicated formulas of 
physical chemistry. Then, we summarize two main types of 
PCET reactions in organic synthesis which we mentioned 
above. At the end of this review, we prospect the frontiers of 

PCET in organic synthesis, and discuss how the new ex-
isting PCET mechanisms like inner-sphere PCET and ex-
cited-state PCET (ES-PCET) would influence the devel-
opment of PCET theories and their applications in organic 
synthesis in future. 

2  Elementary principles of PCET for or-
ganic chemists 

Both electron and proton transfer theory have existed for 
a long time,[27-31] and the coupled electron and proton 
transfer has been largely developed,[32-34] and mathematical 
functions on PCET have been well summarized.[35-37] In this 
chapter, we hope to introduce the elementary principles of 
PCET to organic chemists in a concise but practical way, for 
helping them explore and develop new organic synthetic 
methodologies using this process in the future. Herein, we 
focus on some concepts which might confuse them for a 
while, such as the differences and relations between HAT 
and PCET process (Figure 2). 

HAT was once considered as a sub-class of PCET.[24] 
Although some attempts were made to unify the PCET, 
HAT and other analogous reactions,[39] because of the dif-
ferences between them, distinguishing HAT processes from 
PCET processes is of great significance to PCET’s appli-
cations,[6] especially for organic chemists. In an HAT pro-
cess both proton and electron transfer from a single donor to 
a single acceptor adiabatically, sharing the starting and the 
final orbitals, the most classic example is the benzyl/toluene 
self-exchange reaction.[13,34,42] The driving force of HAT 
reaction is commonly discussed as the difference in the 
bond dissociation free energies (BDFEs) of the reactants 
and products. Comparatively, in PCET reactions the proton 
and the electron move non-adiabatically.[34] We can classify 
the PCET reactions into two types: in the first type, both 
proton and electron transfer from a single donor to a single 
acceptor, but they go to different sets of orbitals, just as the 
PCET reaction between phenoxyl radical and phenol; and 
the second type can be called multisite-PCET (MS-PCET), 
including both oxidative process and reductive process, 
where the proton and the electron can transfer from the 
same donor to two different acceptors in the former oxida-
tive process, or they can transmit from different donors to a 
same acceptor in the later reductive process. The differences 
between HAT process and the above mentioned PCET 
processes are concisely illustrated in Figure 2, and the ef-
fective bond dissociation free energies (BDFEeff) can be 
introduced to thermodynamically describe the driving force 
of PCET reaction. The free energy relationship between the 
rate constants and BDFEeff have been applied to reveal the 
detailed mechanism in several PCET proce-
sses.[6,13-14,38-39,43-44] Examples of HAT and PCET reactions 
are shown in Scheme 1. 

A PCET mechanism may undergo three pathways (Fig-
ure 3), separately named ETPT, in which electron transfers 
first and later proton transfers stepwisely; PTET, in which 
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Figure 2  Concise illustration of HAT process with its BDFE equation (left), and illustrations of PCET processes with the corresponding 
effective BDFE equation (right)[38-39] 

 

Scheme 1  Reactions via HAT and two types of PCET mechanism[34,40-41]  

proton transfers first and then electron transfers stepwisely; 
CEPT (concerted electron proton transfer), in which elec-
tron and proton transfer synchronously. Recently, a series of 
publications have experimentally revealed the fundamental 
rules on how to switch the mechanism among these three by 
controlling the driving force and other conditions of the 
reaction.[6,13-14] These guidelines and rules may guide the 
organic chemists to design new redox reactions more ra-
tionally and efficiently, to make the reaction conditions 
much milder and greener in future. As shown in Figure 3, 
the first two pathways are sequential and generate distinct 
but short-lived intermediates. While for reactions proceed 
by CEPT mechanism, the electron and proton transfer in 
one step via a single transition state. Compared to stepwise 
PCET processes, it is obvious that the CEPT processes 
avoid the formation of the high-energy intermediates, which  

 

Figure 3  Three pathways of PCET mechanism (left)[6,13-14,45-46] 
and their corresponding reaction coordinates (right, redrawn from 
Acc Chem Res. 2016, 49(8), 1546～1556.)[7] 

should benefit the whole reaction kinetically. In the fol-
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lowing sections, the successful examples of PCET pro-
cesses applied in both oxidative and reductive organic re-
actions are discussed in details. 

3  Oxidation of X—H bond 
3.1  C—H bond 

Numerous works on the functionalization of unactivated 
C(sp3)—H bond have been reported. Some of the most 
famous ones are from Yu’s group, they reported a series of 
transition metal-catalyzed C—H activation reactions in-
cluding palladium(II)-catalyzed C—H activation;[47-48] they 
also developed methods for C—H cleavage via weak coor-
dination.[49] Shi’s group[50] and other groups also reported 
different metal-catalyzed C—H activation methods in-
cluding iron-catalyzed reactions. Recently, the activation of 
C—H bond enabled by PCET mechanism was also devel-
oped, including C—H oxidation, nitration, alkylation, cy-
anation, and so on.[40,45,51-65] 

 

Scheme 2  C—H oxidation via MS-PCET mechanism 

The mechanism of PCET-promoted C—H activation was 
first studied in detail by Mayer and his collaborators. Since 
2018, his group has published papers on a novel strategy for 
the cleavage of C—H bond through MS-PCET in the 
presence of base and redox cofactors (Scheme 2).[51] Their 
study suggests that this reaction can proceed under mild 
conditions with low driving forces, which means PCET 
mechanism would be applicable for the oxidation of strong 
C—H bond. The theoretical study of this CEPT  C—H 
bond activation was published by Hammes-Schiffer’s group 
in the same year.[52] Their computed results are qualitatively 
consistent with Mayer’s experimental results. Specifically, 
by modeling the same C—H oxidation reaction with a vi-
bronically nonadiabatic PCET theory, Hammes-Schiffer 
and co-workers got the slope of lg kPCET, the logarithm of 
the reaction rate constant, versus lg K, the logarithm of the 
equilibrium constant, which is 0.37, while the experimental 
result in Mayer’s work is 0.21. Both are less than 0.5, 
which is predicted by semiclassical Marcus-theory type 
treatments. Accordingly, they draw the conclusion that the 
experimental results can be reproduced qualitatively with 
this PCET model, and the relatively shallow slope can be 
explained by the negative reaction free energies associated 
with the dominant pairs of vibronic states. Further, Mayer 
et al.[45] extend this system to different substituted fluo-
renyl-benzoates and various outer-sphere oxidants. 
Through kinetic analysis, it is concluded that the second- 

order rate constant is more dependent on the pKa of the 
internal base than on the character of the outer-sphere oxi-
dant, which suggests that the transition states of these reac-
tions are imbalanced. Based on these experiments, Ham-
mes-Schiffer et al.[53] explained the reason by using vi-
bronically nonadiabatic PCET theory: the enhancement of 
internal carboxylate’s basicity increases the driving force 
of proton transfer on the one hand and decreases the equi-
librium proton donor-acceptor distance on the other hand. 

In terms of organic synthesis methodology, in 2017, Ooi 
and co-workers[54] reported the homo-dimerization of 3-aryl 
oxindoles via PCET pathways, with their newly developed 
intramolecular ion-pairing acridinium phenoxide frame-
work (6) as a chemical redox catalyst that was used for 
intramolecular ion-pairing electron-transfer (Scheme 3). 
This redox catalyst could coordinate with the substrate 
through oxygen anion in hydrogen bond, followed by the 
generation of substrate radicals via PCET mechanism. 
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Scheme 3  Homo-dimerization of 3-aryl oxindoles via PCET 
pathways 

In 2018, List’s group[55] reported a direct and asymmetric 
α-aryloxylation of cyclic ketones in the presence of qui-
nones (Scheme 4). For simple aldehydes and ketones, their 
organocatalytic enatioselective α-functionalizations can be 
achieved by a well-established single-electron oxidation of 
enamines, while the oxidation of α-substituted ketones 
hasn’t been reported. The authors introduced enol catalysis 
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to the α-branched ketones oxidation. With 1,1'-binaphthol 
(BINOL) derived chiral phosphate (C1) as catalyst, 
α-substituted ketones could generate the higher α,α-sub-  
stituted products with 1,4-benzoquinone in both good yields 
and enantioselectivities. This is the first example for the 
direct, catalytic, and asymmetric α-aryloxylation of cyclic 
α-branched ketones, and it could be a reference for other 
enantioselective transformations involving enol derived 
radical intermediates. 
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Scheme 4  Asymmetric α-aryloxylation of cyclic ketones in the 
presence of quinones 

Besides, C—H oxidation can be achieved via photo-
chemical ways. In 2019, Alexanian and co-workers[40] re-
ported a visible-light-induced catalytic method for inter-
molecular C — H alkylation of unactivated aliphatic   
C(sp3)—H bond through PCET under mild conditions, with 
1,1-bis(phenylsulfonyl)ethylene (11) as the alkene partner 
(Scheme 5). Their further study demonstrated a large scope 
of both hydrocarbon substrate and alkene partner of this 
method. By applying PCET mechanism, their strategy en-
abled the cleavage of C—H bond without highly reactive 
heteroatom-centered radicals, which are typically required 
in related photoredox catalyst functionalizations.  

In 2020, Ready’s group[56] published a paper of a pho-
tocatalytic method for the C-alkylation of amines with alkyl 
bromides (Scheme 6). Although α-branched amines are 
important and fundamental building blocks for the organic 
synthesis, their traditional synthesis strategies, such as nu-
cleophilic addition, require highly reactive organometallic 
reagents and rigorous conditions. While with PC1 as the 

 
Scheme 5  Intermolecular C—H alkylation of unactivated ali-
phatic C(sp3)—H bond  

photocatalyst and Na2CO3 as mild base, this newly devel-
oped method could proceed in a mild and atom-economical 
way at room temperature. Further exploration also showed a 
broad substrates scope. The reaction pathway involves the 
initial photocatalytic generation of an α-amino radical via a 
PCET process, followed by a radical recombination and 
then achieve the final product. 

 

Scheme 6  C-alkylation of amines with alkyl bromides 
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As for electrochemical methods, in 2017, Xu’s group[57] 
reported the cross-dehydrogenative coupling of C(sp3)—H 
and C(sp2)—H bond from malonate amides, accessing the 
synthesis of C3-fluorinated oxindoles via an electrochemi-
cal oxidation reaction pathway (Scheme 7). These com-
pounds are important organic molecules for their applica-
tions in pharmaceutical and agrochemical industries. This 
method was found to have a good functional group toler-
ance. In the reaction pathway, the starting material was 
oxidized by dicyclopentadienyl iron(III) cation after a 
rate-limiting deprotonation step, followed by annulation 
and subsequent electron and proton transfer steps. His group 
presumed that this could possibly be a PCET proceed. This 
method leads to an effective, highly chemoselective and 
straightforward way for the synthesis of organofluorine 
compounds. 

In 2018, Stahl and co-workers[58] developed an effective 
method for electrochemical α-cyanation of second piperi-
dines, which are a kind of ideal pharmaceutical building 
blocks, without requiring protection of the N—H bond 
(Scheme 8). In this method, they employed 9-azabicyclo-

nonane N-oxyl (ABNO) as the catalytic mediator that 
promotes the dehydrogenation of second piperidines to 
generate the cyclic imine. This highly effective, as well as 
user-friendly method, is appropriate for substrates with a 
large range of heterocyclic substituents, and can achieve the 
synthesis of a various of unnatural amino acids. 

An example of electrochemical method using manganese 
salts as redox catalyst was also reported. In the same year, 
Mo and co-workers[59] developed a Mn-mediated electro-
chemical synthesis of azaheterocycles via sequential tri-
fluoromethylation/C(sp2)—H functionalization (Scheme 9). 
This method achieved the introduction of trifluoromethyl 
group into organic molecules, and a large range of func-
tionalized heterocycles with a CF3 group including trifluo-
romethylated oxindoles could be accessed via this method. 

Similar to the work of Ooi’s group, in 2020, Paul and 
co-workers[60] also developed a homo-coupling reaction 
route that accesses the dimerization of 3-substituted 2- 
oxindoles under a mild electrochemical condition (Scheme 
10). They explored the reaction under conditions with and  

  

 
Scheme 7  Cross-dehydrogenative coupling of C(sp3)—H and C(sp2)—H bonds 

 

Scheme 8  Electrochemical α-cyanation of second piperidines and synthesis of amino acids 
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Scheme 9  Mn-mediated electrochemical synthesis of azaheterocycles 

 

Scheme 10  Dimerization of 3-substituted 2-oxindoles

without addition of base. According to their investigation 
towards the mechanism of both methods, it was suggested 
that the base-assisted reaction follows a stepwise PT-ET-ET 
pathway, while an ET-PT-ET pathway for the other one. 
Further exploration showed that an appropriate choice of 
base with proper concentration can accelerate the reaction 
rate through PCET mechanism because of the remarkable 
decrease in the kinetic barrier. Sulekha Sharma’s work 
brought an effective electro-oxidative synthesis for a large 
scope of structurally diverse dimeric 2-oxindoles with vic-
inal quaternary centers. 

In the same year, Pan and co-workers[61] reported an 
electrochemical synthesis of 1-naphthols from alkynes and 
1,3-dicarbonyl compounds via an intermolecular annulation 
reaction, in which dicyclopentadienyl iron was used as 
redox catalyst (Scheme 11). This novel strategy leads to the 

synthesis of important polysubstituted naphthalene com-
pounds under an environmentally friendly and efficient 
condition. 

Notably, in 2019, Ritter’s group[62] reported a method for 
the synthesis of benzylic alcohols by selective monooxida-
tion of alkylated benzenes, in which bis(methanesulfonyl) 
peroxide severs as an oxidant (Scheme 12). Their method 
achieved the conversion of benzylic C—H bond to benzylic 
alcohols, and they proposed that the reaction proceeds via a 
PCET pathway. With copper(I) acetate as catalyst, and the 
presence of peroxide MsOOMs and DMSOAc, they ob-
tained benzylic mesylate intermediates, which were then 
converted to the alcohol products in the mixture of hex-
afluoroisopropanol (HFIP) and water. This catalytic inter-
molecular alkylation can functionalize a diverse range of 
small molecules efficiently under mild reaction conditions,     
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Scheme 11  Synthesis of 1-naphthols from alkynes and 1,3-dicarbonyl compounds 
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Scheme 12  Synthesis of benzylic alcohols by selective monooxidation of alkylated benzenes   

and may set up a unique and general approach to C—H 
alkylations. In addition, compared to traditional function-
alizations involving photoredox catalysis, C—H cleavage 
promoted by PCET mechanism avoids the employment of 
highly reactive heteroatom-centered radicals. This method 
could be of great use for the development of drugs and 
agrochemicals. However, it should be noted that the possi-
bility of a HAT mechanism-enabled C—H cleavage can not 
be ruled out completely in this case.[6,34,42] 

In 2019, Huang and co-workers[63] reported a visible-  
light-induced reductive Minisci reaction for N-hetero-   
cyclic aromatics with aldehydes under mild conditions 
(Scheme 13). This method leads to the formation of a di-
verse range of functionalized N-heterocyclic aromatics 
including alkylated and benzylated nitrogen heteroarenes. 
Notably, aldehydes are served as alkylation reagents as 

well as reductants. 
In 2021, He and co-workers[64] reported the electro-

chemical multicomponent synthesis of a wide range of 
4-selanylpyrazoles in generally good yields (Scheme 14). 
The employments of electrochemical method and radical 
reactions avoid the requirement of heating conditions, 
transition-metal catalysts and chemical oxidants. More 
importantly, this method features a high functional group 
tolerance and scalability due to the mild reaction condi-
tions. 

3.2  N—H bond 
The cleavage of N—H bond might be one of the most 

common applications of PCET in organic synthesis. For 
example, N-centered radicals generated from the breaking 
of N—H bond could be important intermediates in the 
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formation of heterocycles structures, which are commonly 
found in a variety of natural products. Moreover, PCET 
mechanism also contributes to some unusual chemoselec-
tivities, for example, there are several methods for the ac-
tivation of relatively strong amide N—H bond in com-
pounds which consist of weaker allylic C—H bond.[66] 
Thus, reactions involving the cleavage of N—H bond are of 
great importance for organic synthesis, and PCET mecha-
nism is a powerful tool to access this kind of transfor-
mations. 

In 2015, Knowles’ group[67] reported a dual catalyst sys-
tem that is capable of selectively splitting the N—H bond of 
N-arylamides via PCET followed by the resulting amidyl 
radicals carboaminations (Scheme 15). Generally, the am-
ide N—H bond is stronger than allylic C—H bond, but 
herein they reported that this dual catalyst system enables 
the formal homolysis of a stronger amide N—H bond. In 
this method, Brønsted base B1 would form a hydrogen- 

bonded complex with amide substrate, then underwent a 
PCET process with the excited state of the photoredox cat-
alyst PC1, generating an amidyl radical. This is a novel 
protocol for alkene carboamination via PCET mechanism. 
Meanwhile, this method demonstrated that concerted mul-
tisite PCET is a practical and valuable mechanism for the 
direct homolytic activation of relatively strong N—H bond, 
and it is able to provide amidyl radical intermediates from 
simple anilide starting materials in a catalytic way. Most 
importantly, these results laid the foundation of the 
small-molecule catalysis platforms from the concerted 
PCET mechanisms, and could enable the development of 
some new synthetic methods. 

Later, they also reported a ternary catalyst system for the 
unactivated olefins intramolecular hydroamidation from 
N-aryl amide derivatives (Scheme 16).[68] Similarly, this 
ternary catalyst system also consists of an excited state 
iridium complex PC1 and the same weak phosphate base 

 

Scheme 13  Visible-light-induced reductive Minisci reaction 

  

Scheme 14  Electrochemical multicomponent synthesis of 4-selanylpyrazoles 
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Scheme 15  N—H activation in N-arylamides via a dual catalyst 
system   

B1, serving as reaction mediate for generating a reactive 
amidyl radical. In addition, there is an H-atom donor cata-
lyst for the radical reduction, and they found that thiophenol 
is the best among all candidates. This is a novel method for 
common olefin hydroamidation jointly catalyzed by three 
separated catalysts, and this ternary catalyst protocol ena-
bles the direct generation of amidyl from simple amide 
starting materials and have a large scope of olefinic reaction 
partners. 

They soon described a catalytic N—H bond-weakening 
protocol for conjugate amination through a PCET process 
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Scheme 16  N—H activation in N-arylamides a ternary catalyst 
system 

(Scheme 17).[69] In this work, the strong N—H bond of 
amide was weaken by a Cp2TiIIICl complex which was 
coordinated by its carbonyl, and TEMPO• was used as an 
H-atom acceptor. Through this method, the strong N—H 
bond in N-aryl amides are destabilized by about 138 kJ/mol, 
which enables the homolysis of N—H bond via PCET 
mechanism. 

In 2016, they applied this PCET promoted N—H bond- 
weakening protocol to achieve the catalytic alkylation of 
remote C—H bond (Scheme 18).[70] This method exhibits a 
large substrates scope, even for those containing bulky 
groups adjacent to the amidyl nitrogen. In further research,   
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Scheme 17  Catalytic N—H bond-weakening protocol for conjugate amination 
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Scheme 18  Catalytic alkylation of remote C—H bond 

  
they found that by changing the temperature and the 
equivalent of PhCF3, and with the addition of N-ethyl-4-  
methoxybenzamide as the hydrogen-atom abstractor, this 
method could also be adapted for the intermolecular C—H 
functionalizations. 

About two years later, they developed a photocatalytic 
method to afford alkoxyamine-substituted pyrroloindolines 
from noncovalent stabilization of indole radical cations 
(Scheme 19).[71] In the presence of chiral phosphate anions 
(B2) and stable nitroxyl radical TEMPO•, the products 
could be formed in high enantioselectivities. A subsequent 
single-electron oxidation/mesolytic cleavage sequence 
would generate a transient carbocation intermediate, which 
is easily attacked by a wide range of nucleophiles. Taken the 
two processes together, Knowles’ group built up a simple 
method to the formation of diverse substituted pyrroloin-
dolines. Notably, this protocol can furnish the asymmetric 
access to a variety of dimeric pyrroloindoline natural 
products by the stereoselective couplings with prochiral 
tryptamine nucleophiles in a relatively short synthetic pro-
cess. 

They reported a catalytic method for the intermolecular 
anti-Markovnikov hydroamination of unactivated alkenes 
in the presence of primary and secondary sulfonamides 

under visible light irradiation at room temperature (Scheme 
20).[72] Similar ternary catalyst system were applied in this 
method, including iridium complex PC1 as photocatalyst, 
B1 as dialkyl phosphate base, and TRIP thiol as the 
co-catalyst for HAT. For the original catalyst system, while 
the reactive N-centered radicals are efficient for cyclization 
reactions with pendant alkenes, when it comes to intermo-
lecular C—N bond formation, the reactions are proved 
unfavorable. They supposed that this could be due to the 
relatively high stability of N-aryl amidyls, making the re-
combination between reduced photocatalyst and N-centered 
radicals faster than bimolecular olefin addition. To solve 
this problem, they found N—H bond in sulfonamide com-
pounds should be an ideal choice, because the addition of 
the corresponding radicals to olefins are faster than their 
recombination. This method provides a simple way for 
intermolecular N—H bond formation under mild condi-
tions, and further demonstrates the potential of PCET for 
enabling the direct homolytic cleavage of strong heteroa-
tom-hydrogen bond, and the resulting radical intermediates 
could be of great value in synthetically useful reactions. 

And in 2019, they reported a catalytic strategy for olefin 
hydroamidation with N-alkyl amides (Scheme 21).[73] This 
method provides a direct and efficient pathway for the  
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Scheme 19  Photocatalytic method to achieve alkoxyamine- 
substituted pyrroloindolines 

homolysis of N—H bond in unactivated N-alkyl amides via 
excited-state PCET mechanism, as well as shows applica-
bility for a large range of olefin hydroamidation reactions, 
enabling the generation of diverse lactams and cyclic N-acyl 
amines from simple and easily available starting materials. 
Furthermore, this method can be modified to promote the 
anti-Markovnikov intermolecular hydroamidations with 
primary amides and the cascade polycyclizations of poly-
unsaturated amides 

After their olefin hydroamidation of N-alkyl amides, in 
2020, Robert R. Knowles’ group reported an enantioselec-
tive, radical-based method for the intramolecular hy-
droamination of alkenes with sulfonamides in a modified 
ternary catalyst system (Scheme 22).[74] The chiral phos-
phate B3 was used for the control of enatioselectivity. This 
method accesses to the generation of enantioenriched pyr-
rolidine products, and it shows a high enantioselectivity for 
a diverse of alkene and sulfonamide substrates, even for 
drug-relative compounds. 

 
Scheme 20  Intermolecular anti-Markovnikov hydroamination 
of unactivated alkenes 

 

Scheme 21  Catalytic strategy for olefin hydroamidation with 
N-alkyl amides 

In 2017, Eric Meggers’ group reported a novel catalytic 
and enantioselective conjugate addition of nitrogen-based 
nucleophiles to α,β-unsaturated carbonyl compounds after 
the activation of N—H bond via PCET mechanism (Scheme 
23).[75] A modified reaction conditions was determined, 
including iridium complex PC1 as photocatalyst, Δ-RhO as 
catalyst and [NBu4]＋[OP(O)(OPh)2]－ (B4) as phosphate 
base. Notably, this method enables the catalytic and enan-
tioselective synthesis of chiral amines without the re-
quirement for strong base or highly nucleophilic nitrogen 
reagents, which are necessary in traditional methods. De-   
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Scheme 22  Intramolecular hydroamination of alkenes with sulfonamides 

spite the apparent limitations in the term of substrate scope, 
this method can obtain the target molecules in good yields 
and enantioselectivities. 

In the same year, they reported a stereoselective alkyla-
tion of remote, unactivated C(sp3)—H bond, which em-
ployed a combination of visible-light-induced PCET, hy-
drogen atom transfer, and chiral Lewis acid catalysis 
(Scheme 24).[76] In this work, they chose Λ-RhO as Lewis 
acid catalyst according to their previous study, with PC1 as 
photoredox mediator and B1 as the weak phosphate base. 
The reaction processes under the irradiation with two 24 W 
blue LEDs. With the optimized reaction conditions in hand, 
they then evaluated the substrate scope of this method and 
found that a variety of target molecules could be synthe-
sized in up to 82% yield and 97% ee. 

In 2018, Magnus Rueping and co-workers achieved the 
synthesis of alkyne- and alkene-decorated γ-lactams 
through a photoredox-initiated radical cascade reaction, in 
both good functional group tolerance and high yields 
(Scheme 25).[77] The catalyst system consists of [Ir(dFCF3- 

ppy)2(bpy)]＋[PF6]－ (PC2) as photocatalyst and [NBu4]＋- 
[(OMe)2PO2]－ (B5) as Brønsted base. By introducing a 
sulfonyl group, the functional groups on the radical acceptor 
are retained successfully. 

Sungwoo Hong and co-workers developed a direct 
strategy to the synthesis of phenanthridinone and quino-
linone derivatives, which are important structures in natural 
products and showed a variety of optical and biological 
properties (Scheme 26).[78] This method is accomplished 
through visible-light-promoted oxidative C—H amidation, 
and employed PC2 as photocatalyst and [NMeBu3] ＋

[OP(O)(OBu)2]- (B6) as Brønsted base, and the dioxygen in 
air as the oxidant. This user-friendly photocatalyst sequence 
has a large scope of both phenanthridinone and quinolinone 
substrates, which can be covered to the corresponding 
products in good to high yield. 

In 2019, Gary A. Molander’s group reported the ami-
doarylation of unactivated olefins (Scheme 27).[79] While 
amidyl radicals give new possibilities for reaction design, 
their formation is still lack of efficient methods, preventing  

 
Scheme 23  Conjugate addition of nitrogen-based nucleophiles 
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Scheme 24  Stereoselective alkylation of C(sp3)—H bond 
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Scheme 25  Synthesis of alkyne- and alkene-decorated γ-lactams

them from further applications in organic synthesis. To 
solve this problem, they used simple non-functionalized 

amides as substrates, with PC2 as photocatalyst and B1 as 
Brønsted base. In addition of stable Ni((MeO)2bpy)(H2O)2-  
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Scheme 26  Synthesis of phenanthridinone and quinolinone derivatives 

 
Scheme 27  Amidoarylation of unactivated olefin   

Br2 (C2) as catalyst precursor, they realized the amidoary-
lation of unactivated olefin, and accessed a series of mole-
cules containing pyrrolidinone core successfully. This 
method shows good yields and enatioselectivities for a large 
scope of substrates. This is the first example for combining 
the concerted PCET with a nickel-catalyzed cross-coupling 
process together, and the application of the photoredox/Ni 
dual-catalyst system enables the amidoarylation of unacti-
vated olefins, leading to the construction of highly func-
tionalized 5-membered heterocyclic structures under mild 
conditions. 

Arylamines, especially heteroarylamines, are funda-
mental structures that widely exist in natural products, and 
are conventionally prepared by the formation of C—N 

bond. However, despite their versatility, traditional methods 
commonly require metal catalysts, which indicates the un-
avoidable toxicity, and the high cost of metal reagents may 
prevent them from further development. In order to find out 
a methodology without the requirement of metal catalysts, 
also in 2020, Wu and co-workers[80] developed an access to 
afford heteroarylamine via radical-radical cross- coupling 
pathway as an alternative method for traditional transi-
tion-metal-catalyzed C — N bond-forming reactions 
(Scheme 28). With a mild reaction conditions including 
3DPAFIPN as photocatalyst, DABCO as base, this method 
leads to the photochemical, metal-free, and site-selective 
synthesis of a diverse range of heteroarylamine and phar-
maceutical arylamines in both good to excellent yields, with 
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no requirements of external oxidant or reductant. 

 
Scheme 28  Construction of heteroarylamine via radical-radical 
cross-coupling pathway 

N—H oxidation can also be achieved via electrochemical 
methods. In 2016, Hai-Chao Xu’s group reported an anilide 
oxidation protocol promoted by an electrocatalytic way, in 
which dicyclopentadienyl iron was performed as the redox 
catalyst, and they proposed that the radical intermediate was 
generated via a stepwise PTET (Scheme 29).[81] A func-
tionalized, olefin-bearing amidyl radicals can be efficiently 
generated through this method, and subsequent reactions 
can lead to the intramolecular hydroamidation to generate 
lactams, cyclic carbamates and ureas. 

In 2017, they also reported a metal- and reagent-free, 
electrochemical intramolecular oxidative amination reac-
tion of tri- and tetra-substituted alkenes, leading to the 
synthesis of allylic amines, which are important synthetic 
building blocks for organic chemistry (Scheme 30).[82] This 
newly developed method provide an efficient way for the 
oxidative amination of tri- and tetra-substituted hindered 
olefins, and is able to afford a large scope of synthetically 
valuable N—heterocycles products in both high yields and 
diastereoselectivities. Additionally, this strategy can be 
easily scaled up. 

And in 2018, Aiwen Lei and co-workers developed an 
electrochemical oxidative intramolecular C(sp3)—H ami-
nation of amides (Scheme 31).[83] Compared to conven-
tional methods for the coupling of C(sp3)—H and N—H to 
access saturated nitrogen-containing compounds, in which  
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Scheme 29  Anilide oxidation promoted by electrocatalytic way  

additional oxidants or halogenated reagents are often re-
quired, this method employed tetrabutylammonium acetate 
as not only an electrolyte, but also for promoting cleavage 
of the N—H bond through the formation of intermolecular 
hydrogen bonds with amide substrates. A large range of 
C(sp3)—H amination products can be afforded with good 
yields through this method in an oxidant- and halogena-
tion-free way. 

In 2020, Stahl’s group[84] reported an electrochemical 
strategy for the oxidative homo-coupling of benzophenone 
imine via PCET process (Scheme 32). This method leads to 
the synthesis of hydrazine, which is important for industry. 
With [MeBu3N]＋[OP(O)(OBu)2]－ as the phosphate base, 
n-Bu4NPF6 as supporting electrolyte, the desired product 
can be accessed from 4,4'-difluorobenzophenone imine in 
84% yield. Besides, Stahl’s group also demonstrated two 
other complementary methods to achieve N—N coupling of 
benzophenone imine through an electrochemical way, 
which involves PCET on the surface of electrodes. Notably, 
imines are used as the alternative of ammonia substrates to 
enable the reaction stop at the formation of a single N—N 
bond, otherwise a kinetically facile and thermodynamically 
favorable oxidation of hydrazine to dinitrogen would occur. 

Notably, a metal- and catalyst-free electrochemical me-
thod for oxidation reactions was reported in 2020. Zhixiong 
Ruan and co-workers developed a direct electro-chemical  

NH

X

R2
R3

R4

R5
R1O

Ar

DMA/AcOH (V:V = 40:1)
Et4NPF6, 110 °C, 2.5 ~ 4.1 F

R3

N

X R1

R2

R5

R4
Ar

O

79
37 examples, 48% ~ 97% yield

N

X

R2

R1H
O

Ar
R3

R4

R5

R1H

R3

R4

R5
N

X
O

Ar R2

R1H

R3

R4

R5
N

X
O

Ar R2

+ H2

PCET

- e-

- H+

78

undivided cell, 10 mA

 

Scheme 30  Electrochemical intramolecular oxidative amination reaction of tri- and tetra-substituted alkenes  
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Scheme 31  Electrochemical oxidative intramolecular C(sp3)—
H amination of amides 

 

Scheme 32  Oxidative homo-coupling of benzophenone imine 

synthesis of annulated medium-sized lactams via cleavage 
of C—C bond in catalyst-free conditions (Scheme 33).[85] 
This approach enables ring expansion through an unique 
remote amidyl migration under mild conditions, and shows 
a diverse scope, high yield, and broad functional group 
tolerance. The electron and proton transfer on the surface of 
the electrodes should be under different PCET processes. 
3.3  O—H bond 

O—H bond have a relative strong bond energy among   
X—H bond, and their homolysis followed by functionali-
zation under mild conditions have been a long-standing goal 
in organic chemistry. Recently, with the PCET processes, 
several methods have been developed. For example, 
O-centered radicals generated by the activations of strong  
O—H bond in alcohol via PCET mechanism could be an 
important mediator for the subsequent β-scission to the 
adjacent C—C bond, leading to the formation of a new 
carbonyl group. Thus, PCET-based O—H activations are of 
great significance for organic synthesis and have drawn 
more and more attention from organic chemists. 

Oxidation reactions have been an attractive topic for a 
long period of time, among which the oxidation of alcohols 
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Scheme 33  Metal- and catalyst-free electrochemical synthesis 
of annulated medium-sized lactams 

to aldehydes, ketones, and carboxylic acids are one of the 
most important issues.[86-88] However, limited by their syn-
thetic scope and practical factors, aerobic oxidation reac-
tions application in organic chemistry was constrained. In 
order to solve this problem, Stahl’s group have developed a 
new catalyst system mainly consist of copper and TEMPO•. 
This kind of catalyst system is mainly applied into the 
aerobic oxidation of alcohols. 

Their earliest example on the copper/TEMPO• catalyzed 
aerobic oxidation reactions of alcohols was reported in 2011 
(Scheme 34).[89] In this work, Stahl and co-workers suc-
cessfully transferred a large range of primary alcohols, such 
as allylic, benzylic, and aliphatic derivatives, to their cor-
responding aldehydes at room temperature with ambient air 
as the oxidant. This method leads to a highly primary al-
cohol-selective oxidation under mild conditions, without 
the requirement of pure oxygen, and is compatible with a 
wide range of functional groups.  

 

Scheme 34  Copper/TMEPO catalyzed aerobic oxidation reac-
tions of alcohols 

Based on the work described above, in 2013, Stahl’s 
group launched a further study and reported a scalable, 
continuous-flow aerobic oxidation of primary alcohols, also 
under the same copper/TEMPO catalyst system (Scheme 
35).[90] Dilute oxygen source (9% O2 in N2) was used as 
oxidant in this work. This method allows a larger scale 
application with lower catalyst loading. 

Later, they also developed an efficient chemoselective 
metal-free aerobic oxidation for secondary benzylic alcohol 
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Scheme 35  Scalable, continuous-flow aerobic oxidation of 
primary alcohols 

in lignin, which is a biopolymer and represents a potential 
for the production of organic chemicals as it is one of the 
few natural sources of high-volume aromatics (Scheme 
36).[91] In this work, they adapt their conventional catalyst 
system to a new one consist of 4-acetamido-TEMPO• in 
combination with HNO3 and HCl. This method provides a 
highly effective way for the chemoselective aerobic oxida-
tion of benzylic 2° alcohols. Moreover, by combining this 
catalyst strategy to a subsequent oxidation step, a C—C 
bond cleavage proceed could be achieved in the model 
compound of the biomass like lignin. 

 

Scheme 36  Chemoselective metal-free aerobic oxidation for 
secondary benzylic alcohol in lignin   

Besides TEMPO•, Stahl’s group employed ABNO as 
analogous catalyst as well. In 2015, they reported an im-
proved copper/nitroxyl catalyst system for the oxidation of 
functionalized primary and secondary alcohols to corre-
sponding aldehydes and ketones (Scheme 37).[92] This im-
proved catalyst system consists of copper/ABNO/NMI, 
among which the ABNO works as an organic nitroxyl redox 
catalyst. Compared to their previously developed cop-
per/TEMPO• catalyst system which is particularly effective 
for primary alcohols, this copper/ABNO system displays 
chemoselectivity for both primary and secondary alcohols. 
This method also exhibits a broad substrate scope and good 
functional group compatibility, and undergoes a similar 
mechanism to that of TEMPO•. To be specific, CuI is used 
to be the copper catalyst in this protocol, which is less ex-
pensive than traditional copper(I) salts. 

In 2018, Stahl’s group applied this TEMPO• catalyst into 
the electrochemical oxidation of alcohols and aldehydes to 
the generation of carboxylic acids (Scheme 38).[93] Com- 

 

Scheme 37  Improved copper/nitroxyl catalyst system for the 
oxidation of functionalized primary and secondary alcohols 

pared to their traditional catalyst system which include 
TEMPO• and copper complex, this newly developed 
method requires no metal reagents. Moreover, this reaction 
proceeds under mild conditions, which enables the retention 
of stereochemistry adjacent to the site of oxidation. This 
strategy provides an effective and scalable route for the 
preparation of carboxylic acids via a simple and environ-
mentally friendly way. 
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Scheme 38  Electrochemical oxidation of alcohols and alde-
hydes catalyzed by TEMPO• 

In 2019, Stahl’s group further achieved the oxidation of 
primary alcohols in lignin via an electrochemical aminox-
yl-mediated and metal-free way (Scheme 39).[94] This pro-
tocol employs TEMPO• and 4-acetamido-TEMPO• as cat-
alytic mediators, and exhibits a high chemoselectivity for 
oxidation of primary alcohols groups. Notably, the modified 
lignin generated from this method is adapted to be suscep-
tible to depolymerization, allowing its conversion to the 
monomeric aromatic compounds in good yields. 

Photocatalytic systems can also oxidize O—H bond via 
PCET processes. At the same year, Knowles’ group re-
ported a general ring-cleavage and oxidative method for the 
light-driven isomerization of cyclic aliphatic alcohols to 
linear carbonyl compounds (Scheme 40).[95] This method 
promotes isomerizations to proceed against an energetic 
gradient via a photochemical approach. 
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Scheme 39  Oxidation of primary alcohols in lignin via electro-
chemical aminoxyl-mediated pathway   
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Scheme 40  Ring-cleavage and oxidative method for the isom-
erization of cyclic aliphatic alcohols 

They later reported a catalytic method for the modular 
ring expansion of cyclic aliphatic alcohols, in which acti-
vations of alcohol O—H bond via PCET mechanism are 
involved (Scheme 41).[96] The substituted ethenyl group 
located on the α-position of the hydroxyl enables a C—C 
β-scission after the generation of alkoxy radical, furnishing 
a carbonyl group and alkyl radical, and the alkyl radical can 
therefore attack the ethenyl group to form a new C—C 
bond, resulting into the ring expansion product. With dif-
ferent substituent groups on the ethenyl, the reacting posi-
tion of alkyl radical would be different and lead to the n＋1 
or n＋2 expansion. 

With this well-established strategy in which O-centered 
radical is generated via PCET activation of O—H bond in  

 
Scheme 41  Modular ring expansion of cyclic aliphatic alcohols 

alcohol, and followed by a C—C β-scission, soon they 
reported a catalytic, light-driven method for the re-
dox-neutral depolymerization of native lignin at room 
temperature (Scheme 42).[97] This method is promoted only 
by visible light and with no requirements for stoichiometric 
chemical reagents, and produces no waste. This one-step 
protocol proceeds under mild reaction conditions, leading to 
the synthesis of a well-defined and isolable set of mono-
meric arene products.  
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Scheme 42  Catalytic and light-driven method for the redox- 
neutral depolymerization of native lignin 

To use this strategy of PCET introduced fragment, the 
transition metal catalyzed cross-coupling to from C—C 
bond can be achieved. In 2020, Rueping and co-workers[98] 
reported a general visible-light-mediated strategy for the 
activation of cyclic alcohols in order to access the remote 
arylation of ketones via photoredox-mediated multisite 
PCET (MS-PCET) combined with nickel catalysis (Scheme 
43). In the reaction path way, the cyclic alcohols are broken 
via a PCET reaction and subsequently form carbonyl in-
termediates, followed by the reactions with aryl halides to 
lead to the remote site-specific arylation of ketones and 
access the final products. This C—C bond activation cross 
coupling strategy has a mild condition, and can be utilized 
in a diverse set of cyclic alcohols substrates. 

Besides the catalytic system above, the oxidative PCET 
processes of O—H bond can also make annulation reac-
tions. The Knowles’ group applied their ternary catalyst    
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Scheme 43  Remote arylation of ketones via photoredox-mediated multisite PCET 

system involving an IrIII-based photoredox catalyst, a 
Brønsted base catalyst, and a hydrogen-atom transfer 
(HAT) co-catalyst, into the activation of O—H bond via 
PCET mechanism. In 2020, they reported a catalytic, 
light-driven method for the intramolecular hydroetherifica-
tion of unactivated alkenols (Scheme 44).[99] This method 
can lead to the construction of oxygen-containing hetero-
cycles which are common structures in a various of natural 
products. 
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Scheme 44  Catalytic and light-driven method for the intramo-
lecular hydroetherification of unactivated alkenols 

3.4  P—H bond 
Recently, the bond-dissociation free-energy (BDFE) of  

P—H bond was examined by Cheng’s group[46] via a step-
wise proton transfer and electron transfer, which could 
evaluate their hydrogen atom donabilities. One example of 
the PCET-promoted P—H bond activation is the construc-
tion of Z-alkenes, which are fundamental structures in many 
biologically active natural products.[100-103] Addition to 
alkynes is a straightforward, atom-economical, and envi-
ronmentally friendly method to access the synthesis.[104-108] 
However, the formation of Z-alkenes via addition to alkynes 
is still vacant but highly desirable. In 2018, Aiwen Lei and 
co-workers reported the direct synthesis of Z-alkenyl-
phosphine oxides via visible-light-induced radical addition 
to alkynes in water (Scheme 45).[109] In their strategy, with 
the photoexcited catalysts, a phosphinoyl radical (I) is 
formed via PCET oxidation. This method requires no tran-
sition metal reagents, and can synthesize the desired 
Z-alkenylphosphine oxide products via radical addition to 
alkynes at room temperature in a high stereoselectivity. 
Moreover, the reaction features a broad functional-groups 
tolerance and gram-scale synthesis. This work offers a 
highly efficient way to the construction of Z-alkenylphos-
phine oxides. 

In 2021, Bing Yu and co-workers developed a visi-
ble-light-induced PCET strategy for the generation of 
phosphorus-centered radicals (Scheme 46).[110] 2,4,5,6-  
Tetrakis(3,6-di-tert-butyl-9H-carbazol-9-yl)isophthalonitri-
le (4CzIPN-tBu) (PC4) was used as photocatalyst in this 
strategy. With the catalysis of 4CzIPN-tBu, which was be 
used as an efficient photocatalyst for the phosphorusradical-   
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Scheme 45  Synthesis of Z-alkenylphosphine oxides via visible-light-induced radical addition 
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Scheme 46  Visible-light-induced PCET strategy for the generation of phosphorus-centered radicals 

initiated cascade cyclization reaction of isocyanides, a di-
verse range of phosphorylated aromatics such as quinolines, 
phenanthridines, as well as benzothiazoles could be ac-
cessed successfully. This could also be a valuable guide for 
the development of transition-metal-free photocatalyst 
strategies in order to the efficient organic synthesis in the 
future. 
3.5  S—H bond 

A series of studies on the generation of thiyl radicals 
promoted by the activation of S—H bond in thiol substrates 
via PCET mechanism have been reported. Thiols are con-
ventionally used as HAT agents in free radical chemistry, 
while recent research shows they can also be applied in 
MS-PCET chemistry. In 2013, Oliver S. Wenger and 
co-workers investigated the PCET mechanism with thio-
phenols (Scheme 47).[111] To get a further exploration of this 
process, Martin Kuss-Petermann and co-workers launched a 

suite of PCET reactions using a series of thiophenols, and 
with a photoexcited Ru(II) complex that acts as a cooper-
ated electron or proton acceptor. Depending on the exact 
nature of the thiophenol, PCET occurs through three dif-
ferent reaction mechanisms, namely, ET-PT (stepwise 
electron transfer-proton transfer, for Me3PhSH), PT-ET 
(stepwise proton transfer-electron transfer, for F5PhSH), 
and CPET or CEPT (concerted proton-electron transfer, for 
Cl3PhSH, although not completely clear). This work 
demonstrates that the mechanistic possibilities may lead to 
phenylthiyl radicals. 

The thiol radical intermediates generated from the ho-
molysis of S—H bond via PCET mechanism have been 
applied to achieve the activations of some other bonds for a 
long time.[112-120] In 2014, W. C. MacMillan and co-workers 
accomplished the C—H functionalization of benzyl ethers 
by using the radical generated from the PCET-promoted  
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Scheme 47  PCET reactions between a photoexcited Ru(II) 
complex and thiophenols 

breaking of S—H bond (Scheme 48).[121] This method leads 
to the efficient and direct synthesis of C—C coupling 
products from a large range of ether and aryl components, 
and has mild reaction conditions. 
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Scheme 48  C—H functionalization of benzyl ethers 

With the similar conditions, they also reported another  
C—H functionalization protocol in which ethers and imines 
are the coupling partners (Scheme 49).[122] Through this 
strategy, a various of β-amino ether products could be at-
tained in moderate to good yield. 

Yoon’s[123] group reported a photocatalyst method for the 
efficient conjugation of thiols and alkenes (Scheme 50). 
This method uses p-toluidine as the redox mediator, and has 
a large substrate scope as well as the mild aqueous reaction 
conditions. 

Rencently, in 2020, Wei-Min He and co-workers devel-
oped a cascade coupling and cyclization reactions of aro- 

 
Scheme 49  Synthesis of β-amino ether from C—H functionali-
zation of ethers with imines 

 

Scheme 50  Photocatalyst conjugation of thiols and alkenes 

matic amines to form 2-aminobenzothiazoles (Scheme 51). 
The reactions are promoted by visible-light-initiated malic 
acid and without the requirement of photocatalyst. Ambi-
ent are employed as oxidant in this method.[124]  
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Scheme 51  Cascade coupling/cyclization reactions of aromatic 
amines 

3.6  Oxidative decarboxylation 
Oxidative decarboxylation is a brand new application of 

PCET processes in organic synthesis in recent years.[125-129] 
Compared to traditional decarboxylation reactions, such as 
Barton decarboxylation, these PCET-involving decarbox-
ylation reactions employ carboxylic acids instead of metal 
carboxylates or carboxylic ester as substrates, which leads 
to a better atom economy. In 2019, Jiang’s group[125] re-
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ported asymmetric aerobic decarboxylative Povarov reac-
tions, in which N-aryl α-amino acids and methyleneph-
thalimidines are substrates (Scheme 52). This method ap-
plied a dual catalyst system consists of photoredox DPZ and 
chiral phosphoric Brønsted acid C3, and without the re-
quirement of metal reagents. In this work, the α-aminoalkyl 
radical species would be generated via deprotonation, pro-
ton transfer, and decarboxylation, or called an oxidative 
decarboxylation, and followed by a further electron transfer. 

This sort of α-aminoalkyl radical species generated from 
an oxidative decarboxylation is further applied to other 
reactions. In the same year, Jiang’s group[126] developed a  
[3＋2] cycloaddition of N-aryl α-amino acids with iso-
quinoline N-oxides via photoredox catalysis (Scheme 53). 
Similarly, an α-aminoalkyl radical is generated from the 

N-aryl α-amino acids via PCET process, followed by a [3＋
2] cycloaddition in the presence of 1,3-dipoles to afford 
fundamental N-heterocyclic compounds. 

Difunctionalization of alkenes also achieved in the 
presence of N-aryl α-amino acids via analogous oxidative 
decarboxylation mechanism under visible light by Jiang’s 
group, leading to the synthesis of isoxazolidines, which are 
important for their bioactivities and synthetic value, in up to 
85% yield (Scheme 54).[127] 

Later, they successfully afforded a variety of chiral 3- 
aminomethylene-3-substituted oxindoles with quaternary 
carbon stereocenters from 3-substituted 3-chlorooxindoles, 
also in the presence of N-aryl α-amino acids, under the dual 
catalyst system containing photoredox DPZ and Brønsted 
acid catalyst SPINOL-CPA (Scheme 55).[128] 

 
Scheme 52  Asymmetric aerobic decarboxylative Povarov reactions 

 

Scheme 53  [3＋2] cycloaddition of N-aryl α-amino acids with isoquinoline N-oxides 
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Scheme 54  Difunctionalization of alkenes in the presence of N-aryl α-amino acids 
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Scheme 55  Synthesis of chiral 3-aminomethylene-3-substituted oxindoles with quaternary carbon stereocenters  

4  Reduction of C＝Y bond 
4.1  C＝C bond 

Selective reduction of C＝C bond in α,β-unsaturated 
carbonyl compounds can be accomplished by several ways, 
but all of them have their demerits. On the other hand, alt-
hough reductive PCET has been employed for the reduction 
of alkenes, its selectivity is still not well-determined. To 
develop a simple, efficient method, in 2019, Sekar’s 
group[130] developed a highly chemoselective reduction of 
α,β-unsaturated ketones to saturated ketones through PCET 
under a transition-metal-free condition (Scheme 56). In the 
reduction of α,β-unsaturated ketones, a proton transfers 
from formic acid mixture to the α,β-unsaturated ketones 
substrates, and an electron transfers from xanthate also to 
the substrates. 
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Scheme 56  Chemoselective reduction of α,β-unsaturated ke-
tones to saturated ketones 

The reductive PCET of C＝C bonds in α,β-unsaturated 
carbonyl compounds can also be followed by the formation 
of a new C—C bond via a radical addition to another al-
kenes. In 2021, Jiang’s group[131] reported a novel strategy 

in order to access the enantioselective protonation that is 
triggered by the reductive cross coupling of olefin sub-
strates (Scheme 57). Through this method, under the reac-
tion conditions consist of cooperative photoredox and chiral 
hydrogen-bonding catalyst, in addition of a terminal re-
ductant, a diverse range of enantioenriched azaarene prod-
ucts with tertiary stereocenters at their δ-position, which are 
important structures commonly exist in many natural 
products, could be generated from the corresponding 
α-branched vinylketones in both high yield and ee. 

For electrochemical hydrogenation of activated hydro-
carbons, these reactions often undergo a cathodic reduction 
of the activated olefins. Combining with the following 
protonation step, they can be considered as a stepwise 
PCET process. Compared to traditional approaches for the 
hydrogenation of unsaturated hydrocarbons, these electro-
chemical methods require no hydrogen gas, which makes 
them safer, less costly, and be of considerable value for the 
green chemistry. Several examples of the hydrogenation of 
activated olefins via electrochemical have been reported. 
One example was developed in 2019 by Li and 
co-workers,[132] in which ammonia serves as the hydrogen 
source (Scheme 58). This metal-free electrochemical 
method leads to the hydrogenation of alkenes, alkynes, and 
ketones, and features a large scope of substrates. What’s 
more, the employment of ammonia in an electrochemical 
system is safe and environmentally friendly. 

Some old-school reactions may also proceed through 
PCET pathways. For instance, Birch reduction can be con-
sidered to undergo a stepwise PCET process.[133] Reductive 
hydrogenation of unsaturated hydrocarbons via electro-
chemical Birch reactions has been existed for a long 
time.[134-138] And recently in 2019, inspired by the devel-
opment of lithium-ion battery materials, electrolytes and 
additives, Rodriguez and co-workers[139] reported a scalable 
and safe method for the synthesis of a large range of phar-
maceutical building blocks by electrochemical Birch re-
duction (Scheme 59). Their further study demonstrated the 
practical potential of this method in other metal-type   
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Scheme 57  Enantioselective protonation triggered by the reductive cross coupling of olefin substrates 

 

Scheme 58  Electrochemical hydrogenation of activated olefins 
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Scheme 59  Hydrogenation via electrochemical Birch reduction 
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reductive transformations, such as McMurry couplings and 
so on. 

In 2020, Huang and co-workers[140] reported a chemose-
lective method for the hydrogenation of unsaturated C—C 
bond (Scheme 60). This method proceeds under mild metal- 
and external-reductant-free conditions, and can deliver a 
large range of reductive products from substituted alkenes, 
unsaturated acids, esters, and amides. Notably, both DMSO 
and H2O can serve as the hydrogen source. 

In the same year, with D2O as hydrogen source, Cheng 
and co-workers[141] also reported a reductant- and catalyst- 
free electrochemical protocol for the reductive hydrogena-
tion of α,β-unsaturated carbonyl compounds (Scheme 61). 
This deuteration reaction can afford the hydrogenated 
products in moderate to good yield, and can also achieve the 
reduction of triple C—C bond to single C—C bond. 
Through this method, a variety of deuterated pharmaceuti-
cal compounds could be prepared. 

4.2  C＝N bond 
Compounds with carbon-heteroatom double bonds such 

as C＝O bond (ketones and aldehydes) and C＝N bond 
(imines) are important in organic synthesis for the for-
mation of new C—C bond, as well as the preparation of 
some synthetically intermediates and valuable building 
blocks including alcohols and amines. For reduction of C＝
N bond, several novel strategies have been reported via a 
PCET mechanism.  

In 2018, Dixon’s group[142] described the synthesis of 
1,3-diamines from in situ-generated imines and dehydroa-
lanine derivatives with a visible-light-mediated photocata-
lytic and umpolung method (Scheme 62). Before their 
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Scheme 60  Chemoselective hydrogenation of unsaturated C—
C bond 

 

Scheme 61  Electrochemical reductive hydrogenation of α,β-unsaturated carbonyl compounds 
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Scheme 62  Synthesis of 1,3-diamines with a visible-light-mediated photocatalytic and umpolung method   

work, development of visible-light photoredox catalysis had 
been made enabled by the in-situ generated free-radical 
intermediates, which led to a various of novel methods for 
the C—C and C—X bond-forming. On the other hand, 
significant achievements of umpolung transformations in 
coupling reactions had been made, among which the re-
ductive coupling of imine and electrophile via an α-amino 
radical is one of the most notable. Combining the two 
strategies, with Hantzsch ester (HE2) as H-atom donors, 
[Ir(dF(CF3)ppy)2(dtbbpy)] ＋ [PF6] －  as photocatalyst and 
MeOH/DMSO (3∶2, V∶V) as solvent, they achieved a 
large aldehyde and aniline substrates scope of the synthesis 
of 1,3-diamines. In their previous reports, they proposed 
that partially oxidized Hantzsch esters can donate a proton 
in PCET mechanisms, which achieve the reduction of C＝N 
bond by the iridium species. 

And immediately after that, in 2019, they reported a 
general synthetic platform for the construction of primary 
α-tertiary amines in quinone mediator, with primary 
a-branched amine as starting materials (Scheme 63).[143] In 
this method, an imine structure is formed by the amine 
substrates in the presence of quinone derivatives. With the 
polarity reverse enabled by the photoredox catalysis ac-
cording to their previous study described above, they found 
a new reactivity for this synthetic platform. As a result, a 
PCET reduction of imine generating a nucleophilic α-amino 
radical which can be intercepted by electrophiles was em-
ployed, and this could expand the capability of their meth-
od. 

Methods for the direct synthesis of primary amines with 
substituted quaternary α-carbon were rare. In 2020, Rovis’ 
group[144] developed a method coupling readily available 
O-benzoyl oximes (method A) or iminium chloride (method 
B) with cyanoarenes to achieve primary hindered amines 
with fully substituted α-carbons by utilizing photoredox 
catalysis (Scheme 64). Besides, they also accomplished the 
synthesis of α-trifluoromethyl amines through this method. 
This method provides a rapid way for the formation of fully 
α-substituted primary amines without the requirement for 
subsequent deprotection. 

Concurrently, they also achieved the synthesis of both 
hindered primary and secondary amines through an opera- 
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Scheme 63  Synthesis of primary α-tertiary amines in quinone 
mediator 
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Scheme 64  Synthesis of primary hindered amines with fully 
substituted α-carbons by utilizing photoredox catalysis 

tionally simple electrochemical method via PCET mecha-
nism using iminium chloride as starting material. Optimized 
conditions consists of Et4NCl as optimal electrolyte, DMSO 
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as solvent, Zn as cathode and graphite as anode (Scheme 
65).[145] The reaction path ways proceed through a PCET 
process followed by a heteroradical-radical coupling, after 
that there would be a re-aromatization to generate products. 

 
Scheme 65  Synthesis of both hindered primary and secondary 
amines 

4.3  C＝O bond 
Ketyls are intermediates that are of great importance for 

numerous important bond-forming and bond-breaking 
processes, and they are generally derived from one-electron 
reduction of carbonyl compounds, which require strong 

negative potentials, resulting to the limitation on the scope 
of redox partners. In 2013, Knowles’ group[41] reported a 
catalytic protocol for ketyl-olefin coupling to achieve the 
synthesis of lactones, in which concerted PCET was pro-
posed to be the operative mechanism for the formation of 
ketyl radicals (Scheme 66). 

In 2016, based on the previous works we have described 
above, Knowles’ group considered concerted PCET as an 
effective synthesis platform for the asymmetric catalysis of 
radical reactions, and the further development had been 
made by introducing a pre-equilibrium hydrogen-bonding 
event into this platform, leading to new reactivity and a 
lager range of application (Scheme 67).[7] By using similar 
reaction conditions to the PCET-mediated ketyl-olefin 
coupling described above, they were able to accomplish the 
synthesis for a wide range of cis-amino alcohol products in 
good to excellent yields and enantioselectivities. 

 
Scheme 66  Synthesis of lactones by ketyl-olefin coupling 

 
Scheme 67  Synthesis for cis-amino alcohols via concerted PCET 
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In 2017, Xia and co-workers[146] reported the first direct 
arylation for carbonyl/iminyl derivatives enabled by visi-
ble-light-mediated radical-radical cross-coupling methods, 
which lead to the synthesis of a large range of chemical 
compounds such as secondary/tertiary alcohols and amines 
(Scheme 68). They described the reduction of both C＝O 
bond and C＝N bond via PCET processes, and accessed the 
alcohol and amine products, respectively. They launched 
their initial work by using benzaldehyde as model substrate 
to form the target alcohol product under the reaction con-
ditions of [Ir(ppy)2(dtbbpy)]＋

6PF－  as photocatalyst with 
the presence of triethylamine in MeOH. To extend the scope 
of their method, they further chose aromatic imines as new 
substrates to ensure the compatibility of this methology, and 
found that a various of imine derivatives were enabled to 
form corresponding products under the same reaction con-
ditions. 

In 2019, Jiang’s group[147] reported a method for the 
formation of γ-functionalized vinylpyridines by catalytic 
addition of prochiral radicals (Scheme 69). This method is 
operated under conditions including photoredox, asymmet-
ric catalysis and visible light with a large scope, high yields 
and stereoselectivities, and the reduction can realize not 
only C＝O bond in aldehydes and ketones, but also C＝N 
bond in imines. According to their mechanism studies via 
control experiments and DFT calculations, it is suggested 
that there would be two plausible ways, both of which un-
dergo a PCET process after the initiation of the photoredox 
catalytic cycle (Scheme 70). 

Reduction of C＝O bond can also be achieved through 
electrochemical ways. In 2019, Xia and co-workers[148] 
reported an electrochemical method for the 1,4-hydro- 
genation of α,β-unsaturated ketones (Scheme 71). Ammo-
nium chloride (NH4Cl) is the only additive in this system, 
which is used as the hydrogen source. In addition, methanol 
is also applied as the hydrogen source as well as the organic 
solvent. This user-friendly method was proven to be suita-
ble for diverse substrates, and can be operated under mild 
reaction conditions. 

5  New frontiers of PCET theory and its 
application 

There are several new types of PCET reactions which 
both organic chemists and physical chemists are intrigued 
in. First, the inner-sphere PCET involving an inner-sphere 
electron transfer coupled with a proton transfer is a new 
emerging type of PCET which has been successfully ap-
plied in some organic reactions. In 2017, Das and co- 
workers developed a cobalt-catalyzed ortho-selective nitra-
tion of aromatic C(sp2)—H bond in the presence of chela-
tion-assisted vicinal diamine directing groups on the aro-
matic rings, and the reaction pathway involves an in-
ner-sphere electron transfer and intramolecular proton 
transfer to generate the intermediate (179b) from the Co(III) 
species (179a) (Scheme 72).[149] This intermediate leads to 
the product of a various of ortho-nitro derivatives 180 
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Scheme 68  Arylation for carbonyl/iminyl derivatives enabled 
by visible-light-mediated cross-coupling methods 
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Scheme 69  Formation of γ-functionalized vinylpyridines by 
catalytic addition of prochiral radicals 
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Scheme 70  Two plausible mechanisms for the formation of γ-functionalized vinylpyridines 

 

Scheme 71  Electrochemical 1,4-hydrogenation of α,β-unsatu- 
rated ketones 
with good functional group tolerance and regioselectivities. 

In 2019, Liu’s group[150] reported a Cu(I)-catalyzed en-
antioselective phosphinocyanation of styrenes via cascade 
radical relay strategy (Scheme 73). They proposed that 
t-BuOOSiMe3 serves as a radical initiator to trigger 
t-butoxy radical production by inner-sphere PCET reaction 
with L*Cu(I) species, and then the phosphinoyl and benzyl 

radical are formed sequentially. This strategy offers the 
effective synthesis of alkylnitriles in both good yields and 
enatioselectivities under mild reaction conditions. Because 
of this new type of PCET process, new questions have 
arisen both experimentally and theoretically to the chemists, 
waiting for them to explore the fundamental rules.[6] 

In 2018, Zuo and co-workers reported the development of 
photocatalytic C—H functionalization, including amina-
tion, alkylation and arylation, for methane, ethane and al-
kanes. This method applies easily available cerium salts as 
the photocatalyst, leading to the high catalytic efficiency as 
well as good chemoselectivity of the reactions. The reaction 
pathways involve a ligand-to-metal charge transfer (LMCT) 
excitation, which is a photoexcitation manifold and may 
generate a hydroxyl radical serving as the HAT catalyst, 
enabling the functionalization of C—H bond (Scheme 74).  

The excited-state PCET (ES-PCET) is another important 
topic on PCET mechanism which is attracting chemists’ 
attentions in recent years (Figure 4).[151-166] The experi-
mental studies on ES-PCET have been published by the 
leading groups like Ming-Tian Zhang[151] and others, how-
ever, the ES-PCET theory is still under developing right 
now. ES-PCET can directly use the energy of photons to 
drive the reaction, and electrons and protons transfer di-
rectly in the excited state of substrate, which greatly im-
proves the energy conversion efficiency.[165] The design and 
development of more ES-PCET reactions will help to enrich 
the excited state proton-coupled electron transfer theory. In 
2019, with the help of ES-PCET, Hammarström, Mayer and      
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Scheme 73  Cu(I)-catalyzed enantioselective phosphinocyanation of styrenes 
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Scheme 74  Proposed mechanism for the cerium-catalyzed C—H functionalization 

 

Figure 4  (A) A representative work of ES-PCET;[151] (B) ES-PCET in the research of the Marcus inverted region;[166] (C) electronic 
ground- and excited-state square schemes of PCET (redrawn from J. Am. Chem. Soc. 2021, 143, 560.[6]) 

Hammes-Schiffer jointly reported experimental evidence 
that the Marcus inverted region exists in the PCET reac-
tion.[166] After excitation, the excited state anthracene (LES) 
undergoes ES-PCET to get a charge separated state (CSS) 
and then goes through charge recombination back to ground 
state (GS). By changing the substituents of anthra-
cene-phenol-pyridine triads and solvents, in the process of 
charge recombination, it is observed that the more favorable 
the thermodynamics of the reaction is, the lower the reac-
tion rate will be, which is the behavior of the inverted region 
in Marcus theory. Further study of ES-PCET will help to 
understand the relationship between electron and proton 
transfer, and it may not only provide new ideas and methods 
for synthetic chemistry, but also promote the understanding 
of photosynthesis in biological systems so as to provide 
inspiration for efficient use of solar energy. 

Wu and Tung’s group recently reported a series of reac-

tions which achieve the C—X coupling with hydrogen 
evolution via electrocatalyst or photocatalyst methods. 
Through this kind of reactions (Scheme 75), they achieved 
C—H bond functionalization,[167] enamine phosphoryla-
tion,[168] and so on.[169-171] In most cases, they proposed that 
these reactions may undergo one or several single electron 
transfer (SET) processes (Scheme 76). However, the 
pathways of their photocatalytic reactions might involve 
ES-PCET or other PCET related processes, which is 
unique and interesting. Therefore, we propose further 
studies on the detailed mechanism of these coupling reac-
tions with hydrogen evolution could be of great interests. 

6  Summary and outlook 
In summary, proton-coupled electron transfer has been 

widely applied in various aspects of organic synthesis, in-
cluding the oxidation of single bond such as C—H, N—H,  
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Scheme 76  Proposed mechanism of coupling reactions with 
hydrogen evolution which may involve ES-PCET 

O—H, P—H, S—H bonds, and the reduction of double 
bonds like C＝C, C＝N, C＝O bonds. Nowadays, new 
types of PCET like inner-sphere PCET reactions and ex-
cited-state PCET reactions have attracted the attentions 
from chemists of both experimental and theoretical back-
grounds. We can forecast that the development of these new 
areas will flourish both experimentally and theoretically, 
and it should stimulate the application of PCET and also 
expand the frontiers of organic synthesis. 

Compared with the blooming publications on the organic 

synthetic methodologies promoted by PCET, the profes-
sional and deep experimental studies on PCET mechanism 
for revealing its fundamental rules are relatively rare in 
China,[151,172-175] however, we are glad to see that more 
publications on theoretical studies have been published 
from Chinese groups in last five year.[173-180] Further ex-
plorations of PCET mechanism including how substrates 
and reaction conditions influence and regulate the PCET 
pathways, and so on, may provide novel ideas and methods 
for current synthetic methodology, and even help chemists 
discover unexpected patterns of chemical bond forming and 
breaking. Therefore, future works are supposed to focus on 
not only the synthetic applications, but also mechanism 
studies of PCET reactions, including new forms of PCET 
processes, which should benefit the development of other 
branches of chemistry. 
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