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ABSTRACT: Fluorinated molecules are of paramount importance
because of their unique properties. As a result, the search for
innovative approaches to the synthesis of this class of compounds has
been relentless over the years. Among these, the combination of
photocatalysis and organofluorine chemistry turned out to be an
effective partnership to access unattainable fluorinated molecules. This
Perspective provides an overview of the recent advances in
synthesizing fluorinated molecules via an organophotoredox-catalyzed
defluorination process from trifluoromethylated compounds. It
encompasses the preparation of difluoromethylated (hetero)arenes,
amides, and esters as well as gem-difluoroalkene derivatives using
C(sp3)−F bond activation or β-fragmentation. This Perspective will highlight remaining challenges and discuss future research
opportunities.
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1. INTRODUCTION
The field of organofluorine chemistry is a vibrant area of
research, with steady progress in the quest for straightforward
synthetic development to reach high-valued organofluorine
compounds.1−14 From molecules with a single fluorine atom to
those substituted with a large diversity of fluorinated groups,
fluorine-containing molecules are prevalent in materials science,
pharmaceutical, and agrochemical industries.15−20 Indeed, the
installation of a fluorinated residue can drastically change the
physical properties of the corresponding products.21 Due to the
importance of these compounds and to address contemporary
concerns, the continuous search for innovative synthetic
pathways drives scientists to make significant advances in the
field.22−27 Among the different strategies, radical chemistry and
more recently light driven photoredox catalysis28−36 allowed the
synthesis of fluorinated molecules (Scheme 1(i)) via (1) direct
fluoroalkylation and fluorination reactions using a suitable
fluorinating reagent (e.g., Selectfluor, iodonium and sulfonium
salts, perfluoroalkyl halides)37−45 and (2) valorization of
fluorinated feedstocks to construct high-value-added fluorinated
molecules through C−F bond functionalization,46−51 the last
approach being still in its infancy. With the selective single
C(sp3)−F bond cleavage of readily available CF3-containing
precursors, useful CF2-containing compounds52,53 will be
produced without needing any specific fluorinating reagents.
However, this is a challenging task given the redox potential of
the targeted fluorinated molecules (Scheme 1(ii)) along with
possible polydefluorination as side reactions.54

In this context, precious transition metal based photoredox
catalysts based on ruthenium and iridium complexes have been
extensively used. They can trigger reactions by undergoing
either a single electron transfer (SET) or energy transfer (EnT)
mechanism. However, to reduce reliance on precious transition
metal catalysts and promote sustainable synthetic chemistry, in
recent years, organic photoredox catalysts (OPCs)55−63 have
emerged as a potent class of photocatalysts (Scheme 2). They
have demonstrated several advantages such as (i) being easy to
synthesize or commercially available, (ii) being less toxic, and
(iii) having redox properties that can be fine-tuned by structural
modifications. Moreover, a key advantage of OPCs is their
highly oxidizing nature, which enables them to reduce strong
bonds, such as the C−F bond (BDE(C−F) ≈ 130 kcal·mol−1).
Hence, the synthesis of unattainable fluorinated molecules was
possible by photochemical synthetic strategies, which generally
proceeded via single C−F bond cleavage or β-fluoride
elimination starting from fluorinated feedstocks.

This Perspective will focus on the groundbreaking advances
made to build up diversely substituted fluorinated molecules by
organophotoredox-catalyzed single C−F bond functionaliza-
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tion. From direct C−F bond cleavage (section 2) to β-
fragmentation (section 3), trifluoromethylated (hetero)arenes,
carbonyl derivatives, and trifluoromethylated alkenes have been

straightforwardly functionalized to offer high-value-added
fluorinated compounds. Note that transformations based on
transition metal catalysis are out of the scope of this
Perspective.64−69

2. STRATEGY BASED ON SINGLE C−F BOND
ACTIVATION FOR THE SYNTHESIS OF
DIFLUOROMETHYLATED MOLECULES

Over the last years, strategies for the synthesis of difluoromethy-
lated derivatives from CF3-containing molecules by selective
single C(sp3)−F bond cleavage have emerged as a powerful tool
(Scheme 3(i)). In this section, the major advances that have
been made using (1) organophotoredox catalysis and (2) dual
catalysis including processes merging organophotoredox
catalysis with HAT or transition metal catalysis are covered.
The selectivity issue is the main obstacle associated with the
reduction of trifluoromethylated molecules as undesired over-
defluorination reactions might compete with the targeted
transformation, resulting in a mixture of partially or fully
defluorinated products.

Organophotoredox catalyzed defluorination of trifluorome-
thylated compounds through direct single C(sp3)−F bond
activation could follow both oxidative and reductive quenching
pathways (Scheme 3(ii)). In the oxidative quenching pathway,
the ground state photocatalyst (PC) was excited under light
irradiation to reach its excited state (PC*). This latter (PC*)
then reduced 1 via a single electron transfer (SET) process to
generate the corresponding radical anion intermediate I. After a
mesolytic cleavage, the resulting difluoromethylated radical II
reacted with a suitable coupling partner 2 to deliver the product
3 in the subsequent steps. The photocatalyst was regenerated
after a SET process in the presence of a suitable electron donor
species (D).

On the other hand, the reductive quenching pathway was
initiated by the reduction of the excited state photocatalyst
(PC*) by any electron donor species (D). In the next step, the
reduced photocatalyst (PC•−) reacted with the fluorinated

Scheme 1. (i) Main Synthetic Pathways to Synthesize
Fluorinated Molecules by Photoredox Catalysis and (ii)
Redox Potentials of the Key Compounds Depicted in This
Perspective Based on Previous
Literature82,83,101,102,104−112,114−116,119,120

Scheme 2. Overview of the Organophotoredox Catalysts Depicted in This Perspective (Structures and Redox
Properties)70−73,102,104,106,115
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molecule 1, resulting in the formation of the difluoromethyl
radical II via the intermediate I and regenerating the
photocatalyst. In the final step, the intermediate II was
functionalized to deliver the expected product 3.
2.1. Using Organophotoredox Catalysis
Starting from groundbreaking research by König et al.,74 several
research groups have employed photocatalysts based on
transition metals for C−F bond cleavage, which has been
thoroughly documented in several review articles.75−81 At the
same time, organophotoredox catalysis has emerged as a
powerful strategy for activating single C−F bonds, as highlighted
by the developments discussed in this section.

2.1.1. Using Organic Dyes as Photocatalysts. In 2021,
Yu’s group investigated the organophotoredox-catalyzed
carboxylation of versatile fluorinated compounds 4 using CO2
as a nontoxic, abundant C1 source. This methodology
demonstrated the dual role of CO2 as both electron carrier
and electrophile, thus resulting in the valuable fluorinated
carboxylic acid derivatives 5, conventionally known as
bioisosteres of aryl acetic acids (Scheme 4).82 Based on
mechanistic studies and DFT calculations, it appeared that the
fluorinated substrates 4 were not directly activated by the
reduced photocatalyst. Instead, the mechanism followed a
stepwise pathway. First, in situ generated silicate ion II was
oxidized by the excited photocatalyst via a stepwise outer-sphere
single-electron transfer to form the corresponding siloxyl-radical
IV. This latter reacted with the in situ generated formate III to
deliver Et3SiOH V and the CO2 radical anion VI after a single
electron transfer (SET). Reduction of 4 by CO2

•− led to the
species VII. After a mesolytic cleavage of the C−F bond, the
resulting carbon radical VIII further underwent a SET-reduction
process with the reduced PC to give the corresponding
carbanion IX. This latter would further react with CO2 to give

the desired carboxylate X, which after protonation or
methylation would afford 5. Note that the expelled fluoride
ion in this process participated in the formation of fluorosilane
XI, and formate XII in the presence of CO2 and triethylsilane
(Scheme 4).

Most of the photoredox catalyzed C(sp3)−F activation
methods require reducing conditions or fluoride scav-
engers.46−51 In 2023, Zhang and co-workers reported a
fluoride-scavenger-free protocol where alkene-selective inser-
tion into a benzylic C−F bond occurred under visible-light
photoredox catalysis (Scheme 5). An organic photocatalyst, the
Miyake phenoxazine, was able to trigger the reaction between 6
and the alkene 7, where Et3N·3HF acted as a fluoride source to
furnish the desired product 8. This method was also applicable
to some complex molecules of biological relevance.83 As
depicted in Scheme 5, the photocatalytic cycle started with the
reduction of 6 with the exited photoredox catalyst to generate
the benzylic radical intermediate II after fluoride release. Next,
trapping of radical II with alkene 7 led to intermediate III, which
underwent a photocatalytic radical polar crossover (RPC) path
to generate the carbocation intermediate IV. Finally, after the
reaction of carbocation IV with Et3N·3HF, the desired product 8
was obtained (Scheme 5).

Although major developments have been achieved for the
construction of C−C/C−H bonds, only a few methods exist to
forge carbon−heteroatom (C−Het) bonds by selective C−F
bond cleavage. To fill this gap, in 2023, Xu and co-workers came
up with an interesting study where an OPC had been utilized to
synthesize difluoromethyl ethers [−CF2X− (X = O, S, Se)] via
single C(sp3)−F bond activation of trifluoromethylated arenes
(Scheme 6). Notably, difluoromethyl ether motifs have
appeared as prominent mimetics of biologically active esters in

Scheme 3. Organophotoredox-Catalyzed Defluorination via a
Single C−F Bond Activation

Scheme 4. Carboxylation of C(sp3)−F Bonds with CO2 under
Photoredox Catalysis
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drug development.84−90 As a complementary approach
compared to the existing routes,91−100 this method allowed
the direct functionalization of readily available trifluoromethyl
arenes 9 and thiophenols (or phenols, selenols) 10 to construct
the corresponding difluoromethyl ethers 11 (or − CF2X− (X =
S, Se) without any need for preactivation steps.101 To favor and
control the quenching of the in situ generated difluoromethyl
radical via a HAT, the astute combination of phenyl-

thiohydantoin (PTH) as an OPC and Sc(OTf)3 as a Lewis
acid, enabled lowering of the reduction potential of trifluor-
omethyl arenes, which was the key to ensure high efficiency of
the reaction (Scheme 6). Note that the addition of water (20
equiv) played a significant role in solubilizing the in situ
generated thiolate and in promoting the formation of dynamic
H−F hydrogen bonds with the radical anion intermediate I to
facilitate the fluoride anion elimination. This method was
tolerant of various thiols, phenols, and selenols (10) as
nucleophiles. In addition, its synthetic utility was further
illustrated by the late-stage functionalization of several CF3-
containing pharmaceuticals. Two possible mechanisms were
suggested based on either a photocatalytic single electron-
transfer (SET) or an electron donor−acceptor (EDA) process.
For the photoredox pathway, Sc(OTf)3 can lower the reduction
potential of 9 (ΔE = 0.11 V). Therefore, the excited PTH easily
reduced the trifluoromethylated compound 9 to its radical anion
I. After mesolytic cleavage of fluoride from intermediate I, the
corresponding difluorobenzylic radical II was generated.
Besides, the thiolate anion III was oxidized from the
photocatalytic cycle to produce the nucleophilic radical IV or
disulfide compound V. Then, an open shell radical−radical
cross-coupling between radicals IV and II delivered the desired
product 11. A complementary path via an EDA-guided
mechanism would imply the formation of a colored EDA
complex VI between the thiolate anion III and the
trifluoromethylarene 9 assisted by Sc(OTf)3 to furnish the
product 11 after radical−radical cross-coupling (Scheme 6).

Recently, Zhang and co-workers102 disclosed that a light-
driven C−F bond activation strategy can also be employed over
strain-release of sp3-hybridized small-ring cage hydrocarbons
(Scheme 7). The bicyclo[1.1.1]pentane (BCP) was selected as a
reaction partner due to its ability to enhance the pharmacoki-
netic properties of organic molecules and because it is

Scheme 5. OPC-Catalyzed Formal Insertion of Alkenes into a
Benzylic C−F Bond

Scheme 6. Lewis Acid-Assisted Construction of C−X (X = S,
O, Se) Bonds via C−F Bond Activation

Scheme 7. Synthesis of Aryldifluoromethyl Bicyclopentanes
Enabled by C−F Bond Activation
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considered an attractive bioisostere for benzene rings. In this
respect, various [1.1.1]propellane, [3.1.1]heptane, and [4.1.1]-
octane strain ring systems 13 were reacted with trifluoromethyl
arenes 12, whereas γ-terpinene was chosen as a hydrogen atom
donor to achieve diversifiable ArCF2−BCP synthetic linchpin
14.102 Notably, the main advantage of Zhang’s report relied on
the valorization of readily available ArCF3 derivatives over
ArCF2Br analogs.

103 It is worth mentioning that the synthesized
aryl difluoromethyl bicyclopentane can also act as a bioisostere
of the benzophenone core. This is a challenging transformation,
as evidenced by several identified hurdles to overcome, such as
(i) overfunctionalization of the resulting difluoromethylated
product, (ii) propellane oligomerization, and (iii) deleterious
quenching of in situ generated difluorobenzylic radicals by a
hydrogen atom. Using the carbazole- or phosphine-based
organic photocatalyst (OPC1 or OPC2), which displayed a
high reduction potential, a wide variety of fluorinated
compounds 14 including complex drug derivatives were
prepared. Mechanistic studies suggested that the defluorination
of the trifluoromethyl arene derivative 12 generated the
corresponding difluoromethyl radical II, which was rapidly
intercepted by [1.1.1]propellane 13a to form the resulting BCP
radical III. The electrophilic radical III then underwent a
hydrogen atom transfer (HAT) process with γ-terpinene, thus
providing product 14 and the corresponding cyclohexadienyl
radical IV. Finally, after a single-electron transfer (SET), the
photocatalyst was regenerated along with the formation of p-
cymene V via a deprotonation step. To introduce more
versatility into ArCF2−BCP frameworks, this protocol was
further applied to the synthesis of ArCF2−BCP boronates 15
using B2pin2 as a radical trap (Scheme 7).

The above-mentioned protocols mainly focused on C−F
bond activation from trifluoromethyl arenes. However, perform-
ing a similar reaction with perfluoroalkyl-containingmolecules is
still underexplored. This year, the group of Yasuda developed a
method combining photoredox catalysis and Lewis acid
mediation to transform the CF2 unit in perfluoroalkyl groups
16 into complex fluoroalkylated compounds 18 through
sequential cleavage of two C−F bonds (Scheme 8).104 First,
by use of the phenothiazine-based organocatalyst OPC3 under
visible light irradiation, the synthesis of aminoxylated products
17 was possible thanks to the defluoroaminoxylation of
perfluoroalkylarenes with (2,2,6,6-tetramethylpiperidin-1-yl)-
oxyl (TEMPO). Synthesized products 17 were further reacted
with nucleophiles in the presence of AlCl3 as a Lewis acid to
promote the second defluorination reaction, furnishing highly
functionalized perfluoroalkyl alcohols 18. The mechanistic
studies suggested that the generation of benzyl radical II was
crucial. An excess of TEMPO was required to regenerate the
photocatalyst along with the formation of theN-oxo-ammonium
cation III as a byproduct, which acted as a fluoride scavenger to
trap the in situ generated fluoride to form the N-oxoammonium
fluoride IV (Scheme 8). In the same vein, Kang and co-workers
were able to defluorinate polyfluoroalkyl and perfluoroalkyl
substances (PFASs) by using a carbazole-cored super-photo-
reductant. This method illustrates the conversion of several
oligomeric PFASs such as perfluorinated compounds (PFCs),
polyfluorooctanoic acid (PFOA), and perfluorooctane sulfonic
acid (PFOS) derivatives into their corresponding carbonate,
oxalate, formate, and trifluoroacetate compounds via defluori-
nation under mild reaction conditions.105

2.1.2. Using Thiol/Disulfides as Photocatalysts. Over
the years, thiol derivatives have proven to be efficient catalysts to

trigger single C−F bond cleavage under photochemical
conditions. A pioneering example was reported by the group
of Shang in 2022.106 Under visible-light irradiation, the 4-
methoxybenzenethiol can act as both a highly reducing electron-
donating redox catalyst and a HAT catalyst to promote the
catalytic C−F bond activation of trifluoromethyl substrates 19.
The choice of the thiols was important as aliphatic thiols and
electron-demanding group substituted thiophenols were less
efficient in triggering this reaction. It was postulated that the
photoexcited thiolate II reduced the fluorinated substrates 19.
This feature rises as, in thiolate I, a direct HOMO to LUMO
transition occurs for which the LUMO is situated on the π*-
orbital of the benzene ring. The HOMO is mostly positioned on
the sulfur p-orbital and benefits from the conjugated π-orbitals
of the 4-methoxybenzenethiol. As depicted by the authors,
excited thiolate was reducing enough to convert 19 into the
radical intermediate IV via fluoride elimination. Trapping of
radical intermediate IV by alkene 20 led to intermediate V.
Meanwhile, in situ generated thiyl radical III could participate in
a HAT process with lithium formate to afford either the thiol or
its dimer VII under visible light. Alternatively, thiol could
participate in an HAT process with intermediate V to furnish
disulfide VII and the desired product compound 21. Finally,
formate radical VI regenerated the catalyst via a SET process.
Note that radical intermediate IV could also be obtained via a
SET process with VI. This methodology was applicable over a
wide variety of fluorinated derivatives 19 and alkenes 20,
providing a new platform to explore arene thiolates as
inexpensive photocatalysts (Scheme 9).

Scheme 8. Organophotoredox-Catalyzed Aminoxylation of
Perfluoroalkylarenes with TEMPO
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Following this, two back-to-back reports from the Molander
group appeared. The first one dealt with the bis(4-methox-
yphenyl) disulfide promoted synthesis of gem-difluoroalkylin-
doles 24 by C−F bond activation of the trifluoromethyl
group.107 In the same vein as Shang’s report,106 the generation
of the thiolate ion I from the disulfide was crucial. Photoactive
species II participated in a SET process with 22a to generate the
radical intermediate V via a spin center shift. This latter reacted
with the indole 23 resulting in the radical intermediate VI, which
was then oxidized to the corresponding carbocationic
intermediate VII and after a final deprotonation step furnished
24 (Scheme 10).

Then, the same group reported the conversion of N-
arylmethacrylamides 26 into difluorinated oxindoles 27 thanks
to 4-methoxybenzenethiol catalyzed selective C−F bond
activation followed by a cascade reaction (Scheme 11).108 The
following mechanism was suggested. The excited aryl thiolate II
reduced the C−F bond present in 25a to generate the
corresponding radical anion VI. This latter followed a spin-
center shift (SCS) process to afford the gem-difluoro radical
intermediate IX via the intermediates VII and VIII. Finally, in
situ generated radical intermediate X, resulting from the radical
addition of IX to 26, underwent a radical cyclization followed by
a HAT process to deliver the desired oxindoles 27. It is worth
mentioning that the formate radical V was important to
regenerate the active catalyst I after a SET (Scheme 11). This
protocol was robust, as the reaction could be carried out under
air.

2.2. Using Dual Catalysis
Previously discussed reports highlight the use of an organic
photoredox catalyst (OPC) for single C(sp3)−F bond
activation. As a complementary strategy, several groups reported
straightforward transformations based on dual catalysis
especially combining organophotoredox and HAT or organo-
photoredox and transition metal catalysis.

2.2.1. Using Organophotoredox/HAT Dual Catalysis.
2.2.1.1. Difluoroalkylation Reaction. Merging of the OPC and
HAT catalysts, groundbreaking research was reported by Jui and
co-workers in 2018 (Scheme 12). Using the highly reducing
organic photoredox catalyst N-phenylphenothiazine (PTH),
they accomplished the intermolecular defluorinative coupling of
trifluoromethyl arenes 28 with unactivated alkenes 29.109

Similar to the previously discussed C(sp3)−F bond activation,
a photocatalytic-assisted generation of the difluoromethylated
radical III remained crucial for this transformation. Then, an
intermolecular radical addition to alkene 29 led to the formation
of radical IV, which afforded 30 after a hydrogen atom transfer
with cysteine (CySH). Finally, a subsequent HAT process with
sodium formate regenerated CySH and radical species I. This
latter (I) regenerated the OPC via a SET and released sodium
fluoride and carbon dioxide as the sole stoichiometric
byproducts (Scheme 12). However, the authors did not rule
out the possibility of a radical chain process involving formate
radical anion I as a propagating reductant. The year after, the
same group reported a complementary approach. Whereas their
previous report mainly focused on the generation of
difluoromethyl radicals from the trifluoromethyl arenes
substituted with electron-withdrawing groups (e.g., −CF3,

Scheme 9. Defluoroalkylation of Trifluoromethylated
Carbonyl Derivatives Using 4-Methoxybenzenthiol as a Dual
Function Catalyst

Scheme 10. Aryldisulfide Catalyzed Difluoroalkylation of
Indoles
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−CN, −SO2NH2), in this report, they have generalized the
protocol by using a wide array of unactivated trifluoromethyl
arenes 31.110 Their success relies on the use of the Miyake
phenoxazine catalyst (E1/2* = −1.70 vs SCE) possessing high
intersystem crossing (ISC) efficiency with a long-lived triplet
excited state (τmax = 480 μS), which is much higher than other
conventional photocatalysts (PCs). This protocol is mechanis-
tically interesting as photocatalyst PTH (E1/2* = −2.10 vs SCE)
was less effective to trigger this transformation, although it is
more reducing in nature than theMiyake phenoxazine. Thus, the
mesolytic C−F cleavage event to generate the crucial
difluorobenzylic radical intermediate is most likely thermody-
namically driven (Scheme 12).

Whereas reports by Jui and co-workers demonstrated the use
of π-conjugated organic dyes as PCs to access benzylic gem-
difluorinated scaffolds, the group of Molander utilized the
inexpensive diaryl ketone OPC4 as a photoactive species to
cleave the C−F bond present in trifluoroacetates and
-acetamides 34. A wide variety of alkenes 35 were used as
coupling partners to afford diverse fluorinated compounds 36
(Scheme 13).111 Photoexcited diaryl ketone catalyst I is in its
triplet state, possessed diradical character, and participated in a
HAT with sodium formate to form CO2

•−. The highly reductive
nature of CO2

•− III (E1/2 = −2.2 V vs SCE) allowed the
reduction of the α-trifluoromethylcarbonyl 34a, resulting in
formation of radical anion IV and CO2. After a spin-center shift,
radical intermediate IV led to gem-difluoromethyl radical V, after
a defluorination step. TheGiese addition of V to alkene 35 led to
product 36, after a HAT process with CySH. In situ generated
thiyl radical VII then allowed regeneration of the photocatalyst
via a SET process. Alternatively, thiyl radical VII underwent a

Scheme 11. Thiol-Catalyzed Synthesis of Difluoromethylated
Oxindoles

Scheme 12. OPC-HAT Dual-Catalyzed Defluoroalkylation of
Trifluoromethylated Arenes

Scheme 13. HAT-Initiated Defluoroalkylation of
Trifluoromethyl-Acetates and -Acetamides

aZn(OTf)2 was used in the case of acetamides.
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HAT with sodium formate to initiate the radical chain process
(Scheme 13).

In 2022, Shang and co-workers investigated the anionic
phenolate (I) as an OPC for the C−F functionalization of a
versatile range of trifluoromethylated feedstocks such as
trifluoroacetamides, trifluoroacetates, and trifluoromethyl
(hetero)arenes 37 (Scheme 14).112 Mechanistic investigations

revealed that I (deprotonated OPC5) acts as an active
photocatalyst (E1/2* = −2.89 V vs SCE). The presence of the
ortho-diphenylphosphino substituent in OPC5 was crucial to
ensure the catalyst efficiency: (i) bathochromic shifting of
absorption of the ground state anion I from the ultraviolet to
visible light range, (ii) the heavy atom effect of phosphine
allowing intersystem crossing (ISC) to reach the triplet state and
prolonging its lifetime for effective photoelectron transfer with
substrates, (iii) the oxophilicity of the phosphine helping
interaction with oxygen radicals and thus smooth photoelectron
transfer in the anionic excited state II, and (iv) also providing
stability to the radical OPC5 (III). This dual PC−HAT catalytic
system follows a mechanistic path similar to the one described in
Scheme 12. This transformation is highly air-sensitive as air can
quench the excited triplet state of I and can also oxidize the thiol
(1-AdSH), hence inhibiting HAT catalysis (Scheme 14).

The same year, the group of Glorious reported the
defluorofunctionalization of polyfluorinated aliphatic esters
and amides 40 by using 2,4,6-tris(diphenylamino)-3,5-difluor-
obenzonitrile (3DPA2FBN) as the OPC and methyl thiosali-
cylate as the hydrogen atom transfer (HAT) catalyst (Scheme
15).113 Whereas previously discussed methods relied on
oxidative quenching of the photocatalytic cycle, in this report,
the authors proposed a reductive quenching cycle, in which the
excited photocatalyst was reduced by the thiolate anion to
generate a thiyl radical I along with the reduced photocatalyst.
Note that the thiyl radical can be regenerated by sodium formate
and readily converted into intermediate II. Fluorinated aliphatic

esters and amides 40 were easily reduced by either the reduced
photocatalyst or carbon dioxide radical anion II. Finally,
trapping of fluorinated carbon radical III by alkenes 41 followed
by a HAT led to the formation of products 42. Interestingly, the
reaction proceeded without photocatalyst at a slower reaction
rate involving an innate chain process in a parallel manner.

In 2023, Dilman and co-workers utilized the photocatalytic
ability of 3DPA2FBN for the hydrofluoroalkylation of alkenes
44 with fluorinated carbonyl derivatives 43 in combination with
tBuSH as a HAT catalyst.114 In this protocol, the authors used
trimethyltriazinane (TA) as a stoichiometric reducing agent and
KI as a fluoride scavenger. Thanks to the strong reductive ability
of triazinane (TA), a diamino-substituted alkyl radical II was
formed via the intermediate I. Alkyl radical II then activated 43
to generate difluorinated radical V along with triazinyl fluoride
III, which then participated in a potassium-cation-mediated
labile heterolytic C−F bond cleavage to deliver highly stabilized
amidinium cation IV. Finally, radical V was trapped over olefin
44 to deliver intermediate VI, which abstracts one hydrogen
atom either from the HAT catalytic cycle or from triazinane
(TA) to furnish the desired product 45. Alternatively, the
difluorinated radical V could be obtained via a fluoride
elimination from the radical intermediate VIII, itself generated
from the intermediate VII after a spin-center shift (SCS)
(Scheme 16).

The same year, Xu’s group showed that the dihydroacridine
derivatives can be used as an OPC to functionalize the C−F
bond of 46 with diverse alkenes 47 under mild reaction
conditions (Scheme 17).115 Several dihydroacridine derivatives
were screened to promote this transformation, with the
dihydroacridine based organic photocatalyst OPC6 being the
most efficient one. In this process, CySH was used as a HAT
catalyst and NaBH(OAc)3 acted as a potential hydrogen atom

Scheme 14. o-Phosphinophenolate-Catalyzed
Defluoroalkylation of Trifluoromethylated Compounds

Scheme 15. Defluoroalkylation of Polyfluorinated Aliphatic
Amides and Esters
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donor in the HAT cycle to produce B(OAc)3•− (IV).
Intermediate IV was crucial in regeneration of the photocatalyst.

Although reactions between the photochemically generated
difluoromethyl radicals and alkenes have been well studied, the
use of imines as a coupling partner C−N remain underexplored.
As a result, Blakey and co-workers studied the reactivity of
aldehyde-derivedN,N-dialkylhydrazones 50 with trifluorometh-

yl arenes 49 in a defluoroalkylation event.116 This approach is
challenging because of the electrophilic nature of both imines
and the in situ formed difluorobenzylic radical II. This issue was
resolved thanks to the nucleophilic aza-enamine character of
N,N-dialkylhydrazones 50. A radical chain-based mechanism
was most likely involved. The radical process was initiated by the
formation of the highly reducing CO2

•− I (E1/2 = −2.21 V vs
SCE), which in subsequent steps generated the pivotal
difluorobenzylic radical II. The radical chain was propagated
by a HAT process between the electronicallyN-centered radical
intermediate III and NaHCO2 and produced the desired β-
difluoroarylhydrazines 51 (Scheme 18). These latter can easily

be converted to pharmaceutically relevant benzylic difluoroar-
ylethylamine scaffolds. Note however that this protocol is mainly
restricted to the use of electron-poor trifluoromethyl arenes 49
and electron-rich hydrazones 50.

2.2.1.2. Hydrodefluorination Reaction. Considering the
large diversity of CF3-containing molecules, building value-
added fluorinated molecules from these readily available
feedstocks is an appealing strategy. In particular, access to
CF2H-containing molecules117,118 has inspired several research
groups to elaborate innovative solutions.

In this context, the group of Gouverneur developed the
organophotoredox-catalyzed hydrofluorination of trifluoro-
methyl arenes 52 under OPC/HAT dual catalysis using
2,4,5,6-tetrakis(diphenylamino)isophthalonitrile (4-DPAIPN)
and 4-hydroxythiophenol as catalysts (Scheme 19).119 A panel
of difluoromethylated compounds 53 have been synthesized.
Although the method showcased a large functional group
tolerance to various functional groups and pharmacophores, it
was restricted to electron-demanding trifluoromethyl arene
derivatives 52. As suggested by the authors, the transformation
proceeded as follows. Under basic conditions, 4-hydroxythio-
phenol reduced the excited photocatalyst to generate the thiyl

Scheme 16. Defluoroalkylation of Fluorinated Esters Enabled
by Photocatalytically Generated Diaminoalkyl Radical

Scheme 17. Dihydroacridine-Catalyzed Selective
Defluoroalkylation of Trifluoromethylated Molecules

Scheme 18. Photochemical Defluoroalkylation of
Trifluoromethylarenes with Hydrazones
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radical III. The reduced photocatalyst then was able to cleave
the C−F bond from trifluoromethylated arenes 52 to form the
corresponding difluoromethyl radical II. Finally, a HAT process
between II and 4-hydroxythiophenol led to the desired product
53 and III (Scheme 19). In the same vein, Jui,109 Shang,106,112

Glorius,113 and Xu,115 independently, further explored the
potential of OPCs for the synthesis of CF2H- and CRfFH-
containing derivatives, as depicted in Scheme 20.

2.2.2. Using Organophotoredox/Transition Metal
Dual Catalysis. Combining photoredox catalysis and copper
catalysis is challenging due to the possible competitive
quenching of the photoexcited reducing photocatalysts by the
Cu(II) salts. In 2024, Chu and co-workers developed a
metallaphotoredox-mediated defluorinative strategy to access
synthetically useful γ-gem-difluoroalkyl boronates 67 by reacting
trifluoromethyl arenes and trifluoroacetamides 64 with various
nonactivated terminal and internal alkenes 65. The use of the
bis(pinacolato)diboron (B2pin2) 66 as the borylating agent and
KOH andNaI as additives were essential for this reaction,120 the
latter presumably being important to increase the solubility of
the excess base. Therefore, it was suggested that the in situ
generated 64/[HO-B2pin2] species I was the active species
responsible for the oxidation of the excited photocatalyst, which
then would generate the difluoroalkyl radical III. After addition
to alkenes 65, the nucleophilic alkyl radical IV was formed and
readily reacted with the in situ generated electrophilic Cu(II)-
Bpin VI to deliver the Cu(III) species VII. Finally, a reductive
elimination step was responsible for the formation of the
expected product 67 as well as Cu(I) regeneration (Scheme 21).

3. SYNTHESIS OF GEM-DIFLUOROALKENES VIA
β-FLUORIDE ELIMINATION

An alternative approach relies on the defluoroalkylation of
trifluoromethyl-substituted alkenes to provide gem-difluoroal-
kenes via β-fluoride elimination. The gem-difluoroalkene

scaffolds are recognized as widespread building blocks found
in compounds of interest, Seletracetam being a flagship
derivative.121 Due to their excellent metabolic stability, and
electronic and steric similarity to aldehydes, ketones, and esters,
gem-difluoroalkenes are often considered as carbonyl bioisos-
teres in drug development.122

This section outlines the major advances that have been made
to provide access to gem-difluoroalkenes. Building on the
pioneering work by Zhou and co-workers,123 several beneficial
protocols have emerged over the past few years. Interestingly, a
wide variety of alkenes and radical precursors were available as
coupling partners with this approach. A general mechanism for
the β-fluoride elimination strategy under photochemical
conditions is shown in Scheme 22. This process mainly followed
a reductive quenching pathway. Upon irradiation and in the
presence of a photocatalyst, addition of the in situ generated
radical intermediate I to the trifluoromethyl-substituted alkenes
led to the radical intermediate II. This latter was further reduced
by the reduced photocatalyst (PC•−) to produce the anionic

Scheme 19. Hydrodefluorination via Reductive
Defluorination

aCF2H/CH2F ratio determined by 19F NMR spectroscopy using the
4-fluoroanisole as an internal standard.

Scheme 20. Various OPC-Catalyzed Hydrodefluorination
Reactions
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derivative III. Finally, the latter underwent an elimination
(unimolecular) conjugate base (E1cB)-type fluoride elimination
to deliver the gem-difluoroalkene.
3.1. C−C Bond Formation via C-Centered Radical Formation
The construction of C−C bonds through 2,4,5,6-tetrakis(9H-
carbazol-9-yl)isophthalonitrile (4CzIPN)- or 4DPAIPN-cata-
lyzed defluoroalkylation of trifluoromethyl-substituted alkenes
via β-fluoride elimination has been steadily investigated over the
years. In this context, various radical precursors used in these

transformations are summarized in Figure 1.124−138 A selection
of representative examples is detailed in this section.

In 2017, Molander and co-workers developed a method for
the synthesis of alkylated gem-difluoroalkenes 70 using 4CzIPN
as a catalyst. Trifluoromethyl-substituted alkenes 68 were
functionalized with various classes of carbon radical precursors
(R2RP, 69): potassium organotrifluoroborates and alkylbis-
(catecholato)silicates being very efficient in this reaction
(Scheme 23).124 After oxidation of the carbon radical precursor
69 by the excited photocatalyst, the radical intermediate I
reacted with the trifluoromethylated alkene 68 to afford the
corresponding α-CF3 radical III. Its reduction by a SET process
afforded the carbanion IV via a radical-polar crossover event and
regenerated the photocatalyst. Finally, after E1cB-type fluoride

Scheme 21. Dual Photoredox- and Copper-Catalyzed
Defluorinative Alkylboration of Alkenes

Scheme 22. Cleavage of C−F Bonds via β-Fluoride
Elimination

Figure 1. Overview of main radical precursors used in defluoroallyla-
tion of trifluoromethyl alkenes under 4CzIPN and 4DPAIPN catalysis.

Scheme 23. Construction of 1,1-Difluoroalkenes via the
Generation of Carbon-Centered Radicals
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elimination, the gem-difluoroalkene was obtained (Scheme 23).
Important to note that the byproduct (RP) II generated in the
course of the transformation can efficiently trap the fluoride ion
released during the last step. Later in 2019, a similar
defluorinative alkylation strategy was developed by the same
group by using silicates, dihydropyridines, and amino acids as
alkyl radical precursors to functionalize a DNA-encoded library
(DEL) under Ni/OPC dual catalysis.125

Aiming to develop a unified strategy using not only alkyl but
also aryl radicals, the same group showed that aryl halides 72 can
be used as an aryl radical precursor when activated with
tris(trimethylsilyl)silanol (Scheme 24).126 A diverse range of

gem-difluoroalkenes 73 were produced via β-fragmentation with
moderate to good yields. Mechanistically, the deprotonated
silanol reduced the excited OPC to afford the corresponding
siloxyl radical II. Next, a radical Brook rearrangement converted
II into the silyl radical III, which allowed the generation of the
aryl radical V from the corresponding aryl halides 72 via a
halogen atom transfer (XAT) process. The aryl radical V
underwent a defluorinative arylation with α-trifluoromethyl
alkenes 71. The final steps are similar to those shown in Scheme
23 for the formation of 73 from VI. The XAT process was further
utilized by Glorius et al. for a defluorinative ketyl−olefin
coupling reaction by using 4CzIPN as an OPC.128

In 2022, a similar strategy was employed by the groups of
Wang129 and Liang130 (Scheme 25). The method developed by
the group of Wang allowed the functionalization of 74 with
primary, secondary, and tertiary alkyl halides 75. The generation
of alkyl radicals III proceeded via a halogen-atom transfer
(XAT) in the presence of N,N,N′,N′-tetramethylethylenedi-
amine (TMEDA). Note, however, that allyl, benzyl, and aryl
iodides remained reluctant coupling partners in this reaction.

Liang’s group developed photoredox catalytic radical addition/
defluoroalkylation reactions between α-trifluoromethyl alkenes
77 and various amines 78 to produce difluoroalkenes 79
(Scheme 25). The generation of the primary and secondary alkyl
radicals occurred via a C−N bond cleavage by using the
Katritzky salts 78.
3.2. C−C Bond Formation via a 1,5-HAT Process
The remote C−H functionalization of aliphatic amides and
amines via a 1,5-HAT process has emerged as a potent strategy
to access original fluorinated compounds.14

In this context, Pan and co-workers reported the δ-selective
C(sp3)−H gem-difluoroallylation of aliphatic amine derivatives
81. The process involved the generation of an amidyl radical
intermediate II (Scheme 26).139 Intermediate II was obtained
after the oxidation of deprotonated amine I by a SET process
under blue LED irradiation using 4CzIPN as a catalyst. Then,
the carbon centered radical III was selectively generated at the δ-
position after a 1,5-hydrogen atom transfer (HAT) process and
reacted with the trifluoromethylated alkene 80 to provide, after a
reduction/β-fluoride elimination, the desired product 82. This
protocol features a broad substrate scope with high chemo-
selectivity and great functional group tolerance, which was
further illustrated with the late-stage functionalization of more
complex architectures. In the same vein, Yuan and co-workers
reported the photocatalyzed C(sp3)−H gem-difluoroallylation
of carboxylic acid derivative 84 via 1,5-HAT (Scheme 26).140

The reaction was initiated by the oxidation of carboxylic acid 84
by the excited photocatalyst to produce N-centered radical VI
with the extrusion of acetone and CO2, which remained the
pivotal step for this process.

Scheme 24. Defluorinative Arylation of Trifluoromethyl
Alkenes under OPC Catalysis

Scheme 25. Visible Light Driven Allylic Difluoroallylation of
Alkyl Iodides via C−F Bond Cleavage

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.4c01158
JACS Au 2025, 5, 466−485

477

https://pubs.acs.org/doi/10.1021/jacsau.4c01158?fig=sch24&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01158?fig=sch24&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01158?fig=sch25&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01158?fig=sch25&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c01158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3.3. C−C Bond Formation via the Generation of a
N-Centered Radical Intermediate
In 2021, Zhou and co-workers were able to generateN-centered
radicals from β,γ-unsaturated hydrazones 87 using Rose Bengal
as the OPC to perform a tandem radical cyclization/
defluorinated alkylation with α-trifluoromethyl alkenes 86.141

A base-mediated PCET (proton-coupled electron transfer) was
crucial to generating the N-centered radical II, which was
involved in an intramolecular cyclization to deliver diversely
functionalized dihydropyrazoles 88 in subsequent steps
(Scheme 27). As a follow-up, in 2023, the Guo group reported
the gem-difluoroallylation of glycine derivatives 90 with
trifluoromethyl alkenes and trifluoromethyl 1,3-enynes 89
(Scheme 27).142 The construction of not only fluorinated
amino acids but also fluorinated dipeptides was possible. The
key step of the process relied on the carbon-centered radical
formation at the α-position of the carbonyl group via an N-
centered radical intermediate. In the same line, in 2024, Chen et

al. were able to perform C(sp3)−H functionalization of glycine
derivatives and glycine derived dipeptides to furnish gem-
difluoroalkene-containing unnatural amino acids.143

3.4. C−C Bond Formation via β-Scission

This epoch-making defluorination technique was further
extended by Wu and co-workers with the regioselective
synthesis of ketones bearing a gem-difluoroalkene moiety 94 at
a remote position via the ring-opening functionalization of
unstrained tertiary cycloalkanols 93 (Scheme 28).144 Herein,
the authors utilized acridine photocatalyst OPC7 which, in its
excited state, performed a SET with the electron-rich para-
methoxyphenyl group (PMP) of the tertiary alcohol 93a to form
the corresponding arene radical cation I. Then, a base-mediated
intramolecular PCET delivered the alkoxyl radical II. After a β-
scission and ring opening, the remote carbon-centered radical
III was trapped by alkene 92 to form the desired product 94 in
subsequent steps. The use of the quaternary ammonium cation
N-butyl-N-methylpyrrolidinium hexafluorophosphate
([C4MPr]+PF6

−) was important for the β-fluoride elimination
step (Scheme 28). In the same year, Teng and co-workers were
also able to install an alkyl radical generated from β-scission of
nonstrained cyclic alcohols to α-(trifluoromethyl)styrenes to
provide remote gem-difluoroalkenyl ketones under OPC
catalysis.145

Scheme 26. Difluoroallylation of Remote C(sp3)−H Bonds
via a 1,5-HAT Process

Scheme 27. Redox-Neutral Difluoroallylation via N-Centered
Radical Formation
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3.5. C−C Bond Formation via Decarboxylation
As a complementary pathway, photochemical decarboxylation
can efficiently produce valuable alkyl radical intermediates. In
this regard, the group of Wei reported the defluoroacetalation of
α-trifluoromethyl alkenes 95 with glyoxylic acid acetals 96
(considered as a formyl-radical equivalent) to furnish versatile
masked γ,γ-difluoroallylic aldehydes 97 with good yields
(Scheme 29).146 Aliphatic and aromatic α-ketal acids 96 were
smoothly converted into the targeted products 97. According to
the proposed mechanism, excited 4CzIPN oxidized the
deprotonated carboxylic acid I to form the radical II, which
after decarboxylation delivered the alkyl radical III. This latter
was converted into the expected product 97 after the following
steps: radical addition to alkene 95, SET, and β-fluoride
elimination. This method possesses good functional group
tolerance; thus the late-stage functionalization of diverse
biologically active molecules was carried out successfully. Two
years later, Yuan and co-workers developed a similar approach
(Scheme 29).147 In their study, cesium alkyl oxalates 99 were
employed as a tertiary radical precursor to construct all-carbon
quaternary center gem-difluoroallylated products 100.
3.6. C−C Bond Formation via a Three-Component Reaction
In 2022, the group of Pan developed a three-component
reaction for the trifluoromethylation−difluoroallylation of
unactivated alkene 102 (Scheme 30).148

In the presence of the excited Fukuzumi acridinium salt
(MesAcrMe+), a single-electron oxidation of Langlois’ reagent
(NaSO2CF3) led to the formation of the CF3 radical I. After
addition to unactivated alkene 102, the corresponding alkyl
radical intermediate II reacted with α-trifluoromethyl alkene
101 to furnish radical intermediate III. After a single electron

reduction and a β-fluoride elimination step, various trifluor-
omethyl-substituted gem-difluoroalkene derivatives 103 were

Scheme 28. Difluoroallylation via Ring-Opening of
Nonstrained Cycloalkanols

Scheme 29. Selective C−F Bond Cleavage via
Decarboxylation

Scheme 30. OPC-Catalyzed Three-Component
Trifluoromethylation-Difluoroallylation of Unactivated
Alkenes
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obtained in moderate to good yields. Another example of a three
component reaction was showcased by Zhang and co-workers
where 1,3-bromodifluoroallylation of [1.1.1]propellane was
performed by using α-trifluoromethylalkenes and inexpensive
KBr salts as bromine radical precursors.149

3.7. C−B and C−Si Bond Formation
So far, various strategies for forming a C−C bond have been
discussed, with the synthesis of gem-difluoroalkenes. Meanwhile,
a great deal of interest has been devoted to the formation of C−B
and C−Si bonds using a defluorofunctionalization process. As
fluorinated organic boranes are useful synthetic handles to
access more complex molecules, there is a need to develop tools
to obtain fluorinated organic borane building blocks. However,
the strong affinity of boron reagents for fluoride anions is a
significant synthetic hurdle. To meet this challenge, the Wu
group developed a dual OPC−HAT catalyzed defluorobor-
ylation of trifluoromethylalkenes 104 by using NHC−BH3
complexes 105 (Scheme 31).150 In this transformation, a wide

variety of gem-difluoroallylboranes 106 were prepared. Follow-
ing their mechanistic studies, the authors suggested that the
kinetically favored polarity-matched HAT-induced generation
of nucleophilic NHC−boryl radical I remained crucial for the
allylation reactions. Indeed, the addition of NHC−boryl radical
I to α-trifluoromethyl alkene 104 and then the generation of the
following carbanion III after a SET process followed by a β-
fluoride elimination step led to the desired gem-difluoroallylbor-
anes 106.

Considering the indispensable importance of organosilane
compounds in synthetic and medicinal chemistry, Wu and co-
workers developed a defluorosilylation reaction of trifluorome-
thylalkenes 107 using 4CzIPN and (iPr)3SiSH asOPC andHAT
catalyst, respectively, (Scheme 32).151 Through HAT−PC dual
catalysis, both aryl and alkyl silanes 108 were suitable for this
transformation. Mechanistic investigations suggested that the
oxidative potential of triphenylsilane (E1/2

ox = +0.93 V vs SCE in

EtOAc) was much higher than that of (iPr)3SiSH (E1/2
ox = +0.07

V vs SCE in EtOAc). Therefore, the excited photocatalyst was
more efficiently quenched by (iPr)3SiSH than silanes 108. The
quenching ability of (iPr)3SiSH was even intensified in the
presence of NaHCO3 as a base. According to these observations,
the authors suggested a plausible mechanism: Upon irradiation,
the excited photocatalyst was quenched by (iPr)3SiSH to
produce thiyl radical intermediate II, which upon aHAT process
with 108a liberated silyl radical intermediate III. This latter was
trapped by the alkene 107 to afford the radical intermediate IV.
Finally, after SET and β-fluoride elimination steps, the silyl gem-
difluoroalkenes 109 were afforded. A similar defluorosilylation
protocol was reported by Jing et al. in the same year using
quinuclidine as a HAT catalyst to initiate the photocatalytic
cycle.152 The mechanistic details are similar to Wu’s report.
3.8. OPC-Catalyzed Functionalization of
2-Bromo-3,3,3-trifluoropropene (BTP)
The above-mentioned protocols primarily utilize α-trifluorome-
thylstyrenes as a fluorinated source, whereas the bulk industrial
chemical 2-bromo-3,3,3-trifluoropropene (BTP) remains
underexplored in this direction. To fill this gap, the group of
Zhou reported two back-to-back reports where photocatalytic
C−F bond cleavage and activation of the C(sp2)−Br bond
sequentially took place using a single photocatalyst. The first
example dealt with the synthesis of 4-(difluoromethylidene)-
tetrahydroquinolines 115 by reacting N-aryl amino acids 114
and BTP 113 (Scheme 33).153 It turned out that the generation
of α-amino alkyl radical III from I via an oxidative
decarboxylation process remained crucial. Next, the addition
of III to BTP 113, followed by a SET reduction of IV and a β-
fluoride elimination step led to the targeted gem-difluoroalkene
VI. Following this, a SET reduction of VI resulted in gem-

Scheme 31. Defluoroborylation of Trifluoromethyl Alkenes
via Direct B−H Activation of NHC Boranes

Scheme 32. Defluorosilylation of Trifluoromethyl Alkenes
under OPC Catalysis
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difluoro vinyl radical VII. This latter underwent a radical
cyclization and a SET oxidation followed by a deprotonation
step to deliver the desired product 115 (Scheme 33).

The second report highlighted the synthesis of the gem-
difluoromethyl substituted tetralins 117.154 A wide variety ofN-
Boc protected arylalanines and 3-aryl propanoic acids 116 were
used as radical precursors. Note that a catalytic amount of 1,4-
diazabicyclo[2.2.2]octane (DABCO) acted as a reductive
quencher. Similarly to the mechanism depicted in Scheme 33,
the in situ generated alkyl radical III was added to BTP 113 to
form the intermediate IV, which, in subsequent steps, was
converted into the products 117 (Scheme 34).

4. CONCLUSION AND PERSPECTIVES
This Perspective provides an overview of the significant
advancements in selective single C−F bond cleavage under
organophotoredox catalysis. The valorization of fluorinated
feedstocks offers promising opportunities for the synthesis of a
wide range of difluoromethylated architectures. Various elegant
methodologies proved to be selective toward the targeted C−F
bond to be cleaved in the case of derivatives bearing several
fluorinated groups or perfluoroalkylated compounds. Never-
theless, considerable opportunities and several challenges
remain that can be systematically addressed to further advance
and enrich this flourishing field. In particular, the strategy based
on the cleavage of a single C−F bond is limited to a
trifluoromethyl group directly linked to a π-system (e.g., aryl,
vinyl, and carbonyl). Consequently, there is an urgent need to
develop and design synthetic methods for the photocatalyzed
functionalization of aliphatic fluorinated feedstocks through C−
F bond activation. Furthermore, it is essential to expand and

diversify the range of fluorinatedmoieties that can be used in this
approach. To overcome these limitations, research efforts
should be directed toward the development of innovative
synthetic routes for the functionalization of inaccessible
fluorinated molecules, thanks to the rapid and impressive
advances in transition metal catalysis and single electron
processes via photoredox or electrochemistry. Finally, the
design of organophotoredox-catalyzed enantioselective trans-
formations via C(sp3)−F bond cleavage is still underexplored.
Given the steady demand for fluorinated chemicals, we believe
that these advances will not only impact chemical synthesis but
also inspire the design of future technologies for the synthesis of
organofluorine compounds in a more sustainable and cost-
effective manner.

■ AUTHOR INFORMATION
Corresponding Authors

Sourav Roy − INSA Rouen Normandie, Univ Rouen
Normandie, CNRS, Normandie Univ, COBRAUMR 6014, F-
76000 Rouen, France; Email: sourav.roy@univ-rouen.fr

Tatiana Besset − INSA Rouen Normandie, Univ Rouen
Normandie, CNRS, Normandie Univ, COBRAUMR 6014, F-
76000 Rouen, France; Email: tatiana.besset@insa-rouen.fr

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacsau.4c01158

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript. CRediT: Sourav Roy writing - original draft,

Scheme 33. Defluorosilylation of Trifluoromethyl Alkenes
under OPC Catalysis

Scheme 34. Synthesis of 4-(Difluoromethylidene)-
tetrahydroquinolines under OPC Catalysis

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.4c01158
JACS Au 2025, 5, 466−485

481

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sourav+Roy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:sourav.roy@univ-rouen.fr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tatiana+Besset"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:tatiana.besset@insa-rouen.fr
https://pubs.acs.org/doi/10.1021/jacsau.4c01158?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01158?fig=sch33&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01158?fig=sch33&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01158?fig=sch34&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01158?fig=sch34&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c01158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


writing - review & editing; Tatiana Besset conceptualization,
resources, supervision, writing - review & editing.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work has been partially supported by University of Rouen
Normandy, INSA Rouen Normandy, the Centre National de la
Recherche Scientifique (CNRS), European Regional Develop-
ment Fund (ERDF), Labex SynOrg (ANR-11-LABX-0029),
Carnot Institute I2C, the graduate school for research XL-Chem
(ANR-18-EURE-0020 XL CHEM), and Region Normandie.
S.R. and T.B. thank the European Research Council (ERC)
under the European Union’s Horizon 2020 research and
innovation program (grant agreement no. 758710). S.R. thanks
Normandy Region for a postdoctoral fellowship with the project
NextFluoChem under the program “Normandie Recherche -
Labels d’excellence” (no. 23E02521).

■ REFERENCES
(1) Liang, T.; Neumann, C. N.; Ritter, T. Introduction of Fluorine and

Fluorine-containing Functional Groups. Angew. Chem., Int. Ed. 2013,
52, 8214−8264.
(2) Landelle, G.; Panossian, A.; Pazenok, S.; Vors, J.-P.; Leroux, F. R.

Recent Advances in Transition Metal-catalyzed Csp2-monofluoro,
Difluoro, Perfluoromethylation and Trifluoromethylthiolation. Beilstein
J. Org. Chem. 2013, 9, 2476−2536.
(3) Merino, E.; Nevado, C. Addition of CF3 Across Unsaturated

moieties: a Powerful Functionalization tool. Chem. Soc. Rev. 2014, 43,
6598−6608.
(4) Egami, H.; Sodeoka, M. Trifluoromethylation of Alkenes with

Concomitant Introduction of Additional Functional Groups. Angew.
Chem., Int. Ed. 2014, 53, 8294−8308.
(5) Besset, T.; Poisson, T.; Pannecoucke, X. Recent Progress in Direct

Introduction of Fluorinated Groups on Alkenes and Alkynes by means
of C-H Bond Functionalization. Chem. Eur. J. 2014, 20, 16830−16845.
(6) Landelle, G.; Panossian, A.; Leroux, F. R. Trifluoromethyl Ethers

and Thioethers as Tools for Medicinal Chemistry and Drug Discovery.
Curr. Top. Med. Chem. 2014, 14, 941−951.
(7) Champagne, P. A.; Desroches, J.; Hamel, J.-D.; Vandamme, M.;

Paquin, J.-F. Monofluorination of Organic Compounds: 10 Years of
Innovation. Chem. Rev. 2015, 115, 9073−9174.
(8) Besset, T.; Jubault, P.; Pannecoucke, X.; Poisson, T. New Entries

Toward the Synthesis of OCF3-containingMolecules.Org. Chem. Front.
2016, 3, 1004−1010.
(9) Ni, C.; Hu, J. The Unique Fluorine Effects in Organic Reactions:

Recent Facts and Insights into Fluoroalkylations. Chem. Soc. Rev. 2016,
45, 5441−5454.
(10) Song, H.-X.; Han, Q.-Y.; Zhao, C.-L.; Zhang, C.-P.

Fluoroalkylation Reactions in Aqueous Media: a Review. Green
Chem. 2018, 20, 1662−1731.
(11) Pan, Y. The Dark Side of Fluorine. ACS Med. Chem. Lett. 2019,
10, 1016−1019.
(12) Pannecoucke, X.; Besset, T. Use of ArSO2SRf Reagents: An

Efficient Tool for the Introduction of SRf Moieties. Org. Biomol. Chem.
2019, 17, 1683−1693.
(13) Zhang, F.-G.; Wang, X.-Q.; Zhou, Y.; Shi, H.-S.; Feng, Z.; Ma, J.-

A.; Marek, I. Remote Fluorination and Fluoroalkyl(thiol)ation
Reactions. Chem. Eur. J. 2020, 26, 15378−15396.
(14) Nobile, E.; Castanheiro, T.; Besset, T. Radical-Promoted Distal

C−H Functionalization of C(sp3) Centers with Fluorinated Moieties.
Angew. Chem., Int. Ed. 2021, 60, 12170−12191.
(15) Müller, K.; Faeh, C.; Diederich, F. Fluorine in Pharmaceuticals:

Looking Beyond Intuition. Science 2007, 317, 1881−1886.
(16) Purser, S.; Moore, P. R.; Swallow, S.; Gouverneur, V. Fluorine in

Medicinal Chemistry. Chem. Soc. Rev. 2008, 37, 320−330.

(17) Berger, R.; Resnati, G.; Metrangolo, P.; Weber, E.; Hulliger, J.
Organic Fluorine Compounds: A Great Opportunity for Enhanced
Materials Properties. Chem. Soc. Rev. 2011, 40, 3496−3508.
(18) Wang, J.; Sánchez-Roselló, M.; Aceña, J. L.; Del Pozo, C.;

Sorochinsky, A. E.; Fustero, S.; Soloshonok, V. A.; Liu, H. Fluorine in
Pharmaceutical Industry: Fluorine-Containing Drugs Introduced to the
Market in the Last Decade (2001−2011).Chem. Rev. 2014, 114, 2432−
2506.
(19) Meanwell, N. A. Fluorine and Fluorinated Motifs in the Design

and Application of Bioisosteres for Drug Design. J. Med. Chem. 2018,
61, 5822−5880.
(20) O’Hagan, D.; Deng, H. Enzymatic Fluorination and Biotechno-

logical Developments of the Fluorinase. Chem. Rev. 2015, 115, 634−
649.
(21) O’Hagan, D. Understanding Organofluorine Chemistry. An

Introduction to the C−F bond. Chem. Soc. Rev. 2008, 37, 308−319.
(22) Britton, R.; Gouverneur, V.; Lin, J.-H.; Meanwell, M.; Ni, C.;

Pupo, G.; Xiao, J.-C.; Hu, J. Contemporary Synthetic Strategies in
Organofluorine Chemistry. Nat. Rev. Methods Primers 2021, 1, 47.
(23) Paioti, P. H. S.; Gonsales, S. A.; Xu, S.; Nikbakht, A.; Fager, D. C.;

Liu, Q.; Hoveyda, A. H. Catalytic and Stereoselective Transformations
with Easily Accessible and Purchasable Allyl and Alkenyl Fluorides.
Angew. Chem., Int. Ed. 2022, 61, No. e202208742.
(24) Hirano, K. Catalytic Asymmetric Construction of CF3-

Substituted Chiral sp3CarbonCenters. Synthesis 2022, 54, 3708−3718.
(25) Butcher, T. W.; Amberg, W. M.; Hartwig, J. F. Transition-Metal-

Catalyzed Monofluoroalkylation: Strategies for the Synthesis of Alkyl
Fluorides by C-C Bond Formation. Angew. Chem., Int. Ed. 2022, 61,
No. e202112251.
(26) Singh, A.; Sindhe, H.; Kamble, A.; Rajkumar, K.; Agrawal, V.;

Sharma, S. Recent Advances in Late-stage Monofluorination of Natural
Products and Their Derivatives. Org. Chem. Front. 2024, 11, 5605−
5637.
(27) Garg, A.; Haswell, A.; Hopkinson, M. N. C−F Bond Insertion:

An Emerging Strategy for Constructing Fluorinated Molecules. Chem.
Eur. J. 2024, 30, No. e202304229.
(28) Narayanam, J. M. R.; Stephenson, C. R. J. Visible Light

Photoredox Catalysis: Applications in Organic Synthesis. Chem. Soc.
Rev. 2011, 40, 102−113.
(29) Tucker, J. W.; Stephenson, C. R. J. Shining Light on Photoredox

Catalysis: Theory and Synthetic Applications. J. Org. Chem. 2012, 77,
1617−1622.
(30) 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, 5322−5363.
(31) Matsui, J. K.; Lang, S. B.; Heitz, D. R.; Molander, G. A.

Photoredox-Mediated Routes to Radicals: The Value of Catalytic
Radical Generation in Synthetic Methods Development. ACS Catal.
2017, 7, 2563−2575.
(32) Marzo, L.; Pagire, S. K.; Reiser, O.; König, B. Visible-Light

Photocatalysis: Does It Make a Difference in Organic Synthesis?Angew.
Chem., Int. Ed. 2018, 57, 10034−10072.
(33) Buzzetti, L.; Crisenza, G. E. M.; Melchiorre, P. Mechanistic

Studies in Photocatalysis. Angew. Chem., Int. Ed. 2019, 58, 3730−3747.
(34) Pitre, S. P.; Overman, L. E. Strategic Use of Visible-Light

Photoredox Catalysis in Natural Product Synthesis. Chem. Rev. 2022,
122, 1717−1751.
(35) Cannalire, R.; Pelliccia, S.; Sancineto, L.; Novellino, E.; Tron, G.

C.; Giustiniano, M. Visible Light Photocatalysis in the Late-stage
Functionalization of Pharmaceutically Relevant Compounds. Chem.
Soc. Rev. 2021, 50, 766−897.
(36) Parida, S. K.; Mandal, T.; Das, S.; Hota, S. K.; De Sarkar, S.;

Murarka, S. Single Electron Transfer-Induced Redox Processes
InvolvingN-(Acyloxy)phthalimides. ACS Catal. 2021, 11, 1640−1683.
(37) Ni, C.; Hu, M.; Hu, J. Good Partnership between Sulfur and

Fluorine: Sulfur-Based Fluorination and Fluoroalkylation Reagents for
Organic Synthesis. Chem. Rev. 2015, 115, 765−825.

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.4c01158
JACS Au 2025, 5, 466−485

482

https://doi.org/10.1002/anie.201206566
https://doi.org/10.1002/anie.201206566
https://doi.org/10.3762/bjoc.9.287
https://doi.org/10.3762/bjoc.9.287
https://doi.org/10.1039/C4CS00025K
https://doi.org/10.1039/C4CS00025K
https://doi.org/10.1002/anie.201309260
https://doi.org/10.1002/anie.201309260
https://doi.org/10.1002/chem.201404537
https://doi.org/10.1002/chem.201404537
https://doi.org/10.1002/chem.201404537
https://doi.org/10.2174/1568026614666140202210016
https://doi.org/10.2174/1568026614666140202210016
https://doi.org/10.1021/cr500706a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500706a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6QO00164E
https://doi.org/10.1039/C6QO00164E
https://doi.org/10.1039/C6CS00351F
https://doi.org/10.1039/C6CS00351F
https://doi.org/10.1039/C8GC00078F
https://doi.org/10.1021/acsmedchemlett.9b00235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8OB02995D
https://doi.org/10.1039/C8OB02995D
https://doi.org/10.1002/chem.202003416
https://doi.org/10.1002/chem.202003416
https://doi.org/10.1002/anie.202009995
https://doi.org/10.1002/anie.202009995
https://doi.org/10.1126/science.1131943
https://doi.org/10.1126/science.1131943
https://doi.org/10.1039/B610213C
https://doi.org/10.1039/B610213C
https://doi.org/10.1039/c0cs00221f
https://doi.org/10.1039/c0cs00221f
https://doi.org/10.1021/cr4002879?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr4002879?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr4002879?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.7b01788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.7b01788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500209t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500209t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B711844A
https://doi.org/10.1039/B711844A
https://doi.org/10.1038/s43586-021-00042-1
https://doi.org/10.1038/s43586-021-00042-1
https://doi.org/10.1002/anie.202208742
https://doi.org/10.1002/anie.202208742
https://doi.org/10.1055/a-1833-8813
https://doi.org/10.1055/a-1833-8813
https://doi.org/10.1002/anie.202112251
https://doi.org/10.1002/anie.202112251
https://doi.org/10.1002/anie.202112251
https://doi.org/10.1039/D4QO01111B
https://doi.org/10.1039/D4QO01111B
https://doi.org/10.1002/chem.202304229
https://doi.org/10.1002/chem.202304229
https://doi.org/10.1039/B913880N
https://doi.org/10.1039/B913880N
https://doi.org/10.1021/jo202538x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo202538x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300503r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300503r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300503r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b00094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b00094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201709766
https://doi.org/10.1002/anie.201709766
https://doi.org/10.1002/anie.201809984
https://doi.org/10.1002/anie.201809984
https://doi.org/10.1021/acs.chemrev.1c00247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CS00493F
https://doi.org/10.1039/D0CS00493F
https://doi.org/10.1021/acscatal.0c04756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c04756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr5002386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr5002386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr5002386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c01158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(38) Wang, L.; Liu, J. Synthetic Applications of Hypervalent
Iodine(III) Reagents Enabled by Visible Light Photoredox Catalysis.
Eur. J. Org. Chem. 2016, 2016, 1813−1824.
(39) Koike, T.; Akita, M. Fine Design of Photoredox Systems for

Catalytic Fluoromethylation of Carbon−Carbon Multiple Bonds. Acc.
Chem. Res. 2016, 49, 1937−1945.
(40) Wang, X.; Studer, A. Iodine (III) Reagents in Radical Chemistry
Acc. Chem. Res. 2017, 50, 1712−1724.
(41) Zhao, Y.; Liu, F. Recent Advance in Radical Fluoroalkylation with

Sulfinate Salts. Tetrahedron Lett. 2018, 59, 180−187.
(42) Aguilar Troyano, F. J.; Merkens, A. K.; Gómez-Suárez, A.

Selectfluor® Radical Dication (TEDA2+.)− A Versatile Species in
Modern Synthetic Organic Chemistry. Asian J. Org. Chem. 2020, 9,
992−1007.
(43) Feng, J.; Jia, X.; Zhang, S.; Lu, K.; Cahard, D. State of Knowledge

in Photoredox-catalysed Direct Difluoromethylation. Org. Chem. Front.
2022, 9, 3598−3623.
(44) Kawamura, S.; Barrio, P.; Fustero, S.; Escorihuela, J.; Han, J.;

Soloshonok, V. A.; Sodeoka, M. Evolution and Future of Hetero- and
Hydro-Trifluoromethylations of Unsaturated C−C Bonds. Adv. Synth.
Catal. 2023, 365, 398−462.
(45) Ouyang, Y.; Qing, F.-L. Photoredox Catalyzed Radical

Fluoroalkylation with Non-Classical Fluorinated Reagents. J. Org.
Chem. 2024, 89, 2815−2824.
(46) Xu,W.; Zhang, Q.; Shao, Q.; Xia, C.;Wu,M. Photocatalytic C−F

Bond Activation of Fluoroarenes, gem-Difluoroalkenes, Trifluorometh-
yl arenes. Asian J. Org. Chem. 2021, 10, 2454−2472.
(47) Wang, Z.; Sun, Y.; Shen, L.-Y.; Yang, W.-C.; Meng, F.; Li, P.

Photochemical and Electrochemical Strategies in C-F Bond Activation
and Functionalization. Org. Chem. Front. 2022, 9, 853−873.
(48) Gong, X.; Zhou, Q.; Yan, G. Recent advances in C−F bond

Activation of Trifluoromethylated Carbonyl Compounds and De-
rivatives. Org. Biomol. Chem. 2022, 20, 5365−5376.
(49) Li, S.; Shu, W. Recent Advances in Radical Enabled Selective

Csp3−F Bond Activation of Multifluorinated Compounds. Chem.
Commun. 2022, 58, 1066−1077.
(50) Zhou, L. Recent Advances in C-F Bond Cleavage Enabled by

Visible Light Photoredox Catalysis. Molecules 2021, 26, 7051.
(51) Klis,́ T. Visible-Light Photoredox Catalysis for the Synthesis of

Fluorinated Aromatic Compounds. Catalysts 2023, 13, 94.
(52) Lemos, A.; Lemaire, C.; Luxen, A. Progress in Difluoroalkylation

ofOrganic Substrates by Visible Light Photoredox Catalysis.Adv. Synth.
Catal. 2019, 361, 1500−1537.
(53) Zhao, F.; Zhou, W.; Zuo, Z. Recent Advances in the Synthesis of

Difluorinated Architectures from Trifluoromethyl Groups. Adv. Synth.
Catal. 2022, 364, 234−267.
(54) Andrieux, C. P.; Combellas, C.; Kanoufi, F.; Savéant, J.;

Thiébault, A. Dynamics of Bond Breaking in Ion Radicals. Mechanisms
and Reactivity in the Reductive Cleavage of Carbon- Fluorine Bonds of
Fluoromethylarenes. J. Am. Chem. Soc. 1997, 119, 9527−9540.
(55) Fukuzumi, S.; Ohkubo, K. Organic Synthetic Transformations

using Organic Dyes as Photoredox Catalysts. Org. Biomol. Chem. 2014,
12, 6059−6071.
(56) Romero, N. A.; Nicewicz, D. A. Organic Photoredox Catalysis.
Chem. Rev. 2016, 116, 10075−10166.
(57) Du, Y.; Pearson, R. M.; Lim, C.-H.; Sartor, S. M.; Ryan, M. D.;

Yang, H.; Damrauer, N. H.; Miyake, G. M. Strongly Reducing, Visible-
light Organic Photoredox Catalysts as Sustainable Alternatives to
Precious Metals. Chem. Eur. J. 2017, 23, 10962−10968.
(58) Lee, Y.; Kwon, M. S. Emerging Organic Photoredox Catalysts for

Organic Transformations. Eur. J. Org. Chem. 2020, 2020, 6028−6043.
(59) Amos, S. G. E.; Garreau, M.; Buzzetti, L.; Waser, J. Photocatalysis

with Organic dyes: Facile Access to Reactive Intermediates for
Synthesis. Beilstein J. Org. Chem. 2020, 16, 1163−1187.
(60) Noto, N.; Saito, S. Arylamines as More Strongly Reducing

Organic Photoredox Catalysts than fac-[Ir(ppy)3]. ACS Catal. 2022,
12, 15400−15415.

(61) Bortolato, T.; Cuadros, S.; Simionato, G.; Dell’Amico, L. The
Advent and Development of Organophotoredox Catalysis. Chem.
Commun. 2022, 58, 1263−1283.
(62) Jeong, D. Y.; You, Y. Organic Photoredox Catalysts Exhibiting

Long Excited-State Lifetimes. Synlett 2022, 33, 1142−1153.
(63) Shang, T.-Y.; Lu, L.-H.; Cao, Z.; Liu, Y.; He,W.-M.; Yu, B. Recent

Advances of 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene
(4CzIPN) in Photocatalytic Transformations. Chem. Commun. 2019,
55, 5408−5419.
(64) Amii, H.; Uneyama, K. C−F Bond Activation in Organic

Synthesis. Chem. Rev. 2009, 109, 2119−2183.
(65) Ahrens, T.; Kohlmann, J.; Ahrens, M.; Braun, T. Functionaliza-

tion of Fluorinated Molecules by Transition-Metal-Mediated C−F
Bond Activation to Access Fluorinated Building Blocks. Chem. Rev.
2015, 115, 931−972.
(66) Fujita, T.; Fuchibe, K.; Ichikawa, J. Transition-Metal-Mediated

and -Catalyzed C-F Bond Activation by Fluorine Elimination. Angew.
Chem., Int. Ed. 2019, 58, 390−402.
(67) Bayne, J. M.; Stephan, D. W. C-F Bond Activation Mediated by

Phosphorus Compounds. Chem. Eur. J. 2019, 25, 9350−9357.
(68) Das, A.; Chatani, N. The Directing Group: A Tool for Efficient

and Selective C−F Bond Activation. ACS Catal. 2021, 11, 12915−
12930.
(69) Hooker, L. V.; Bandar, J. S. Synthetic Advantages of

Defluorinative C-F Bond Functionalization. Angew. Chem., Int. Ed.
2023, 62, No. e202308880.
(70) Du, Y.; Pearson, R. M.; Lim, C.-H.; Sartor, S. M.; Ryan, M. D.;

Yang, H.; Damrauer, N. H.; Miyake, G. M. Strongly Reducing, Visible-
Light Organic Photoredox Catalysts as Sustainable Alternatives to
Precious Metals. Chem. Eur. J. 2017, 23, 10962−10968.
(71) Treat, N. J.; Sprafke, H.; Kramer, J. W.; Clark, P. G.; Barton, B. E.;

Read de Alaniz, J.; Fors, B. P.; Hawker, C. J. Metal-Free Atom Transfer
Radical Polymerization. J. Am. Chem. Soc. 2014, 136, 16096−16101.
(72) Speckmeier, E.; Fischer, T. G.; Zeitler, K. A Toolbox Approach

To Construct Broadly Applicable Metal-Free Catalysts for Photoredox
Chemistry: Deliberate Tuning of Redox Potentials and Importance of
Halogens in Donor−Acceptor Cyanoarenes. J. Am. Chem. Soc. 2018,
140, 15353−15365.
(73) Luo, J.; Zhang, J. Donor-Acceptor Fluorophores for Visible-Light

Promoted Organic Synthesis: Photoredox/Ni Dual Catalytic C(sp3)-
C(sp2) Cross-Coupling. ACS Catal. 2016, 6, 873−877.
(74) Chen, K.; Berg, N.; Gschwind, R.; König, B. Selective Single

C(sp3)−F Bond Cleavage in Trifluoromethylarenes: Merging Visible-
Light Catalysis with Lewis Acid Activation. J. Am. Chem. Soc. 2017, 139,
18444−18447.
(75) Jaroschik, F. Picking One out of Three: Selective Single C-F

Activation in Trifluoromethyl Groups. Chem. Eur. J. 2018, 24, 14572−
14582.
(76) Yan, G.; Qiu, K.; Guo, M. Recent Advance in the C−F Bond

Functionalization of Trifluoromethyl-containing Compounds. Org.
Chem. Front. 2021, 8, 3915−3942.
(77) Simur, T. T.; Ye, T.; Yu, Y.-J.; Zhang, F.-L.; Wang, Y.-F. C−F

bond functionalizations of trifluoromethyl groups via radical inter-
mediates. Chin. Chem. Lett. 2022, 33, 1193−1198.
(78) Nishimoto, Y.; Sugihara, N.; Yasuda, M. C(sp3)−F Bond

Transformation of Perfluoroalkyl Compounds Mediated by Visible-
Light Photocatalysis: Spin-Center Shifts and Radical/Polar Crossover
Processes via Anionic Intermediates. Synthesis 2022, 54, 2765−2777.
(79) Liu, J.-W.; Li, S.-Y.; Xu, J.; Xu, H.-J. Visible-Light-Induced Recent

Advance in the C−F Bond Functionalization of Trifluoromethyl
Aromatic and Carbonyl Compounds. ChemCatChem. 2024, 16,
No. e202301504.
(80) Shaw, R.; Sihag, N.; Bhartiya, H.; Yadav, M. R. Harnessing

Photocatalytic and Electrochemical Approaches for C−H Bond
Trifluoromethylation and Fluoroalkylation. Org. Chem. Front. 2024,
11, 954−1014.
(81) Wang, F.; Wang, Q.; Wang, L. Visible Light Induced Selective

Cleavage of Single C(sp3)-F Bond in Trifluoromethyl Groups
Containing Compounds. Tetrahedron 2024, 163, No. 134155.

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.4c01158
JACS Au 2025, 5, 466−485

483

https://doi.org/10.1002/ejoc.201501490
https://doi.org/10.1002/ejoc.201501490
https://doi.org/10.1021/acs.accounts.6b00268?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00268?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.7b00148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.7b00148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2017.12.022
https://doi.org/10.1016/j.tetlet.2017.12.022
https://doi.org/10.1002/ajoc.202000196
https://doi.org/10.1002/ajoc.202000196
https://doi.org/10.1039/D2QO00551D
https://doi.org/10.1039/D2QO00551D
https://doi.org/10.1002/adsc.202201268
https://doi.org/10.1002/adsc.202201268
https://doi.org/10.1021/acs.joc.3c02815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.3c02815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ajoc.202100426
https://doi.org/10.1002/ajoc.202100426
https://doi.org/10.1002/ajoc.202100426
https://doi.org/10.1039/D1QO01512E
https://doi.org/10.1039/D1QO01512E
https://doi.org/10.1039/D2OB00795A
https://doi.org/10.1039/D2OB00795A
https://doi.org/10.1039/D2OB00795A
https://doi.org/10.1039/D1CC06446K
https://doi.org/10.1039/D1CC06446K
https://doi.org/10.3390/molecules26227051
https://doi.org/10.3390/molecules26227051
https://doi.org/10.3390/catal13010094
https://doi.org/10.3390/catal13010094
https://doi.org/10.1002/adsc.201801121
https://doi.org/10.1002/adsc.201801121
https://doi.org/10.1002/adsc.202101234
https://doi.org/10.1002/adsc.202101234
https://doi.org/10.1021/ja971094o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja971094o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja971094o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4OB00843J
https://doi.org/10.1039/C4OB00843J
https://doi.org/10.1021/acs.chemrev.6b00057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201702926
https://doi.org/10.1002/chem.201702926
https://doi.org/10.1002/chem.201702926
https://doi.org/10.1002/ejoc.202000720
https://doi.org/10.1002/ejoc.202000720
https://doi.org/10.3762/bjoc.16.103
https://doi.org/10.3762/bjoc.16.103
https://doi.org/10.3762/bjoc.16.103
https://doi.org/10.1021/acscatal.2c05034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c05034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CC05850A
https://doi.org/10.1039/D1CC05850A
https://doi.org/10.1055/a-1608-5633
https://doi.org/10.1055/a-1608-5633
https://doi.org/10.1039/C9CC01047E
https://doi.org/10.1039/C9CC01047E
https://doi.org/10.1039/C9CC01047E
https://doi.org/10.1021/cr800388c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr800388c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500257c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500257c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500257c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201805292
https://doi.org/10.1002/anie.201805292
https://doi.org/10.1002/chem.201900542
https://doi.org/10.1002/chem.201900542
https://doi.org/10.1021/acscatal.1c03896?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c03896?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202308880
https://doi.org/10.1002/anie.202308880
https://doi.org/10.1002/chem.201702926
https://doi.org/10.1002/chem.201702926
https://doi.org/10.1002/chem.201702926
https://doi.org/10.1021/ja510389m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja510389m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b10755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b10755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b10755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201801702
https://doi.org/10.1002/chem.201801702
https://doi.org/10.1039/D1QO00037C
https://doi.org/10.1039/D1QO00037C
https://doi.org/10.1016/j.cclet.2021.08.043
https://doi.org/10.1016/j.cclet.2021.08.043
https://doi.org/10.1016/j.cclet.2021.08.043
https://doi.org/10.1055/a-1755-3476
https://doi.org/10.1055/a-1755-3476
https://doi.org/10.1055/a-1755-3476
https://doi.org/10.1055/a-1755-3476
https://doi.org/10.1002/cctc.202301504
https://doi.org/10.1002/cctc.202301504
https://doi.org/10.1002/cctc.202301504
https://doi.org/10.1039/D3QO01603J
https://doi.org/10.1039/D3QO01603J
https://doi.org/10.1039/D3QO01603J
https://doi.org/10.1016/j.tet.2024.134155
https://doi.org/10.1016/j.tet.2024.134155
https://doi.org/10.1016/j.tet.2024.134155
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c01158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(82) Yan, S.; Liu, S.; Chen, L.; Lan, Y.; Luo, S.; Yu, D.; et al. Visible-
light photoredox-catalyzed selective carboxylation of C(sp3)-F bonds
with CO2. Chem. 2021, 7, 3099−3113.
(83) Wang, J.; Wang, Y.; Liang, Y.; Zhou, L.; Liu, L.; Zhang, Z. Late-

stagemodification of drugs via alkene formal insertion into benzylic C-F
bond. Angew. Chem., Int. Ed. 2023, 62, No. e202215062.
(84) Sharpe, T. R.; Cherkofsky, S. C.; Hewes, W. E.; Smith, D. H.;

Gregory, W. A.; Haber, S. B.; Leadbetter, M. R.; Whitney, J. G.
Preparation and Antiarthritic and Analgesic Activity of 4,5-Diaryl-2-
(substituted thio)-1H-imidazoles and Their Sulfoxides and Sulfones. J.
Med. Chem. 1985, 28, 1188−1194.
(85) Bartmann, E. Liquid Crystalline α,α-difluorobenzyl Phenyl

ethers. Adv. Mater. 1996, 8, 570−573.
(86) Iseki, K.; Oishi, S.; Sasai, H.; Shibasaki, M. Synthesisand

BiologIcal Evaluation of a Fluorinated Analog of the β-adrenergic
blockingagent, Metoprolol. Bioorg. Med. Chem. Lett. 1997, 7, 1273−
1274.
(87) Burkholder, C. R.; Dolbier, W. R.; Medebielle, M. The Syntheses

of Nonnucleoside, HIV-1 Reverse transcriptase inhibitors containing a
CF2 group: The SRN1 reactions of 2-(bromodiuoromethyl)-
benzoxazole with the anions derived from heterocyclic thiols and
phenolic compounds. J. Fluorine Chem. 2000, 102, 369−376.
(88) Kirsch, P.; Bremer, M.; Taugerbeck, A.; Wallmichrath, T.

Difluorooxymethylene-bridged Liquid Crystals: A Novel Synthesis
Based on the Oxidative Alkoxydifluorodesulfuration of Dithianylium
salts. Angew. Chem., Int. Ed. 2001, 40, 1480−1484.
(89) Eto, H.; Kaneko, Y.; Takeda, S.; Tokizawa, M.; Sato, S.; Yoshida,

K.; Namiki, S.; Ogawa, M.; Maebashi, K.; Ishida, K.; Matsumoto, M.;
Asaoka, T. New Antifungal 1,2,4-triazoles with Difluoro(substituted
sulfonyl)methyl Moiety. Chem. Pharm. Bull. 2001, 49, 173−182.
(90) Rodil, A.; Slawin, A. M. Z.; Al-Maharik, N.; Tomita, R.; O’Hagan,

D. Fluorine-containing Substituents: Metabolism of the α, α-
difluoroethyl Thioether Motif. Beilstein J. Org. Chem. 2019, 15,
1441−1447.
(91) Li, Y.; Hu, J. Fluoride ion-mediated Nucleophilic Fluoroalkyla-

tion of Alkyl Halides with Me3SiCF2SPh: Synthesis of PhSCF2- and
CF2H-Containing Compounds. J. Fluorine Chem. 2008, 129, 382−385.
(92) Jiang, H.; Yuan, S.; Cai, Y.; Wan, W.; Zhu, S.; Hao, J. A Facile

Preparation of 2-bromodifluoromethyl Benzo-1,3-diazoles and Its
Application in the Synthesis of gem-difluoromethylene Linked Aryl
Ether Compounds. J. Fluorine Chem. 2012, 133, 167−170.
(93) Orsi, D. L.; Easley, B. J.; Lick, A. M.; Altman, R. A. Base Catalysis

Enables Access to α,α-difluoroalkylthioethers. Org. Lett. 2017, 19,
1570−1573.
(94) Geri, J. B.; Wade Wolfe, M. M.; Szymczak, N. K. The

Difluoromethyl Group as a Masked Nucleophile: A Lewis Acid/base
Approach. J. Am. Chem. Soc. 2018, 140, 9404−9408.
(95) Zubkov, M. O.; Kosobokov, M. D.; Levin, V. V.; Kokorekin, V.

A.; Korlyukov, A. A.; Hu, J.; Dilman, A. D. A Novel Photoredox-active
Group for the Generation of Fluorinated Radicals from Difluorostyr-
enes. Chem. Sci. 2020, 11, 737−741.
(96) Brigham, C. E.; Malapit, C. A.; Lalloo, N.; Sanford, M. S. Nickel-

catalyzed Decarbonylative Synthesis of Fluoroalkyl Thioethers. ACS
Catal. 2020, 10, 8315−8320.
(97) Santos, L.; Panossian, A.; Donnard, M.; Vors, J.-P.; Pazenok, S.;

Bernier, D.; Leroux, F. R. Deprotonative Functionalization of the
Difluoromethyl Group. Org. Lett. 2020, 22, 8741−8745.
(98) Zhang, Y.; Wang, Q.; Peng, Y.; Gong, H.; Chen, H.; Deng, H.;

Hao, J.; Wan, W. Metal-free, Oxidative Decarboxylation of Aryldi-
fluoroacetic Acid with the Formation of the ArS-CF2 bond.Org. Biomol.
Chem. 2021, 19, 7024−7030.
(99) Liu, C.; Zhu, C.; Cai, Y.; Jiang, H. Solvent-switched Oxidation

Selectivities with O2: Controlled Synthesis of α-difluoro(thio)-
methylated Alcohols and Ketones. Angew. Chem., Int. Ed. 2021, 60,
12038−12045.
(100) Tian, Q.; Pei, B.; Wang, C.; Zhang, C.; Li, Y. Selective C-F Bond

Etherification of Trifluoromethylalkenes with Phenols. J. Org. Chem.
2022, 87, 10908−10916.

(101) Xu, J.; Liu, J.-W.; Wang, R.; Yang, J.; Zhao, K.-K.; Xu, H.-J.
Construction of C−X (X = S, O, Se) Bonds Via Lewis Acid-Promoted
Functionalization of Trifluoromethylarenes. ACS Catal. 2023, 13,
7339−7346.
(102) Chen, M.; Cui, Y.; Chen, X.; Shang, R.; Zhang, X. C−F Bond

Activation Enables Synthesis of Aryl Difluoromethyl Bicyclopentanes
as Benzophenone-type Bioisosteres. Nat. Commun. 2024, 15, 419.
(103) Cuadros, S.; Goti, G.; Barison, G.; Raulli, A.; Bortolato, T.;

Pelosi, G.; Costa, P.; Dell’Amico, L. A General Organophotoredox
Strategy to Difluoroalkyl Bicycloalkane (CF2-BCA) Hybrid Bioisos-
teres. Angew. Chem., Int. Ed. 2023, 62, No. e202303585.
(104) Sugihara, N.; Nishimoto, Y.; Osakada, Y.; Fujitsuka, M.; Abe,

M.; Yasuda, M. Sequential C-F Bond Transformation of the
Difluoromethylene Unit in Perfluoroalkyl Groups: A Combination of
Fine-Tuned Phenothiazine Photoredox Catalyst and Lewis Acid.
Angew. Chem. 2024, 136, No. e202401117.
(105) Liu, X.; Sau, A.; Green, A. R.; Popescu, M. V.; Pompetti, N. F.;

Li, Y.; Zhao, Y.; Paton, R. S.; Damrauer, N. H.; Miyake, G. M.
Photocatalytic C−F Bond Activation in Small Molecules and
Polyfluoroalkyl Substances. Nature 2025, 637, 601−607.
(106) Liu, C.; Li, K.; Shang, R. Arenethiolate as a Dual Function

Catalyst for Photocatalytic Defluoroalkylation and Hydrodefluorina-
tion of Trifluoromethyls. ACS Catal. 2022, 12, 4103−4109.
(107) Shreiber, S. T.; Granados, A.; Matsuo, B.; Majhi, J.; Campbell,

M. W.; Patel, S.; Molander, G. A. Visible-light-induced C-F bond
Activation for the Difluoroalkylation of Indoles. Org. Lett. 2022, 24,
8542−8546.
(108)Matsuo, B.; Majhi, J.; Granados, A.; Sharique, M.; Martin, R. T.;

Gutierrez, O.; Molander, G. A. Transition Metal-Free Photo- Chemical
C−F Activation for the Preparation of Difluorinated- Oxindole
Derivatives. Chem. Sci. 2023, 14, 2379−2385.
(109) Wang, H.; Jui, N. T. Catalytic Defluoroalkylation of

Trifluoromethylaromatics with Unactivated Alkenes. J. Am. Chem.
Soc. 2018, 140, 163−166.
(110) Vogt, D. B.; Seath, C. P.; Wang, H.; Jui, N. T. Selective C-F

Functionalization of Unactivated Trifluoromethylarenes. J. Am. Chem.
Soc. 2019, 141, 13203−13211.
(111) Campbell, M.W.; Polites, V. C.; Patel, S.; Lipson, J. E.; Majhi, J.;

Molander, G. A. Photochemical C−F Activation Enables Defluor-
inative Alkylation of Trifluoroacetates and -Acetamides. J. Am. Chem.
Soc. 2021, 143, 19648−19654.
(112) Liu, C.; Shen, N.; Shang, R. Photocatalytic defluoroalkylation

and hydrodefluorination of trifluoromethyls using o-phosphinopheno-
late. Nat. Commun. 2022, 13, 354.
(113) Ye, J.-H.; Bellotti, P.; Heusel, C.; Glorius, F. Photoredox-

Catalyzed Defluorinative Functionalizations of Polyfluorinated Ali-
phatic Amides and Esters. Angew. Chem., Int. Ed. 2022, 61,
No. e202115456.
(114) Kostromitin, V. S.; Sorokin, A. O.; Levin, V. V.; Dilman, A. D.

C−F Activation of Fluorinated Esters Using Photocatalytically
Generated Diaminoalkyl Radical. Org. Lett. 2023, 25, 6598−6602.
(115) Li, S.-Y.; Yang, X.-Y.; Shen, P.-H.; Xu, L.; Xu, J.; Zhang, Q.; Xu,

H.-J. Selective Defluoroalkylation and Hydrodefluorination of Tri-
fluoromethyl Groups Photocatalyzed by Dihydroacridine Derivatives. J.
Org. Chem. 2023, 88, 17284−17296.
(116) Hendy, C. M.; Pratt, C. J.; Jui, N. T.; Blakey, S. B.

Defluoroalkylation of Trifluoromethylarenes with Hydrazones: Rapid
Access to Benzylic Difluoroarylethylamines.Org. Lett. 2023, 25, 1397−
1402.
(117) Sessler, C. D.; Rahm, M.; Becker, S.; Goldberg, J. M.; Wang, F.;

Lippard, S. J. CF 2H, a hydrogen bond donor. J. Am. Chem. Soc. 2017,
139, 9325−9332.
(118) Zafrani, Y.; Yeffet, D.; Sod-Moriah, G.; Berliner, A.; Amir, D.;

Marciano, D.; Gershonov, E.; Saphier, S. Difluoromethyl Bioisostere:
Examining the “Lipophilic Hydrogen Bond Donor” Concept. J. Med.
Chem. 2017, 60, 797−804.
(119) Sap, J. B. I.; Straathof, N. J. W.; Knauber, T.; Meyer, C. F.;

Medebielle, M.; Buglioni, L.; Genicot, C.; Trabanco, A. A.; Noel, T.;
Am Ende, C. W.; Gouverneur, V. Organophotoredox Hydrodefluori-

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.4c01158
JACS Au 2025, 5, 466−485

484

https://doi.org/10.1016/j.chempr.2021.08.004
https://doi.org/10.1016/j.chempr.2021.08.004
https://doi.org/10.1016/j.chempr.2021.08.004
https://doi.org/10.1002/anie.202215062
https://doi.org/10.1002/anie.202215062
https://doi.org/10.1002/anie.202215062
https://doi.org/10.1021/jm00147a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00147a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.19960080707
https://doi.org/10.1002/adma.19960080707
https://doi.org/10.1016/S0960-894X(97)00207-2
https://doi.org/10.1016/S0960-894X(97)00207-2
https://doi.org/10.1016/S0960-894X(97)00207-2
https://doi.org/10.1016/S0022-1139(99)00314-0
https://doi.org/10.1016/S0022-1139(99)00314-0
https://doi.org/10.1016/S0022-1139(99)00314-0
https://doi.org/10.1016/S0022-1139(99)00314-0
https://doi.org/10.1016/S0022-1139(99)00314-0
https://doi.org/10.1002/1521-3773(20010417)40:8<1480::AID-ANIE1480>3.0.CO;2-M
https://doi.org/10.1002/1521-3773(20010417)40:8<1480::AID-ANIE1480>3.0.CO;2-M
https://doi.org/10.1002/1521-3773(20010417)40:8<1480::AID-ANIE1480>3.0.CO;2-M
https://doi.org/10.1248/cpb.49.173
https://doi.org/10.1248/cpb.49.173
https://doi.org/10.3762/bjoc.15.144
https://doi.org/10.3762/bjoc.15.144
https://doi.org/10.1016/j.jfluchem.2008.01.010
https://doi.org/10.1016/j.jfluchem.2008.01.010
https://doi.org/10.1016/j.jfluchem.2008.01.010
https://doi.org/10.1016/j.jfluchem.2011.08.008
https://doi.org/10.1016/j.jfluchem.2011.08.008
https://doi.org/10.1016/j.jfluchem.2011.08.008
https://doi.org/10.1016/j.jfluchem.2011.08.008
https://doi.org/10.1021/acs.orglett.7b00386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b00386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b06093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b06093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b06093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9SC04643G
https://doi.org/10.1039/C9SC04643G
https://doi.org/10.1039/C9SC04643G
https://doi.org/10.1021/acscatal.0c02950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c02950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c03380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c03380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1OB01165K
https://doi.org/10.1039/D1OB01165K
https://doi.org/10.1002/anie.202017271
https://doi.org/10.1002/anie.202017271
https://doi.org/10.1002/anie.202017271
https://doi.org/10.1021/acs.joc.2c01197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c01197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.3c00669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.3c00669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-023-44653-6
https://doi.org/10.1038/s41467-023-44653-6
https://doi.org/10.1038/s41467-023-44653-6
https://doi.org/10.1002/anie.202303585
https://doi.org/10.1002/anie.202303585
https://doi.org/10.1002/anie.202303585
https://doi.org/10.1002/ange.202401117
https://doi.org/10.1002/ange.202401117
https://doi.org/10.1002/ange.202401117
https://doi.org/10.1038/s41586-024-08327-7
https://doi.org/10.1038/s41586-024-08327-7
https://doi.org/10.1021/acscatal.2c00592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c00592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c00592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c03549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c03549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2SC06179A
https://doi.org/10.1039/D2SC06179A
https://doi.org/10.1039/D2SC06179A
https://doi.org/10.1021/jacs.7b12590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b12590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b06004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b06004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c11059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c11059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-022-28007-2
https://doi.org/10.1038/s41467-022-28007-2
https://doi.org/10.1038/s41467-022-28007-2
https://doi.org/10.1002/anie.202115456
https://doi.org/10.1002/anie.202115456
https://doi.org/10.1002/anie.202115456
https://doi.org/10.1021/acs.orglett.3c02570?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c02570?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.3c02135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.3c02135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c00126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c00126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b04457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.6b01691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.6b01691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c03881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c01158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nation of Trifluoromethylarenes with Translational Applicability to
Drug Discovery. J. Am. Chem. Soc. 2020, 142, 9181−9187.
(120) Fan, Y.; Huang, Z.; Lu, Y.; Zhu, S.; Chu, L. Defluorinative

Alkylboration of Alkenes Enabled by Dual Photoredox and Copper
Catalysis. Angew. Chem., Int. Ed. 2024, 63, No. e202315974.
(121) Sathish, K.; Jain, S.; Sihag, N.; Yadav, M. R. gem-Difluoroallene

(DFA): An Emerging Versatile Synthetic Precursor to Enable Diverse
Fluorinated Molecules. Org. Biomol. Chem. 2024, 22, 8078−8096.
(122) Leriche, C.; He, X.; Chang, C. W. T.; Liu, H. W. Reversal of the

Apparent Regiospecificity of NAD(P)H-Dependent Hydride Transfer:
The Properties of the Difluoromethylene Group, A Carbonyl Mimic. J.
Am. Chem. Soc. 2003, 125, 6348−6349.
(123) Xiao, T.; Li, L.; Zhou, L. Synthesis of Functionalized gem-

Difluoroalkenes via a Photocatalytic Decarboxylative/Defluorinative
Reaction. J. Org. Chem. 2016, 81, 7908−7916.
(124) Lang, S. B.; Wiles, R. J.; Kelly, C. B.; Molander, G. A.

Photoredox Generation of Carbon-centered Radicals Enables the
Construction of 1,1-difluoroalkene Carbonyl Mimics. Angew. Chem.,
Int. Ed. 2017, 56, 15073.
(125) Phelan, J. P.; Lang, S. B.; Sim, J.; Berritt, S.; Peat, A. J.; Billings,

K.; Fan, L.; Molander, G. A. Open-Air Alkylation Reactions in
Photoredox-Catalyzed DNA-Encoded Library Synthesis. J. Am. Chem.
Soc. 2019, 141, 3723−3732.
(126) Wiles, R. J.; Phelan, J. P.; Molander, G. A. Metal-free

Defluorinative Arylation of Trifluoromethyl Alkenes via Photoredox
Catalysis. Chem. Commun. 2019, 55, 7599.
(127) Anand, D.; Sun, Z.; Zhou, L. Visible-Light-Mediated β-C−H
gem-Difluoroallylation of Aldehydes and Cyclic Ketones through C−F
Bond Cleavage of 1-Trifluoromethyl Alkenes. Org. Lett. 2020, 22,
2371−2375.
(128) Bellotti, P.; Huang, H.-M.; Faber, T.; Laskar, R.; Glorius, F.

Catalytic Defluorinative Ketyl−olefin Coupling by Halogen-atom
Transfer. Chem. Sci. 2022, 13, 7855−7862.
(129) Yan, S.; Yu, W.; Zhang, J.; Fan, H.; Lu, Z.; Zhang, Z.; Wang, T.

Access to gem-Difluoroalkenes viaOrganic Photoredox-Catalyzed gem-
Difluoroallylation of Alkyl Iodides. J. Org. Chem. 2022, 87, 1574−1584.
(130) Wang, B.; Wang, C.-T.; Li, X.-S.; Liu, X.-Y.; Liang, Y.-M.

Visible-Light-Induced C−F and C−N Bond Cleavage for the Synthesis
of gem-Difluoroalkenes. Org. Lett. 2022, 24, 6566−6570.
(131) Du, F.-M.; Yan, L.-Y.; Fu, M.-C. Metal-Free Photoinduced

Defluorinative Carboxylation of Trifluoromethylalkenes with Formate.
Eur. J. Org. Chem. 2023, 26, No. e202300883.
(132) Zhang, G.; Wang, L.; Cui, L.; Gao, P.; Chen, F. Deaminative

defluoroalkylation of α-trifluoromethylalkenes enabled by photoredox
catalysis. Org. Biomol. Chem. 2023, 21, 294−299.
(133) Yan, L.-Y.; Zhang, T.-Z.; Lv, Z.-Z.; Fu, M.-C. Photoinduced

Defluorinative Alkylation of Trifluoromethyl Alkenes with Carbonyl
Derivatives by C−C bond scission. Org. Chem. Front. 2023, 10, 6205−
6211.
(134) Tian, J.; Zhou, L. Photoredox radical/polar Crossover Enables

C−H gem-difunctionalization of 1,3-Benzodioxoles for the Synthesis of
Monofluorocyclohexenes. Chem. Sci. 2023, 14, 6045−6051.
(135) Zhu, H.; Dang, Q.; Wang, Y.; Niu, D. Polarity-Matched

Initiation of Radical-Polar Crossover Reactions for the Synthesis of C-
Allyl Glycosides with gem-Difluoroalkene Groups. J. Org. Chem. 2024,
89, 10175−10179.
(136) Wei, X.; Zhang, Y.; Lin, R.; Zhu, Q.; Xie, X.; Zhang, Y.; Fang,

W.; Chen, Z. Transition-Metal-Free Late-Stage Decarboxylative gem-
Difluoroallylation of Primary Alkyl Acids. J. Org. Chem. 2024, 89,
15234−15247.
(137) Lei, P.; Chen, B.; Zhang, T.; Chen, Q.; Xuan, L.; Wang, H.; Yan,

Q.; Wang, W.; Zeng, J.; Chen, F. Visible-light-driven Selective
Difluoroalkylation of α-CF3 Alkenes to Access CF2-containing gem-
difluoroalkenes and Trifluoromethylalkanes. Org. Chem. Front. 2024,
11, 458−465.
(138) Zhang, Y.; Mao, J.; Wang, Z.; Tang, L.; Fan, Z. Visible light-

promoted Defluorinative Alkylation/arylation of α-trifluoromethyl
Alkenes with Thianthrenium Salts. Green Chem. 2024, 26, 9371−9377.

(139) Hu, Q.-P.; Cheng, J.; Wang, Y.; Shi, J.; Wang, B.-Q.; Hu, P.;
Zhao, K.-Q.; Pan, F. Remote Regioselective Radical C-H Functional-
ization of Unactivated C-H Bonds in Amides: The Synthesis of gem-
Difluoroalkenes. Org. Lett. 2021, 23, 4457−4462.
(140) Bao, Y.; Tang, M.; Wang, Q.; Cao, Z.-Y.; Wang, Y.; Yuan, Z.

Visible-Light-Induced Monofluoroalkenylation and gem-Difluoroally-
lation of Inactivated C(sp3)-H Bonds via 1,5-Hydrogen Atom Transfer
(HAT). J. Org. Chem. 2023, 88, 3883−3896.
(141) Gao, Q.-S.; Niu, Z.; Chen, Y.; Sun, J.; Han, W.-Y.; Wang, J.-Y.;

Yu, M.; Zhou, M.-D. Photoredox Generation of N-Centered
Hydrazonyl Radicals Enables the Construction of Dihydropyrazole-
Fused gem-Difluoroalkenes. Org. Lett. 2021, 23, 6153−6157.
(142) Yuan, Z.-H.; Xin, H.; Zhang, L.; Gao, P.; Yang, X.; Duan, X.-H.;

Guo, L.-N. Metal-free, Visible-light-driven α-C(sp3)−H gem-difluor-
oallylation of Glycine Derivatives with Trifluoromethyl Alkenes and
1,3-enynes. Green Chem. 2023, 25, 6733−6738.
(143) Lin, R.; Shan, Y.; Li, Y.; Wei, X.; Zhang, Y.; Lin, Y.; Gao, Y.;

Fang, W.; Zhang, J.-J.; Wu, T.; Cai, L.; Chen, Z. Organo-Photoredox
Catalyzed gem-Difluoroallylation of Glycine and Glycine Residue in
Peptides. J. Org. Chem. 2024, 89, 4056−4066.
(144)Wang, X.; Li, Y.; Zhang, J.;Wu, X. Organophotoredox-catalyzed

Ring-opening gem-difluoroallylation of Nonstrained Cycloalkanols.
Mol. Catal. 2022, 533, No. 112788.
(145) Du, D.; Peng, H.; He, L.; Bai, S.; Li, Z.; Teng, H. Synthesis of

Remote Fluoroalkenyl Ketones by Photo-induced Ring-opening
addition of Cyclic Alkoxy Radicals to Fluorinated Alkenes. Org. Biomol.
Chem. 2022, 20, 9313−9318.
(146) Xiang, P.; He, L.; Li, H.; Qi, Z.; Zhang, M.; Fu, Q.; Wei, J.; Du,

X.; Yi, D.;Wei, S. Organo-photoredox CatalyzedDefluoroacetalation of
α-trifluoromethyl Alkenes for Synthesis of Masked γ,γ-difluoroallylic
Aldehydes. Tetrahedron Lett. 2020, 61, 152369−152373.
(147) Wang, Q.; Yue, L.; Bao, Y.; Wang, Y.; Kang, D.; Gao, Y.; Yuan,

Z. Oxalates as Activating Groups for Tertiary Alcohols in Photoredox-
Catalyzed gem-Difluoroallylation to Construct All-Carbon Quaternary
Centers. J. Org. Chem. 2022, 87, 8237−8247.
(148) Yuan, W.-Q.; Liu, Y.-T.; Ni, Y.-Q.; Liu, Y.-Z.; Pan, F. Metal-free

Photocatalytic Intermolecular Trifluoromethylation-gem-difluoroally-
lation of Unactivated Alkenes. Org. Chem. Front. 2022, 9, 4867−4874.
(149) Wang, K.; Cheng, B.; König, B.; Zhang, D.; Xu, B.; Wang, S.;

Zhang, G. Photocatalyzed 1,3-Bromodifluoroallylation of [1.1.1]-
Propellane with α-Trifluoromethylalkenes and KBr Salts. Org. Lett.
2024, 26, 6889−6893.
(150) Xu, W. G.; Jiang, H. M.; Leng, J.; Ong, H. W.; Wu, J. Visible-

Light-Induced Selective Defluoroborylation of Polyfluoroarenes, gem-
Difluoroalkenes, and Trifluoromethylalkenes. Angew. Chem., Int. Ed.
2020, 59, 4009−4016.
(151) Xu, W.; Xia, C.; Shao, Q.; Zhang, Q.; Liu, M.; Zhang, H.; Wu,

M. Visible-Light-Induced Transition-Metal-Free Defluorosilylation of
α-Trifluoromethylalkenes viaHydrogen Atom Transfer of Silanes. Org.
Chem. Front. 2022, 9, 4949−4954.
(152) Luo, C.; Zhou, Y.; Chen, H.; Wang, T.; Zhang, Z.-B.; Han, P.;

Jing, L.-H. PhotoredoxMetal-Free Allylic Defluorinative Silylation of α-
Trifluoromethylstyrenes with Hydrosilanes.Org. Lett. 2022, 24, 4286−
4291.
(153) Zeng, W.; Li, W.; Chen, H.; Zhou, L. Relay Photocatalytic

Reaction of N-Aryl Amino Acids and 2-Bromo-3,3,3-trifluoropropene:
Synthesis of 4-(Difluoromethylidene)-tetrahydroquinolines. Org. Lett.
2022, 24, 3265−3269.
(154) Zeng, W.; Li, L.; Wang, C.; Wang, D.; Zhou, L. Synthesis of 3-

Amino-1-(difluoromethylidene)tetralins via Relay Photocatalytic
Cascade Reactions of Arylalanines and 2-Bromo- 3,3,3-trifluoropro-
pene. Adv. Synth. Catal. 2022, 364, 3310−3315.

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.4c01158
JACS Au 2025, 5, 466−485

485

https://doi.org/10.1021/jacs.0c03881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c03881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202315974
https://doi.org/10.1002/anie.202315974
https://doi.org/10.1002/anie.202315974
https://doi.org/10.1039/D4OB01253D
https://doi.org/10.1039/D4OB01253D
https://doi.org/10.1039/D4OB01253D
https://doi.org/10.1021/ja021487+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja021487+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja021487+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b01620?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b01620?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b01620?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201709487
https://doi.org/10.1002/anie.201709487
https://doi.org/10.1021/jacs.9b00669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b00669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CC04265B
https://doi.org/10.1039/C9CC04265B
https://doi.org/10.1039/C9CC04265B
https://doi.org/10.1021/acs.orglett.0c00568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c00568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c00568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2SC02732A
https://doi.org/10.1039/D2SC02732A
https://doi.org/10.1021/acs.joc.1c02659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c02659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c02528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c02528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.202300883
https://doi.org/10.1002/ejoc.202300883
https://doi.org/10.1039/D2OB02114E
https://doi.org/10.1039/D2OB02114E
https://doi.org/10.1039/D2OB02114E
https://doi.org/10.1039/D3QO01490H
https://doi.org/10.1039/D3QO01490H
https://doi.org/10.1039/D3QO01490H
https://doi.org/10.1039/D3SC00912B
https://doi.org/10.1039/D3SC00912B
https://doi.org/10.1039/D3SC00912B
https://doi.org/10.1021/acs.joc.4c01046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.4c01046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.4c01046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.4c02046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.4c02046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3QO01551C
https://doi.org/10.1039/D3QO01551C
https://doi.org/10.1039/D3QO01551C
https://doi.org/10.1039/D4GC02901A
https://doi.org/10.1039/D4GC02901A
https://doi.org/10.1039/D4GC02901A
https://doi.org/10.1021/acs.orglett.1c01385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c01385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c01385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.3c00144?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.3c00144?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.3c00144?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c02275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c02275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c02275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3GC01750H
https://doi.org/10.1039/D3GC01750H
https://doi.org/10.1039/D3GC01750H
https://doi.org/10.1021/acs.joc.3c02923?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.3c02923?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.3c02923?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.mcat.2022.112788
https://doi.org/10.1016/j.mcat.2022.112788
https://doi.org/10.1039/D2OB01533A
https://doi.org/10.1039/D2OB01533A
https://doi.org/10.1039/D2OB01533A
https://doi.org/10.1016/j.tetlet.2020.152369
https://doi.org/10.1016/j.tetlet.2020.152369
https://doi.org/10.1016/j.tetlet.2020.152369
https://doi.org/10.1021/acs.joc.2c00664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c00664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c00664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2QO00764A
https://doi.org/10.1039/D2QO00764A
https://doi.org/10.1039/D2QO00764A
https://doi.org/10.1021/acs.orglett.4c02476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.4c02476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201911819
https://doi.org/10.1002/anie.201911819
https://doi.org/10.1002/anie.201911819
https://doi.org/10.1039/D2QO00894G
https://doi.org/10.1039/D2QO00894G
https://doi.org/10.1021/acs.orglett.2c01690?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c01690?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c01117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c01117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c01117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adsc.202200612
https://doi.org/10.1002/adsc.202200612
https://doi.org/10.1002/adsc.202200612
https://doi.org/10.1002/adsc.202200612
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c01158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

