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Trifluoromethylated aliphatic amines, particularly those with structurally complex architectures, have
emerged as valuable motifs in drug discovery due to their unique capacity to enhance metabolic stability,
membrane permeability, and affinity for biological targets. However, the selective and efficient synthesis of
these compounds remains a significant challenge, limiting their broader incorporation into pharmaceutical
agents. Recent advances in light-driven organic synthesis, employing mild and sustainable visible-light-
mediated conditions, have enabled modular and practical strategies for constructing these privileged
structures from simple, readily available starting materials. A variety of photoinduced reactions,
photocatalytic methods, and metallaphotoredox-catalyzed transformations have been developed, facilitating

Received 10th June 2025, the direct installation of trifluoromethyl (CFs) groups and CFz-containing synthons onto diverse aliphatic

Accepted 11th August 2025 frameworks and amine precursors. This review presents a comprehensive overview of recent progress in the
DOI: 10.1039/d5¢cc03280f photoinduced synthesis of trifluoromethylated aliphatic amines and their derivatives, emphasizing key

methodological innovations, representative pharmaceutical targets, and mechanistic insights, with the goal
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1. Introduction

In drug discovery, the strategic incorporation of heteroatoms
profoundly alters the electronic, steric, and structural proper-
ties of molecules, enhancing their biological efficacy and
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of guiding future efforts in the design and synthesis of fluorine-rich bioactive molecules.

potential for therapeutic application. Among various heteroa-
toms, fluorine and fluoroalkyl groups have gained prominence
due to their capacity to improve pharmacokinetic properties
such as metabolic stability, membrane permeability, and
target-binding affinity, significantly influencing ADMET
(absorption, distribution, metabolism, excretion, and toxicity)
profiles.” Particularly, the introduction of trifluoromethyl (CF3)
groups into bioactive small molecules has proven to be a robust
strategy for constructing hit compounds, clinical candidates,
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and marketed pharmaceuticals.>* Indeed, CF;-substituted are-
nes and heterocycles are common structural motifs in many
commercially important drugs (Scheme 1A(i)), as exemplified
by sitagliptin (antidiabetic), apalutamide (anticancer), and
celecoxib (neurology). Remarkably, within the top 200 best-
selling pharmaceuticals in 2024, fourteen drugs contain C(sp®)-
CF; bonds.*

In contrast, CF; groups directly attached to aliphatic carbons
(C(sp®)-CF;) are far less common in pharmaceutical compounds,
with only a few examples such as the 2,2,2-trifluoroethyl fragment
(three instances, Scheme 1A(ii)) and o-CF;-substituted quaternary
centers (three instances, Scheme 1A(iii)), despite their steadily
increasing prevalence in recent years.*”® More structurally intri-
cate trifluoromethylated aliphatic (trifluoroalkyl) motifs—particu-
larly those featuring remote CF; groups embedded within
saturated, three-dimensional aliphatic frameworks—remain
significantly underdeveloped (Scheme 1A(iv)). This scarcity arises
predominantly from synthetic challenges associated with selec-
tively constructing these complex trifluoroalkyl frameworks,
which typically require multiple synthetic steps,
reagents, and harsh reaction conditions.” However, molecules
bearing such sophisticated trifluoroalkyl scaffolds present sub-
stantial opportunities for modulating physicochemical properties
through multiple mechanisms, including the distinct contribu-
tions of the CF; group,”® and those arising from enhanced
fraction of sp*>-hybridized carbons,® methyl effects,” and quatern-
ary centers'® introduced by complex aliphatic architectures. Col-
lectively, these features may significantly accelerate the discovery
and optimization of bioactive compounds.

On the other hand, amines and their derivatives constitute
indispensable structural components in drug design, as nearly all
best-selling pharmaceuticals contain at least one amine group
(C(sp*)-N and C(sp®)-N).*® Structurally complex trifluoroalkyl
amines, specifically, appear in several notable drugs such as
efavirenz, alpelisib, mapracorat, masilukast, and enpatoran,
underscoring their potential value in medicinal chemistry™*
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(Scheme 1B). The electron-withdrawing nature of fluoroalkyl
groups lowers both the basicity and reducing power of amines,
thereby enhancing the site selectivity and oxidative stability of the
resulting drug molecules.”'* Nevertheless, the medicinal applica-
tion of trifluoroalkyl-substituted amines significantly lags behind
that of their CF5-substituted aromatic or heteroaromatic counter-
parts. The primary factor hindering their broader adoption is the
difficulty associated with synthesizing complex trifluoroalkyl pre-
cursors, which often entails lengthy, inefficient synthetic routes
with limited structural diversity, thereby impeding the stream-
lined construction of structurally intricate trifluoroalkyl amines
and derivatives 1A (Scheme 1C).

Addressing these synthetic bottlenecks, light-driven synthesis
has emerged in recent years as a versatile and powerful approach
for assembling complex molecules from simple substrates under
mild, environmentally benign conditions.”>'* Photocatalytic
methods harness visible-light energy to enable single-electron
transfer (SET)"® and energy-transfer (EnT)"* processes, generating
reactive radical intermediates capable of forging otherwise chal-
lenging chemical bonds. Photoinduced strategies (operating
without photocatalysts or metal catalysts), photocatalysis (employ-
ing a single photoexcited metal complex or photocatalyst), and
metallaphotoredox catalysis (combining transition metal
catalysis with photocatalysis) have opened new avenues for the
direct installation of CF; and other trifluoroalkyl groups onto
aliphatic frameworks (Scheme 1D). These methods typically
employ readily accessible starting materials, including trifluoro-
methylating reagents, simple amines, alkyl precursors, nitroar-
enes, and unsaturated substrates, enabling direct construction of
C(sp®)-CF;, C(sp®)-N, and C(sp®)-C(sp®) bonds. Consequently,
these modular photocatalytic strategies'® have greatly expanded
synthetic accessibility to structurally complex trifluoromethylated
amines and their derivatives, including cyclic amines, CF;-
substituted imines, amino acids, and medicinally relevant
heterocycles.

In this review, we highlight recent advances in light-
driven strategies for the synthesis of trifluoromethylated
aliphatic amines and their derivatives, organized according
to key mechanistic pathways, including alkene difunc-
tionalization, metallaphotoredox radical cascades, inert bond
functionalization, as well as photocatalyst-free and stereo-
selective approaches. We highlight key methodological innova-
tions, structural motifs of pharmaceutical relevance, and
mechanistic insights. Our goal is to provide a clear and
concise foundation for understanding current advances
and to inspire future directions in the design of trifluoroalkyl
amines and the development of fluorine-rich amine-containing
pharmaceuticals.

2. Photocatalytic alkene
difunctionalization

The simultaneous incorporation of trifluoromethyl and
nitrogen-based functionalities across alkenes represents a

powerful strategy for constructing complex trifluoromethylated
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(A) Distribution of CF; scaffolds in top 200-selling small molecules in 2024
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Scheme 1 The significance, synthetic challenges, and recent developments in trifluoroalkyl amines and their derivatives. (A) Distribution of C(sp?)—~CFs
and C(sp®)—CFj5 scaffolds in pharmaceuticals. (B) Representative amine-based drugs bearing complex CFs-substituted aliphatic skeletons. (C) Conven-
tional synthetic approaches to CFsz-substituted aliphatic amines and their derivatives. (D) Modern synthetic methodologies for complex CFz-substituted

aliphatic amines and derivatives (this review).

amines from simple olefins. Photoinduced difunctionalization
offers modular and regioselective access to these valuable
motifs under mild conditions, typically through radical-polar
crossover or radical-radical coupling pathways. This section
highlights recent advances in photocatalytic simultaneous con-
struction of C-CF3, C-N, C-C, and C-heteroatom bonds within
the unsaturated compounds to offer complex trifluoroalkyl
amines and derivatives.

2.1 Simultaneous C-CF; and C-N bond formation

2.1.1 Photocatalytic amino-trifluoromethylation of alkenes
using nitriles as nitrogen sources. The 1,2-addition of both
CF;'° and amino groups'” to alkenes is probably the straight-
forward and most effective strategy to access complex
B-trifluoromethylated alkylamines. The electrophilic trifluoro-
methylating reagents and nucleophilic nitrogen-based com-
pounds can serve as reactive substrates to enable selective
functionalization of alkenes to access these compounds.
Koike, Akita, and co-workers reported a photoredox-catalyzed
intermolecular amino-trifluoromethylation of alkenes 2A using

14004 | Chem. Commun., 2025, 61, 14002-14021

the commercially available Umemoto reagent 2B and nitriles
(RCN) as nitrogen sources'® (Scheme 2A). Upon irradiation of
styrenes and the Umemoto reagent in a nitrile/water mix-
ture—serving as both solvent and reactants—in the presence
of [Ru(bpy);](PFs), as the photocatalyst, efficient p-
trifluoromethylation and concurrent Ritter-type amination
were achieved. Acyclic terminal and internal alkenes, cyclic
styrenes, as well as acetonitrile and higher homologous nitriles
such as propionitrile, are well tolerated, affording a broad
range of structurally complex 2-aryl-3,3,3-trifluoroacetamide
derivatives 2C with high selectivity (Scheme 2B). The scope of
this transformation is restricted to styrene-based substrates for
the efficient synthesis of trifluoromethylated amines. Mecha-
nistic investigations suggest that the photoexcited Ru catalyst
reduces the Umemoto reagent to generate a CF; radical, which
adds to the alkene to form a trifluoroalkyl radical 2D
(Scheme 2C). Subsequent oxidation by the photocatalyst pro-
duces a carbocation intermediate 2E, which undergoes a Ritter-
type reaction with nitrile and water to furnish the aryl trifluoro-
acetamide products.

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 Photocatalytic amino-trifluoromethylation of alkenes using
nitriles as nitrogen sources. (A) General reaction conditions. (B) Represen-
tative substrate scope. (C) Proposed mechanism.

2.1.2 Photocatalytic azido- and amino-trifluoromethyl-
ation of alkenes using nitrogen nucleophiles. The use of trans-
formable nitrogen-based nucleophiles and structurally diverse
alkenes in 1,2-difunctionalization reactions offers an effective
strategy for increasing the complexity and molecular diversity
of B-trifluoromethylated alkylamine derivatives. Magnier, Masson,
and co-workers developed a photoredox-catalyzed, three-
component azido- and amino-trifluoromethylation of alkenes
3A, utilizing Umemoto reagent 3B as the CF; source, electron-
deficient nitrogen-based substrates as nucleophiles, and catalytic
Ru(bpy)s(PFs), under blue LED irradiation, affording the trifluor-
oalkyl amines and derivatives 3C'® (Scheme 3A). This reaction
protocol accommodates a broad range of nucleophiles, including
azidotrimethylsilane (TMSN3), sulfonamides, hydrazines, carba-
mates, and amides, and is applicable to both styrenes and 1,1- or
1,2-disubstituted alkenes (Scheme 3B). In contrast, the reaction
shows limited efficiency with wunactivated monosubstituted
alkenes, giving low yields, and fails when alkylamines or electron-
rich anilines are employed as nitrogen nucleophiles, likely due to
competing side reactions or substrate decomposition.

Mechanistic studies support a radical/cationic sequence:
photoexcited Ru(bpy),>™* initiates SET reduction of Umemoto
reagent to generate a CF;* radical, which adds regioselectively
to the alkene to form a trifluoroalkyl radical 3D (Scheme 3C).
Subsequent oxidation by Ru(bpy);*>* affords a B-CF; carbocation
3E, which undergoes nucleophilic trapping by TMSN; or RNH,,
completing the difunctionalization and regenerating the Ru(u)
photocatalyst. This protocol represents a rare example of suc-
cessful amino-trifluoromethylation involving direct use of
diverse amine classes, thus providing access to structurally
complex CF;-substituted building blocks under operationally
simple and scalable conditions.

2.1.3 Photocatalytic azo-trifluoromethylation of alkenes
with aryldiazonium salts. Chen, Xiao, and co-workers disclosed
a visible-light-driven, photocatalytic azo-trifluoromethylation of
alkenes 4A employing sodium triflinate (Langlois reagent, 4C)
and aryldiazonium salts 4B as the CF; and nitrogen sources,
respectively (Scheme 4A). Using Ru(bpy);Cl,-6H,0 as the photo-
redox catalyst and blue LED irradiation, a broad array of mono-

This journal is © The Royal Society of Chemistry 2025
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Scheme 3 Photocatalytic azido- and amino-trifluoromethylation of
alkenes using nitrogen nucleophiles. (A) General reaction conditions. (B)
Representative substrate scope. (C) Proposed mechanism.

and disubstituted alkenes underwent efficient difunctionaliza-
tion to afford structurally diverse trifluoromethylated azo com-
pounds 4D*° (Scheme 4B). Notably, prolonged reaction time
resulted in reduced yields due to partial decomposition and (E)-
to-(Z) isomerization of the products. Mechanistic studies sug-
gest a photocatalytic cycle wherein the photoexcited Ru(u)
complex oxidizes the Langlois reagent to a CF; radical, which
is intercepted by alkene to give a trifluoroalkyl radical 4E
(Scheme 4C). Further interaction with the diazonium ion
furnishes an azo radical cation intermediate 4F. This species
is subsequently reduced by the reduced form of Ru photocata-
lyst to deliver the CFj-based azo product 4D. Notably, the
resulting product 4G serve as versatile intermediate for the
synthesis N-Boc-protected trifluoroalkyl amine derivatives 4H
via reduction, highlighting the synthetic utility of this mild and
practical transformation (Scheme 4D).

2.1.4 Photocatalytic amino-trifluoromethylation of styrenes
with phenylhydrazines. Although C-N bond formation with CF;
incorporation remains synthetically valuable, the development
of efficient intermolecular amino-trifluoromethylation using
new nitrogen sources remains challenging. Zheng, Gao, and
co-workers reported a visible-light-photoredox-catalyzed three-
component amino-trifluoromethylation reaction using phenyl-
hydrazines 5B as nitrogen nucleophiles and Togni reagent 5C as
the electrophilic CF; radical source*" (Scheme 5A). This reaction
enables efficient access to B-trifluoromethylated amines 5D via
simultaneous C-CF; and C-N bond formation of styrenes 5A
under mild conditions. Using rose Bengal (RB) as the photo-
catalyst and K,HPO, as the base, a broad range of substituted
styrenes and aryl hydrazines were smoothly transformed into
amino-trifluoromethylated products, demonstrating good toler-
ance toward both electron-donating and electron-withdrawing
substituents (Scheme 5B, top). The use of fluoroalkyl iodides in

Chem. Commun., 2025, 61,14002-14021 | 14005
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Scheme 4 Photocatalytic azo-trifluoromethylation of alkenes with
aryldiazonium salts. (A) General reaction conditions. (B) Representative
substrate scope. (C) Proposed mechanism. (D) Synthetic utility and
applications.

conjunction with a Ru photocatalyst enables the amino-
fluoroalkylation reaction, yielding homologous fluoroalkylamine
products (Scheme 5B, bottom). In contrast, while the reaction
with alkyl-substituted alkenes gave only trace amounts of pro-
duct, the use of anilines instead of phenylhydrazines failed to
afford the desired compounds altogether.

Mechanistic studies support a radical pathway involving the
photocatalytic single-electron oxidation of phenylhydrazines 5B
to aryl hydrazinyl radical 5E, followed by aerobic oxygenation,
rearrangement, and N-N bond cleavage to generate nitrogen-
centered N-aryl aminyl radical 5F (Scheme 5C). Concurrently,
the Togni reagent 5C undergoes photoredox activation to form
a CF; radical, which adds to the styrene to yield a benzylic
radical intermediate 5G. The resulting radical-radical coupling
between the aminyl 5F and benzylic radical 5G furnishes the
trifluoroalkylamine product 5D. Alternatively, a stepwise path-
way involving oxidation of the benzylic radical to a carbocation
5H, followed by nucleophilic attack by the hydrazine and
subsequent N-N bond cleavage, may also operate to afford
5D. This transformation represents a rare example of inter-
molecular amino-trifluoromethylation utilizing aryl hydrazines
as nitrogen sources.

2.1.5 Photocatalytic trifluoromethyl-imination of alkenes
with bifunctional sulfonamide reagent. Energy transfer (EnT)-
mediated N-heteroatom bond cleavage has emerged as an efficient
photoinduced strategy for amino-functionalization of alkenes,
facilitating the construction of complex amino compounds.™*
Xiang, Yang, and co-workers developed a light-promoted protocol
employing a rationally designed bifunctional sulfonamide reagent,
N-(diphenylmethylene)-1,1,1-trifluoromethanesulfonamide ~ 6D**
(Scheme 6A). This reagent serves as a photolabile precursor cap-
able of delivering both CF; and iminyl radicals upon EnT-induced
N-S bond cleavage, enabling conventional 1,2-addition, or

14006 | Chem. Commun., 2025, 61, 14002-14021
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Scheme 5 Photocatalytic amino-trifluoromethylation of styrenes with
phenylhydrazines. (A) General reaction conditions. (B) Representative
substrate scope. (C) Proposed mechanism.

1,n-trifluoromethyl-imination (n = 4-7) of structurally diverse
alkenes (6A-6C) through hydrogen atom transfer (HAT) or CN-
migration pathways, to afford 1,2-addition products 6E and the
corresponding rearranged products (Scheme 6B). Under blue light
irradiation with benzophenone (BP) as the photosensitizer, a broad
range of non-activated acyclic and cyclic alkenes undergo efficient
trifluoromethyl-imination, affording B-CF; imines in moderate to
good yields with excellent regioselectivity. Although such remote
CF;-imination reaction enables diverse 1,n-radical translocation
transformations, efficient migration appears to require carefully
preorganized substrates bearing bulky substituents such as esters
and aryl groups along the aliphatic chain. This structural prere-
quisite may limit the generality of the remote functionalization
strategy to substrates with appropriate conformational bias or
radical-stabilizing groups.

The transformation proceeds via EnT from the excited-state
photosensitizer to the sulfonamide 6D to form the photoexcited
species 6D*, inducing homolytic N-S bond cleavage and sub-
sequent SO, extrusion to generate a CF; radical and a persistent
diphenyliminyl radical (Scheme 6C). The CF; radical adds to
the terminal carbon of the alkene 6A, forming a trifluoroalkyl
radical intermediate 6G. This intermediate is intercepted by
the diphenyliminyl radical to yield the f-CF; imine product 6E.
The addition of KOH facilitates the conversion of SO, into
sulfite ions (SO;>7), thereby suppressing its coupling with alkyl

This journal is © The Royal Society of Chemistry 2025
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radicals and minimizing the formation of undesired side
products.

Notably, the methodology also accommodates 1,1-trifluo-
romethyl-imination of alkyne 6F, offering access to CF;-
decorated cyclopentyl imines (Scheme 6B, bottom right).
Furthermore, the hydrolysis of trifluoroalkyl imine product
6H offers trifluoroalkyl amine 6I (Scheme 6D). This strategy
provides a modular approach for vicinal and remote C-C and
C-N bond construction using a single bifunctional reagent,
expanding the toolkit for photochemical olefin difunctionaliza-
tion and enabling access to trifluorinated imine architectures
under mild, sustainable conditions.

2.2 Simultaneous C-CF; and C-C bond formation

2.2.1 Photocatalytic carbo-trifluoromethylation of alkenes
with glycine derivatives. Fluorinated amino acids have attracted
considerable interest in drug discovery; however, their efficient
and streamlined synthesis remains a significant challenge.
Zhou and reported a photocatalytic three-
component radical cascade alkyl-trifluoromethylation reaction
of glycine derivatives 7B, trifluoromethyl thianthrenium salts
7C, and alkenes 7A under redox-neutral conditions®?

co-workers

This journal is © The Royal Society of Chemistry 2025
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(Scheme 7A). This method enables the direct construction of
trifluoromethylated, noncanonical a-amino acid derivatives 7D
via concurrent C(sp®)-CF; and C(sp*)-C bond formation under
mild conditions. Using Eosin Y (EY) as the organic photocata-
lyst and blue LED irradiation, a diverse range of glycine esters
and amides, including those derived from natural products,
pharmaceuticals, and short peptides, are successfully trans-
formed into CF;-based glycine derivatives with broad substrate
scope and excellent functional group tolerance (Scheme 7B).
While 1,1-diaryl alkenes undergo efficient carbo-trifluoro-
methylation under the reported conditions, alkyl-substituted
alkenes generally afford lower product yields. Trifluoroalkyl-
substituted glycine product 7E undergoes sequential N-
dearylation to afford glycine ester 7F followed by hydrolysis to
give unprotected glycine derivative 7G, highlighting the synthetic
utility of the fluorinated non-canonical amino acids (Scheme 7C).

Mechanistically, Eosin Y is photoexcited under visible-light
irradiation to its singlet excited state EY*, which promotes
single-electron reduction of the trifluoromethyl thianthrenium

s
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strate scope. (C) Synthetic utility and applications. (D) Proposed
mechanism.
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salt 7C to generate the electrophilic CF; radical (Scheme 7D).
Concurrently, the glycine derivative 7B undergoes single-
electron oxidation by the resulting EY'™ species to afford an
a-amino radical cation 7H, which upon deprotonation forms
the corresponding glycine-derived carbon-centered radical 7I.
The CF; radical adds to the diaryl alkene 74, yielding a stabilized
tertiary trifluoroalkyl radical intermediate 7J, which subse-
quently undergoes cross-coupling with the glycine-derived radi-
cal to furnish the trifluoromethylated glycine product 7D.
Notably, control experiments reveal that moderate product for-
mation can still occur in the absence of photocatalyst, likely
proceeding through a photoactive electron donor-acceptor
(EDA) complex 7K formed between the glycine derivative and
the CF;-thianthrenium salt. Upon direct photoexcitation, this
EDA complex facilitates simultaneous generation of both CF;
and glycine-based radicals, which then engage the alkene sub-
strate to deliver the desired product 7D. This transformation
represents a rare example of a photoredox-neutral alkyl-trifluor-
omethylation strategy, broadening the scope of late-stage
peptide diversification and offering a streamlined approach to
fluorinated a-amino acid derivatives.

2.2.2 Photocatalytic carbo-trifluoromethylation for the
construction of trifluoromethylated amino-based heterocycles.
Fluorinated azaheterocycles are privileged structural motifs in
the synthesis of bioactive molecules and hold significant rele-
vance in drug discovery. In this context, trifluoromethylated
tetrahydropyridazines represent valuable amine-based scaffolds
in medicinal chemistry; however, their direct and regioselective
synthesis remains a formidable challenge. Hu and co-workers
reported a visible-light-promoted radical cascade trifluoromethy-
lation/cyclization of N-isopentenyl aldehyde hydrazones 8A using
industrially available CF;Br (8B) as the trifluoromethyl radical
source under mild, redox-neutral conditions>* (Scheme 8A). This
strategy enables regioselective 6-endo-trig cyclization, affording a
diverse range of CF;-functionalized, cyclic amine-based tetrahy-
dropyridazine derivatives 8C. The reaction proceeds under blue
light irradiation, catalyzed by fac-Ir(ppy)s and facilitated by 2,6-
lutidine as base, exhibiting excellent tolerance toward N-carbo-
and sulfonyl substituted hydrazones as well as those bearing aryl,
difluoromethyl, or trifluoromethyl groups along the backbone
(Scheme 8B, top). In contrast, reactions involving heteroaryl-
substituted aldehyde hydrazone substrates (e.g., 1-pyridyl, furanyl)
resulted in low yields or divergent reactivity. The methodology
also accommodates N-homoallyl and N-allyl aldehyde hydrazones,
affording 2,2,2-trifluoroethylated tetrahydropyridazine 8D and
dihydropyrazole 8E, respectively (Scheme 8B, bottom).

Mechanistically, photoexcitation of Ir(ppy); under blue light
generates the excited-state Ir(ppy)s*, which engages in SET to
reduce CF;Br, generating a CF; radical. This electrophilic
species adds to the terminal alkene of the N-isopentenyl
aldehyde hydrazone 8A, forming a trifluoroalkylated, stabilized
tertiary carbon-centered radical 8F intermediate, which subse-
quently undergoes an intramolecular 6-endo-trig cyclization to
afford a nitrogen-centered radical azaheterocycle 8G. Subse-
quent oxidation by the resulting Ir(iv) species generates the
cationic intermediate 8H, which undergoes deprotonation by
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Scheme 8 Photocatalytic carbo-trlfluoromethylatlon for the construc-
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reaction conditions. (B) Representative substrate scope. (C) Proposed
mechanism.

2,6-lutidine to yield the trifluoromethylated tetrahydropyrida-
zine product 8C. DFT calculations support the kinetic prefer-
ence for this 6-endo-trig pathway over competing 5-endo-trig
or C—N-targeted cyclizations. This transformation offers a
streamlined strategy for the direct incorporation of trifluoro-
methyl groups into N-heterocyclic frameworks via visible-light
photocatalysis, expanding synthetic access to medicinally rele-
vant tetrahydropyridazine architectures under operationally
simple conditions.

2.3 Simultaneous C-CF; and C-heteroatom bond formation

The groups of Magnier and Masson reported an alternative
three-component strategy for the synthesis of complex and
functionalized p-trifluoromethylated amine derivatives 9C,
employing N-alkenyl carbamates 9A, Togni reagent 9B, and a
variety of nucleophiles*® (Scheme 9A). In the presence of
methanol, o-oxy-B-trifluoromethylated aminals are formed,
while the use of cyanide or azide delivers o-cyano-p-CF; and
a-azido-B-CF; carbamates, respectively (Scheme 9B). In the
oxytrifluoromethylation reaction, a side reaction leading to an
iodo-trifluoromethylated byproduct (<10%) is observed, likely
due to in situ iodine generation from Togni reagent.

The reaction proceeds via a likely radical/cationic pathway
(Scheme 9C). Photoexcitation of the Ru photocatalyst facilitates
single-electron reduction of the Togni reagent to generate a CF;

This journal is © The Royal Society of Chemistry 2025
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Scheme 9 Photocatalytic oxy-, cyano-, and azido-trifluoromethylation
of N-alkenyl carbamates. (A) General reaction conditions. (B) Representa-
tive substrate scope. (C) Proposed mechanism.

radical, which adds regioselectively to the N-alkenyl carbamate
to form an a-amidoalkyl radical 9D. Subsequent oxidation by
Ru(m) affords an N-acyliminium ion 9E, which is then inter-
cepted by O-, C-, or N-based nucleophiles to furnish the
corresponding difunctionalized products 9C. This protocol
thus offers a versatile and operationally simple platform for
the synthesis of B-trifluoromethylated amine derivatives with
broad functional diversity. This protocol represents one of the
earliest examples of intermolecular carbotrifluoromethylation
of N-alkenyl carbamates and offers modular access to structu-
rally diverse CF;-functionalized amines under mild conditions.

2.4 Simultaneous C-N and C-C bond formation

Aiming to develop an operationally simple and economical
route to trifluorinated amines, Zhang and co-workers reported
a visible-light-induced, copper-catalyzed three-component car-
boamination of alkenes 10A with amines 10B and 1,1,1-
trifluoro-2-iodoethane (10C)*® (Scheme 10A). This method uti-
lizes inexpensive CuCl as both photocatalyst and cross-coupling
catalyst, as well as racemic BINOL as ligand, enabling the
regioselective introduction of trifluoroethyl and amino groups
across styrenes under mild, base-promoted conditions to create
trifluoroalkyl amines 10D. Broad amine compatibility was
demonstrated, including primary and secondary anilines, cyclic
amines, and indolines, with high functional group tolerance
(Scheme 10B). While the amino-trifluoroethylation reaction
proceeds efficiently with styrenes, the use of unactivated ali-
phatic alkenes results in significantly reduced reactivity and
low product yields.

Mechanistic investigations suggest that in situ formed
Cu'(BINOL) serve as the photoactive species, which upon visible
light excitation reduce 1,1,1-trifluoro-2-iodoethane (10C) to
generate trifluoroethyl radical (Scheme 10C). This radical adds
to the alkene, and the resulting carbon-centered radical 10F is
intercepted by a Cu(u)-bound amine species 10E—formed via
ligand exchange between the resulting Cu™(BINOL) complex
and the amine—to forge the C-N bond through either reductive
elimination or radical recombination, affording the trifluoro-
alkyl amine 10D. This transformation represents a rare example

This journal is © The Royal Society of Chemistry 2025
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alkenes. (A) General reaction conditions. (B) Representative substrate
scope. (C) Proposed mechanism.

of copper-catalyzed, photoinduced intermolecular amino-
fluoroalkylation, enabling the efficient construction of structu-
rally complex y-trifluoromethylated alkylamines.

3. Radical cross-couplings via
metallaphotoredox catalysis

Metallaphotoredox catalysis has enabled a new class of conver-
gent multicomponent reactions that merge electrophilic and
nucleophilic radical species to construct C(sp’)-CF; and
C(sp®)-N bonds in a programmable fashion. These transforma-
tions combine the unique reactivity of photocatalytically gener-
ated radicals with the selectivity of transition metal catalysis,
allowing for precise construction of trifluoroalkyl amines from
simple, feedstock-compatible precursors. This section highlights
recent advances in multicomponent synthetic methodologies
that leverage dual photoredox and transition metal catalysis to
access structurally complex fluoroalkyl amine derivatives.

3.1 Dual copper/photoredox-catalyzed
deoxytrifluoromethylation of amino-alcohols

Alcohols are abundant and structurally diverse feedstocks that
serve as versatile building blocks in complex organic synthesis,
particularly in radical C-C coupling reactions.”” MacMillan and
co-workers developed a copper/photoredox-catalyzed deoxytri-
fluoromethylation protocol that converts amino alcohols into
trifluoromethylated alkylamines®® (Scheme 11A). In this metal-
laphotocatalytic strategy in the presence of an iridium photo-
catalyst and a copper(n) terpyridine complex [Cu(terpy)Cl,],
amino alcohols 11A function as nucleophilic alkyl radical
precursors, while dimesityl(trifluoromethyl)sulfonium trifluor-
omethanesulfonate (dMesSCF;(OTf), 11B) serves as the electro-
philic CF; radical source. This platform accommodates a wide
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variety of acyclic, cyclic, spirocyclic, and heterocyclic amino
alcohols, enabling the streamlined construction of three-
dimensional, densely functionalized, and heterocycle-decorated
trifluoromethylated alkylamine scaffolds 11C (Scheme 11B).
Electron-rich heterocycles, such as furan and N-alkyl indole,
when present in primary alcohols, are prone to oxidative degra-
dation, leading to low to moderate yields under standard condi-
tions. Sterically hindered tertiary alcohols also perform poorly,
likely due to the high kinetic barriers associated with radical
capture and the subsequent C-CF; reductive elimination. These
limitations pose significant challenges to the efficient diversifi-
cation of fluoroalkyl amines.

Mechanistically, the transformation proceeds via in situ
activation of amino alcohols with benzoxazolium salts (NHC),
forming NHC-alcohol adducts 11D (Scheme 11C). Photoexcitation
of the iridium catalyst initiates single-electron oxidation of 11D,
followed by deprotonation to 11E and exothermic f-scission to
generate an aminoalkyl radical 11F. Concurrently, single-electron
reduction of 11B by the photocatalyst generates an electrophilic
CF; radical. Reduction of Cu(terpy)Cl, by the photocatalyst fur-
nishes a Cu(i) species, which reacts with the CF; radical to form a
Cu(n)-CF; intermediate 11G. Subsequent interception of 11F

(A) MacMillan 2022

, NHC (1.2 equiv.), pyridine (1.2 equiv.) ,
N + dMesSCF4(OTf N
[ 2 N +(0Th [Ir(dFOMeppy)2-(5,5-dCF 3bpy)IPFs (1 mol %) @
Cu(terpy)Cl, (5-10 mol %)

11a OH Quinuclidine (1.6 equiv.), TBACI (2.0 equiv.) 11c CFs
(1.0 equiv.) “ 5 equ'V TBME/DMSO, blue LEDs, rt, 8 h
OMe +
Me
'Bu * '
CF
Vi 3
Me S+ wN i
_ N~c N~
oTf Z ug
Me, By BF,
dMesSCF3(OTf) (11B) NHC ow?;s Cu(terpy)Cly
[Ir(dFOMeppy),-(5,5-dCF3bpy)IPFs
(B) Selected examples
NHBoc MeOzC Oy
N MeO,C CbzN
Ph CFs NHBoc (l')bz

74% 66% 7% 54% (dr. = 1 8:1) 86%

CFs
Csz<>—cF; BOCNO<>—CF3 BocN BocN%CFs
BocN

81% 59% 54% 60% CFs 70%

CF3 oW _
oo N o Ve S—N CFs
SNTTRy—Me Me W:S\
N
— oL 2~m
CFs N SN © 72%

86% 44% 50%

(C) Proposed mechanism Reductive quenchmg by Ir*

N 7@[ QW Q QW

— Pyridine-H*
1A
O—-Alkyl homolysis | —Benzoxazolone

Reduction by reduced Ir

Mes\ . _ ,

S—CF; OTf .

/ ————————— CFR N~ ®
Mes .0 — S(Mes),, —OTf [ 2 e
Reduction by reduced Ir ,

r CFs | 3F N
el —5 [cu] —2» [Cu'l-CFy — » @ > .’

|
16 111 (Cu-cr, T O]

Scheme 11 Dual copper/photoredox-catalyzed deoxytrifluoromethyla-
tion of amino-alcohols. (A) General reaction conditions. (B) Representative
substrate scope. (C) Proposed mechanism.

14010 | Chem. Commun., 2025, 61, 14002-14021

View Article Online

Highlight

yields a high-valent Cu(m) species 11H that undergoes reductive
elimination to forge the C(sp®)-CF; bond, affording the trifluor-
oalkyl amine 11C. Importantly, the addition of tetrabutylammo-
nium chloride (TBACI) was found to modulate the coordination
sphere of the Cu(i) complex and suppress off-cycle reduction of
CF; radical to fluoroform (CHF;), thereby improving reaction
efficiency. This protocol offers a general, modular, and operation-
ally simple approach to access structurally complex trifluoro-
methylated alkylamines from native alcohols, providing versatile
building blocks for applications in organic synthesis and drug
discovery.

3.2 Dual nickel/photoredox-catalyzed methyl-
trifluoromethylation of amino-substituted alkenes

To address the persistent challenge of constructing C(sp*)-
C(sp®) bonds via intermolecular alkene difunctionalization,>®
MacMillan and co-workers introduced a triple-radical sorting
strategy that enables trimolecular 1,2-dialkylation of unacti-
vated alkenes through bimolecular homolytic substitution
(Su2) catalysis®® (Scheme 12A). This methodology achieves the
regioselective union of electrophilic and nucleophilic alkyl
radicals across unactivated olefins by leveraging steric and
electronic differentiation to facilitate selective radical coupling.
The reaction operates under dual catalysis, employing an
iridium photocatalyst and an in situ-formed nickel catalyst
based on Ni(acac), in combination with sterically hindered
potassium tris(pyrazolyl)borohydride (KTp*). Under visible-light
metallaphotoredox conditions, methanol 12B serves as a nucleo-
philic methyl radical precursor, while dimesityl(trifluoromethyl)-
sulfonium trifluoromethanesulfonate [dMesSCF;(OTf)] (12C)
acts as the electrophilic CF; radical source. This platform
tolerates a wide range of structurally complex amino-
substituted alkenes 12A, enabling access to three-dimensional
and densely functionalized trifluoromethyl-substituted alkyla-
mine scaffolds 12D (Scheme 12B), including drug derivatives
(Scheme 12C).

Mechanistically, methanol condenses with benzoxazolium
salt (NHC) to form NHC-alcohol adduct 12E, triggering SET
transfer via reductive quenching by Ir(u) photocatalyst, depro-
tonation to species 12F, and [-scission to release a methyl
radical (Scheme 12D). In parallel, SET reduction of MesSC-
F;(OTf) 12C by the resulting Ir(u) photocatalyst forms an
electrophilic CF; radical that adds to the electron-rich amino-
alkene 124, generating a sterically and electronically distinct
secondary or tertiary trifluoroalkyl radical 12G. The small-sized
methyl radical is intercepted by a Ni"(KTP*) to form a Ni(m)-
methyl intermediate 12H, which undergoes outer-sphere Sy2
coupling with bulky radical 12G via the transition state 12I,
forging the methyl-alkyl bond and offer the complex trifluor-
oalkyl amine 12D. Only unactivated alkenes are employed in
the methyl-trifluoromethylation reaction, presumably due to
the enhanced reactivity of the resulting secondary or tertiary
trifluoromethylated alkyl radicals, which facilitates their cou-
pling with the Ni-bound methyl radical via Sy2 substitution.
This deoxygenative strategy showcases the potential of radical
sorting to overcome the selectivity and reactivity challenges in

This journal is © The Royal Society of Chemistry 2025
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Scheme 12 Dual nickel/photoredox-catalyzed deoxygenative methyl—
trifluoromethylation of amino-substituted alkenes. (A) General reaction
conditions. (B) Representative substrate scope. (C) Proposed mechanism.

three-component alkene difunctionalization and opens a gen-
eral path toward C(sp?)-rich trifluoroalkylamine architectures.

3.3 Photocatalytic generation of trifluoromethylated iron
carbenes for synthesis of trifluoroalkyl amines

Trifluoromethylated carbenes are highly reactive intermediates
that offer significant potential for constructing compact,
fluorine-rich scaffolds with enhanced physicochemical and
pharmacokinetic properties.> However, traditional diazo-
based methods for accessing these species often suffer from
limited substrate scope and safety issues. To overcome these
limitations, MacMillan and co-workers developed a general
metallaphotoredox platform that generates trifluoromethylated
iron carbenes from bench-stable redox-active esters (RAE) 13B
derived from 2,2,2-trifluoroethanol, enabling the [2+1] cycload-
dition of amino-substituted alkenes 13A to access CF;-
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cyclopropyl-embedded alkylamines 13C** (Scheme 13A). Using
[Ir(dF(CF;)ppy).(dtbpy)]PFs as an iridium photocatalyst, iron(i)
porphyrin Fe(TMPP)CI as a catalyst, and Hantzsch ester (HE) as
a reductant, a wide array of amino-substituted styrenes and
alkenes, acrylic esters, and drug-like alkenes were efficiently
converted into trifluoromethylated cyclopropylamines in good
to excellent yields (Scheme 13B, top). Diastereoselectivity varies
significantly across reaction substrates, with particularly low
stereocontrol observed in reactions involving certain amino-
substituted alkenes, potentially limiting the utility of this
method in stereoselective synthesis. In addition, the same
iron-carbene species enabled o-bond insertion into N-H
bonds, providing access to diverse N-2,2,2-trifluoroethylated
amines (Scheme 13B, bottom).

Mechanistically, photoexcitation of the Ir(m) catalyst fol-
lowed by reductive quenching by Hantzsch ester generates a
strongly reducing Ir(u) species, which reduces Fe(ur) porphyrin
to Fe(n) species (Ir'"(TMPP), Scheme 13C). Simultaneously, the
RAE 13B is reduced either by Ir(u) or through the formation of a
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Scheme 13 Photocatalytic generation of trifluoromethylated iron car-
benes for cyclopropanation and N-H insertion reactions. (A) General
reaction conditions. (B) Representative substrate scope. (C) Proposed
mechanism.
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photoactive EDA complex with Hantzsch ester, leading to
decarboxylation and generation of a 2-hydroxytrifluoroethyl
radical 13D. This radical is intercepted by Fe(u) species to form
an Fe(u)-(1-hydroxy-2,2,2-trifluoroethy) intermediate 13E,
which undergoes a second photocatalytic single-electron
reduction to give a nucleophilic alkyl-Fe(i) porphyrin species
13F. a-Elimination from this species ejects a hydroxide ion
and furnishes the reactive o-CF;-carbene-substituted Fe()
porphyrin 13G. This carbene intermediate engages in cyclopro-
panation of alkene 13A to deliver structurally complex
CF;-substituted alkylamines 13C. Overall, this platform pro-
vides a mild, modular, and diazo-free approach for generating
fluorinated carbene species, expanding the synthetic toolbox
for late-stage functionalization of complex molecules under
visible light.

3.4 Dual nickel/photoredox-catalyzed methyl-
trifluoroethylation of amino-substituted alkyl alkenes

To expand the scope of C(sp®)-C(sp®) bond formation via alkene
difunctionalization, Koh and co-workers developed a photore-
dox/nickel dual-catalyzed platform that enables trimolecular
1,2-dialkylation of unactivated alkenes through a Sy2
mechanism®® (Scheme 14A). This strategy allows for the

(A) Koh 2024
N Me\
ASS
Q o o 7;(
—
N +  CFaCH,l me
14A 14B 3
(1.0 equiv.) (1.5 equiv.)
0. O >
Me Me
. \n/ \i/ \n/ N 4:zIP:\l°/(5r2-tl)—l%5 » q
o oh o a(acac), (5 mol %) p* (5 mol %) N
14C PhCF3, 40°C, 16 h 14D CFs
(2.0 equiv.) Blue LEDs

(B) Reaction products

Me Me
J—@\ BocN<>_<_\ BocN<><><_\

C :: CF3 CF,

90% 56% 63%

Me,
Me N Me
BocN 7\
oL DO

% Me 59% CFs3

(C) Proposed mechanism

Homolysis & decarboxylation

YUY e

Triplet-triplet energy transfer

Me O\I/O Me
Yoy e |

20,
14C 14C*
Halogen atom transfer QN—/_< q 4/_{
Ve 14A N CF
CF3CH,l ——> CF4CH, ‘ ‘ :
148 —Mel 14E 14F
Methyl radical coordination to Ni ¥ "
e
LT Me qN P\—cr, |
Me —— [Tp*Nit™ ? ‘ Me —”> N
e > ; - @ cFs
[Tp*Nil] 14D
14H

Scheme 14 Dual nickel/photocatalytic methyl-trifluoroethylation of
amino-substituted alkyl alkenes. (A) General reaction conditions. (B)
Representative substrate scope. (C) Proposed mechanism.
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simultaneous installation of electrophilic and nucleophilic
alkyl radicals across unactivated amino-substituted alkenes
without the need for directing auxiliaries. Under optimized
conditions, the reaction combines 1,1,1-trifluoro-2-iodoethane
(14B), a hypervalent iodine(ui) reagent (PhI(OAc),, 14C), and a
variety of mono- and 1,1-disubstituted amino-substituted
alkenes 14A in the presence of Ni(acac), catalyst, KTp* ligand,
and the organic photocatalyst 4CzIPN, affording complex tri-
fluoroalkyl amine derivatives 14D bearing tertiary or quaternary
carbon centers in good to excellent yields with high chemo- and
regioselectivity. Similar to the MacMillan metallophotocatalytic
system (Scheme 12), alkyl-substituted alkenes are required to
enhance reactivity and productivity for accessing trifluoroalk-
ylamine products.

Mechanistic studies suggest that a nucleophilic methyl
radical is generated via O-1 bond homolysis of photoexcited
PhI(OAc),* (14C*), triggered by triplet-triplet energy transfer
from the photoexcited 4CzIPN. The nucleophilic methyl radical
selectively initiates halogen atom transfer (XAT) with electron-
deficient 1,1,1-trifluoro-2-iodoethane to produce an electrophi-
lic trifluoroethyl radical 14E, which subsequently undergoes a
polarity-matched addition to the electron-rich amino-alkene
substrate (14A), forming the amino-trifluoroalkyl radical 14F.
The methyl group also binds with Ni"(KTp*), forming the Me-
Ni"(KTp*) species 14G. The resulting bulky secondary trifluor-
oalkyl radical 14F is subsequently intercepted through an outer-
sphere Sy2 coupling event with the Ni(KTp)-bound methyl
radical via the transition state 14H, forging the second
C(sp®)-C(sp®) bond to deliver the trifluoroalkyl amine 14D. This
transformation represents a significant advance in site-selective
dialkylation of unactivated alkenes, offering a modular strategy
for constructing structurally complex, three-dimensional,
carbon-rich trifluoroalkylamine scaffolds.

3.5 Dual nickel/photoredox-catalyzed synthesis of masked
arylaminomethyl trifluoromethyl ketones

Structurally elaborate trifluoromethyl ketones (TFMKs) bearing
aminomethyl groups are attractive intermediates in pharma-
ceutical and agrochemical synthesis, yet their direct construc-
tion remains challenging due to the inherent reactivity
mismatch between nucleophilic amines and electrophilic tri-
fluoroacetyl moieties.>* To address this, Cheung, Ma, and co-
workers reported a modular metallaphotoredox-catalyzed three-
component coupling of nitroarenes 15A, tertiary alkylamines
15B, and 2-(trifluoromethyl)-1,3-dioxolane-2-carboxylic acid
(15C)—serving as a masked trifluoroacetyl radical precursor**
(Scheme 15A). Employing an iridium photocatalyst in combi-
nation with a phenanthroline-nickel complex as the catalytic
system, this strategy enables direct access to structurally
diverse N-(CF;-dioxolanyl)methyl anilines 15D as protected
surrogates of aminomethyl TFMKs, offering enhanced chemo-
selectivity and functional group tolerance (Scheme 15B). The
resulting acetal-masked products can be unmasked to access
otherwise unstable aminomethyl TFMKs or derivatized into
valuable fluorinated azaheterocycles.

This journal is © The Royal Society of Chemistry 2025
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Scheme 15 Dual nickel/photoredox-catalyzed synthesis of masked
arylaminomethyl trifluoromethyl ketones from nitroarenes, tertiary
alkylamines, and CFs-dioxolanyl precursors. (A) General reaction condi-
tions. (B) Representative substrate scope. (C) Proposed mechanism.
(D) Synthetic utility and applications.

Mechanistically, photoexcitation of [Ir(dF(CF;)ppy).-
(dtbpy)]PF, initiates an oxidative quenching process with the
tertiary alkylamine 15B, generating an o-aminoalkyl radical 15E
(Scheme 15C). Concurrently, CF;-dioxolanyl-carboxylic acid 15C
is deprotonated by excess tertiary alkylamine to its anionic form,
which undergoes photocatalytic SET oxidation to afford radical
species 15F, followed by facile decarboxylation to yield the CF,-
dioxolanyl radical 15G. The resulting Ir(u) species reduces a
nitroarene, furnishing nitrogen-centered intermediates (e.g,
nitrosoarenes or diarylhydrazines), which ultimately form the
N-aryl aminyl radical 15H through sequential reduction path-
ways. In parallel, the Ni(u) catalyst is photochemically reduced to
low-valent Ni(1) and Ni(0) species. The nucleophilic a-aminoalkyl
radical 15E couples with the electrophilic N-aryl aminyl radical
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15H to form aminal intermediate 15I, which undergoes Ni-
mediated dealkylation to generate the N-arylaminomethyl-Ni(u)
species 15J. Crucially, the final C(sp®)-C(sp®) bond formation
proceeds either via an inner-sphere Ni-mediated reductive elim-
ination through a Ni(m) complex 15K, or via an outer-sphere Sy2
mechanism through transition state 15L between the Ni(u)-alkyl
intermediate 15J and the sterically bulky CF;-dioxolanyl radical
15E, ultimately affording the masked TFMK product 15D with
high selectivity.

The synthetic utility of this method is underscored by its late-
stage diversification potential and compatibility with downstream
transformations (Scheme 15D). For instance, product 15M under-
goes BBr;-promoted deprotection to yield the annulated product,
CF;-substituted dihydrooxazine 15P. The corresponding trifluoro-
methyl ketone (TFMK) 15N and its hydrated form 150—detectable
only by high-resolution mass spectrometry—were found to be
unstable, thereby significantly limiting the general applicability
of this method for the synthesis and further study of arylamino
TFMK compounds. Nevertheless, 15P serves as a valuable synthetic
intermediate, undergoing condensation with hydroxylamine to
furnish CFs-substituted piperazine 15Q and reduction to generate
N-(2-hydroxy-3,3,3-trifluoropropyl)anilines 15R. Collectively, this
work expands the synthetic toolbox for the construction of
complex, functionalized trifluorinated amines and their deriva-
tives, offering novel compounds with potential applications in
organic synthesis, drug discovery, and agrochemical development.

3.6 Dual Ni/photoredox-catalyzed synthesis of complex
N-trifluoroalkyl anilines

Structurally complex CF;-incorporated N-alkyl anilines represent a
valuable class of fluorinated scaffolds with promising applications
in drug discovery. However, conventional approaches typically
require multistep prefunctionalization to prepare reactive trifluoro-
alkyl electrophiles for coupling with anilines, thus limiting mole-
cular diversity and synthetic efficiency. To overcome these chal-
lenges, Ma, Cheung, and co-workers developed a metalla-
photoredox-catalyzed three-component amination strategy that
achieves formal C-N transposition and C(sp*)-H alkylation of
tertiary alkylamines 16B with nitroarenes 16A and RAEs (16C)
derived from CF;-containing carboxylic acids®® (Scheme 16A).
The reaction employs [Ir(dF(CF;3)ppy).(dtbbpy)]PFs as the
photocatalyst, a bathophenanthroline-ligated Ni(i) complex as
the transition metal co-catalyst, and Hantzsch ester (HE) as the
reductant, operating under mild, redox-neutral conditions. Two
examples of trifluoroalkyl aniline products 16D are demon-
strated (Scheme 16B). In contrast, the use of electron-deficient
nitroarenes and branched tertiary alkylamines typically
resulted in diminished yields, likely due to reduced reactivity
and increased steric hindrance.

Mechanistically, visible-light excitation of the Ir(m) photo-
catalyst triggers SET with triethylamine 16B’ to form an
a-aminoalkyl radical 16E via reductive quenching and deproto-
nation (Scheme 16C). Simultaneously, Ir(i1) undergoes SET with
Hantzsch ester to generate a highly reducing Ir(u) species,
which sequentially reduces both the nitroarene 16A (in the
presence of triflic acid (HOTY)) to form an N-aryl aminyl radical
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General reaction conditions. (B) Representative substrate scope. (C)
Proposed mechanism.

16F and the CF;-alkyl RAE 16C to produce a trifluoroalkyl
radical 16G. Ni(u) salt is also photocatalytically reduced to
low-valent Ni(i) or Ni(0) species. The nucleophilic o-
aminoalkyl radical 16E couples with the electrophilic N-aryl
aminyl radical 16F—either directly or via Ni-mediated C-N
bond formation—to furnish an aminal intermediate 16H. This
intermediate undergoes Lewis acidic Ni(u)-promoted deamina-
tion to generate an N-aryl imine 16I, which is then trapped by
the trifluoroalkyl radical 16G (potentially stabilized by Ni(i) or
Ni(0)) to form a trifluoroalkylated aminyl radical 16J. Finally,
this radical undergoes photoreduction or HAT by the Hantzsch
ester radical cation, furnishing the N-trifluoroalkyl aniline
product 16D. Although demonstrated in a limited number of
examples, this strategy provides a modular and efficient route
to access structurally intricate trifluoroalkylated N-alkyl ani-
lines that are otherwise difficult to synthesize using classical
two-component methods.

3.7 Dual nickel/photoredox-catalyzed four-component
synthesis of complex trifluoroalkyl anilines

Structurally elaborate N-trifluoroalkyl anilines are valuable
motifs in pharmaceutical research due to their improved
metabolic stability, lipophilicity, and biological activity. How-
ever, conventional strategies for accessing such scaffolds often

14014 | Chem. Commun., 2025, 61, 14002-14021

View Article Online

Highlight

suffer from limited efficiency and structural diversity. Four-
component reactions offer a powerful synthetic platform for the
rapid construction of complex trifluoroalkylated amines from
simple precursors. By integrating multiple radical coupling
events and bond-forming processes in a single operation, these
approaches enable direct access to densely substituted, func-
tionally rich trifluoroalkyl amines, highlighting the potential of
photocatalytic radical chemistry in medicinal compound
development.

In this context, Ma, Cheung, and co-workers developed a
modular metallaphotoredox-catalyzed four-component amina-
tion strategy that merges nitroarenes 17A, tertiary alkylamines
17B, 3,3,3-trifluoropropene 17C, and RAEs 17D derived from
aliphatic carboxylic acids” (Scheme 17A). This platform enables
streamlined access to N-trifluoroalkyl anilines 17E, bearing both
CF; units and distal tertiary or quaternary carbon centers along
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Scheme 17 Nickel/photoredox-catalyzed synthesis of N-trifluoroalkyl
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trifluoropropene. (A) General reaction conditions. (B) Representative sub-
strate scope. (C) Proposed mechanism.
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the alkyl chain. The reaction employs [Ir(dF(CF;)ppy).(dtbbpy)|PFs
as the photocatalyst, a bathophenanthroline-ligated Ni(u) complex
as the transition metal co-catalyst, Hantzsch ester (HE) as a
sacrificial reductant, and HOTf as an additive, operating under
blue light irradiation at approximately 80 °C. A broad range of
functionalized nitroarenes, tertiary alkylamines, and structurally
diverse RAEs—including primary, secondary, and tertiary alkyl
derivatives—are well tolerated, enabling the synthesis of a diverse
array of N-trifluoroalkyl aniline products (Scheme 17B). In con-
trast, the use of electron-deficient nitroarenes and RAEs derived
from primary and secondary carboxylic acids resulted in lower
product yields, likely due to the instability of the corresponding
nitrogen- and carbon-centered radicals, which tend to undergo
competing two- or three-component side reactions, thereby
impeding efficient four-component bond formation.
Mechanistically, photoexcitation of the Ir(m) photocatalyst
initiates single-electron reduction of the nitroarene 17A to
generate an N-aryl aminyl radical 17F, while concurrently
reducing the RAE 17D to furnish an alkyl radical 17G and the
ligated Ni(u) salt to low-valent Ni() and Ni(0) species
(Scheme 17C). Concurrently, both Hantzsch ester and tertiary
alkylamine 17B undergo oxidative quenching with the resulting
Ir(v) species to generate Hantzsch ester radical cation and o-
aminoalkyl radical 17H, respectively. The nucleophilic alkyl radi-
cal 17G adds to the electron-deficient 3,3,3-trifluoropropene 17C
to generate a trifluoroalkyl radical 171. Meanwhile, the highly
nucleophilic a-aminoalkyl radical 17H couples with the highly
electrophilic N-aryl aminyl radical 17F to form an aminal inter-
mediate 17], which likely undergoes Ni(0)-mediated dealkylation
to furnish an N-arylaminomethyl-Ni(u) complex 17K. This
complex subsequently releases an N-arylaminomethyl radical
17L, which is intercepted by the trifluoroalkyl radical 171 to deliver
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(B) Representative substrate scope. (C) Proposed mechanism.
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the final N-trifluoroalkyl aniline product 17E. Low-valent nickel
species (Ni%/Ni') are proposed to play key roles in stabilizing the
trifluoroalkyl radical 17I and facilitating both C-C and C-N bond-
forming events, thereby enhancing overall reaction efficiency.
This work represents a significant advance in multicomponent
trifluoromethylation chemistry, offering an efficient and program-
mable route to highly architecturally complex N-trifluoroalkyl
aniline scaffolds that are otherwise difficult to access using
conventional approaches.

3.8 Scandium/photoredox-catalyzed amido-, amino-, and
azido-trifluoromethylation of alkenes

In an effort to develop highly efficient trifluoromethylative
difunctionalization of alkenes, Shen and co-workers reported
a synergistic Lewis acid and photoredox-catalyzed method
employing a selenium ylide-based trifluoromethylating reagent
18C*® (Scheme 18A). Using fac-Ir(ppy)s; as photocatalyst and
Sc(OTf); as a Lewis acid co-catalyst, a broad range of aromatic
and heterocyclic alkenes 18A underwent smooth amino-
trifluoromethylation reaction with various nitrogen-based
nucleophiles 18B, such as sulfonamides, anilines and azide,
under blue light irradiation (Scheme 18B). A variety of pB-
trifluoromethylated alkylamines and azo compounds 18D deco-
rated with diverse functional groups are formed. In contrast,
electron-deficient styrenes, alkyl-substituted alkenes, and Cbz-
protected amines failed to afford the desired difunctionalized
products under the optimized conditions.

Mechanistic investigations reveal that Sc(OTf);
Lewis acid-base complex 18E with the electrophilic ylide
reagent 18C (Scheme 18C). 18E significantly enhances the
SET reactivity with the photoexcited Ir(ppy); by lowering the
LUMO energy and raising the reduction potential. Cyclic vol-
tammetry and DFT studies suggest that 18E is more readily
reduced than the free ylide 18C, facilitating SET event and CF;
radical generation. The CF; radical adds to the alkene to
generate trifluoroalkyl radical 18F, which undergoes photoca-
talytic oxidation to form cationic intermediate 18G. Subsequent
nucleophilic trapping by a nitrogen nucleophile completes the
1,2-difunctionalization, affording the trifluoroalkylamine pro-
duct 18D. This study highlights the power of Lewis acid
modulation in tuning radical generation from electrophilic
reagents and establishes a general platform for constructing
CF;-bearing molecules with high efficiency and functional
diversity.

forms a

4. |Inert bond functionalization for
direct C(sp®)—CFs bond formation

Direct C(sp*)-H and C(sp®)-N functionalization strategies obvi-
ate the need for prefunctionalized substrates, providing stream-
lined access to trifluoromethylated aliphatic amines from
native feedstocks. Visible-light-mediated approaches,
aging either HAT or deaminative radical generation, enable
regioselective and late-stage incorporation of CF; groups. This
section highlights representative photoinduced methodologies

lever-
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that achieve site-selective trifluoromethylation of unactivated
aliphatic amines via C-H or C-N activation.

4.1 Copper/decatungstate-catalyzed C-H trifluoromethylation

C(sp®)-H trifluoromethylation provides a direct strategy for the
synthesis of fluorinated molecules; however, achieving regiose-
lective C-H activation in the absence of directing groups
remains a longstanding challenge.?” To address this challenge,
MacMillan and co-workers developed a dual catalytic platform
combining decatungstate photocatalysis with copper catalysis,
enabling the direct trifluoromethylation of both strong, unac-
tivated aliphatic C-H bonds and weaker benzylic C-H bonds in
simple alkylamine feedstocks 19A*® (Scheme 19A). This strategy

(A) MacMillan 2020
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Scheme 19 Copper/decatungstate photocatalytic trifluoromethylation of
aliphatic C(sp®)—H bonds in alkylamines. (A) General reaction conditions.
(B) Representative substrate scope. (C) Synthetic utility and applications.
(D) Proposed mechanism.
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employs bench-stable, commercially available Togni reagent
(19B) as the CF; source, sodium decatungstate (NaDT) as a
potent HAT photocatalyst, Cu(u) salt as co-catalyst, and sulfuric
acid (H,SO,) along with sodium chloride (NaCl) as key addi-
tives. The method exhibits broad substrate scope, accommo-
dating linear, cyclic, and aromatic alkylamines (Scheme 19B),
as well as amine-containing bioactive compounds, natural
products, and pharmaceuticals (Scheme 19C), without the need
for prefunctionalization or directing groups, delivering trifluor-
omethylated alkylamines 19C in modest to good yields. How-
ever, for aliphatic amines bearing multiple types of C(sp’)-H
bonds with similar bond strengths, the regioselective C-H
trifluoromethylation is typically modest to moderate, under-
scoring the challenge of achieving high site selectivity in such
systems.

Notably, the regioselectivity of C-H trifluoromethylation is
governed by both steric and electronic factors (Scheme 19D).
Upon protonation of the amine nitrogen—such as in pyrroli-
dine (19D)—by H,SO,, the corresponding ammonium salt (19E)
is formed, which converts the typically hydridic o-C-H bond
into an acidic one. Under near-UV irradiation, the photoexcited
decatungstate ion ([W1003,]" *), bearing an electrophilic W-0O*
radical, selectively abstracts a hydrogen atom from the electron-
neutral and sterically accessible C(sp®)-H bond to generate an
alkyl radical (e.g., B-C-H abstraction of protonated pyrrolidine
to form a pyrrolidinyl radical 19F). Deprotonation of the
resulting H[W,003,]”>~ species to form [W;003,]>~ significantly
enhances its reducing power, enabling SET to the Togni reagent
19B and subsequent generation of a CF; radical. Simulta-
neously, CuCl, is reduced by [W;003,]°~ to Cu(i), which inter-
acts with the CF; radical to form a Cu(u)-CF; species 19G.
Capture of the alkyl radical 19F and subsequent reductive
elimination from (Alkyl)(CF;)Cu(ui) species 19H furnishes the
trifluoromethylated alkylamine product 191. The NaCl additive
likely suppresses oxidative degradation pathways in sensitive
alkylamines and may serve as an additional source of chloride
radicals under photooxidative conditions, further facilitating
selective HAT from protonated amines. This work represents a
significant advance in non-directed C(sp®)-H trifluoromethyla-
tion and underscores the potential of metallaphotoredox cata-
lysis for site-selective, late-stage molecular editing to access
trifluoroalkylamine architectures.

4.2 Deaminative trifluoromethylation of primary alkylamines

Alkylamines are not only versatile feedstocks in synthesis and
industrial processing, but also transformable groups to allow
structural modifications.*® To address the underdeveloped yet
challenging area of deaminative functionalizations, Li, Wang,
and co-workers developed a site-specific, radical-mediated tri-
fluoromethylation of aliphatic primary amines under visible
light using N-anomeric amide (Levin reagent, 20C) and
copper(im) tris(trifluoromethyl) complex (Grushin reagent,
Cu"(bipy)(CF5);, 20B)*° (Scheme 20A). This transformation
enables direct conversion of diamine scaffolds 20A (e.g,
amino-substituted carbamates, amides, and cyclic amines) into
trifluoroalkyl amine derivatives 20D (Scheme 20B), including

This journal is © The Royal Society of Chemistry 2025
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amino acids, dipeptides, and drug derivatives (Scheme 20C),
without requiring preactivation of native amino groups or
harsh conditions. More sterically bulky a-branched substrates,
such as a-secondary carbon-based primary amines, also under-
went the reaction; however, only low yields of the trifluoro-
methylated products were obtained, likely due to increased
steric hindrance that hampers the formation of key reactive
intermediates.

The protocol proceeds via in situ generation of an inter-
mediate 20E from the diamine 20A and Levin reagent 20C, followed
by facile decomposition to isodiazene 20F (Scheme 20D). Upon
blue-light irradiation, the photolysis of the Grushin reagent 20B
takes place to form both CF; radical and Cu"(bipy)(CF;), species
20B. The CF; radical engages in HAT event from 20F to generate
the diazenyl radical 20G. Alternatively, 20F reacts directly with the
CF; groups in the Grushin reagent to form 20G. 20G then under-
goes N, elimination to yield an aminoalkyl radical 20H, which
interacts with Cu"(bipy)(CF3), to furnish a high-valent Cu(m) species
that undergoes reductive elimination to construct the C(sp*)-CF;
bond, creating the complex trifluoroalkyl amine product 20D. This
strategy significantly expands the toolbox for direct amine-to-CF;
conversion and offers a general approach for site-specific alkyl
trifluoromethylation in complex molecular settings.

(A) Li and Wang 2024
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5. Photoinduced catalyst-free
synthesis of trifluoroalkyl amines

The elimination of catalysts in trifluoromethylation chemistry
aligns with the growing demand for sustainable and pharmaceu-
tically compatible synthetic methodologies. Catalyst-free, light-
driven transformations offer notable advantages, including opera-
tional simplicity, lower cost, and the avoidance of residual metal
contaminants. This section highlights a recent catalyst-free protocol
for the construction of trifluoroalkyl amines via a radical pathway,
employing readily available substrates under ambient conditions.

Gaunt and co-workers developed a visible-light-mediated, multi-
component carbonyl trifluoromethylative amination protocol that
directly couples aldehydes 21A, secondary amines 21B, and the Ritter
trifluoroiodomethane-DMSO reagent (CF;I-DMSO, 21C) to afford p-
trifluoromethylated tertiary alkylamines 21D*" (Scheme 21A). Nota-
bly, this transformation proceeds under mild conditions without the
need for a photocatalyst or transition metal, relying solely on visible
light. The method exhibits broad substrate scope, accommodating a
wide range of functionalized aliphatic aldehydes and secondary
alkylamines, including medicinally relevant scaffolds, thus high-
lighting its potential for late-stage modification and lead optimiza-
tion in drug discovery (Scheme 21B). In contrast, o-substituted
aldehydes fail to deliver the corresponding trifluoromethylated
amines, likely due to steric hindrance that impedes the radical
addition step.

Mechanistically, the reaction initiates via condensation of
the aldehyde and amine to generate an iminium ion 21E, which
undergoes tautomerization to the corresponding enamine 21F.
Upon visible-light promoted conditions, CF;I is converted to CF;3

(A) Gaunt 2020
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radical, which undergoes regioselective addition to the electron-
rich enamine to form a transient o-amino radical 21G. This
intermediate is proposed to undergo either single-electron oxida-
tion by CF;l, or XAT with CF;I to iodo-trifluoroalkyl amine inter-
mediate 21H followed by iodide elimination, to generate a -
trifluoromethylated iminium species 21I. Subsequent reductive
workup with sodium triacetoxyborohydride furnishes the desired
B-trifluoromethylated tertiary alkylamine 21D. This methodology
provides a simple and efficient strategy for constructing structurally
intricate trifluoroalkylamines that are otherwise challenging to
access using conventional synthetic approaches.

6. Stereoselective and asymmetric
approaches

Achieving stereocontrol in trifluoromethylative difunctionaliza-
tion reactions remains a formidable challenge due to the high
reactivity of CF; radicals and aminyl intermediates. Recent
progress in asymmetric photocatalysis has demonstrated that
regio- and enantioselective amino-trifluoromethylation of
dienes is feasible through judicious design of chiral catalysts
and radical coupling pathways. This section highlights an
emerging strategy for the enantioselective synthesis of chiral
trifluoroalkyl amines via radical-based difunctionalization,
illustrating the potential of stereochemically defined fluori-
nated scaffolds in medicinal chemistry.
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Despite the synthetic appeal of enantioselective aminative
difunctionalization of 1,3-dienes, previous efforts have been
largely limited to two-component systems or 1,2-selective processes,
with limited success in achieving 1,4-regioselectivity—particularly
when employing anilines, which are weak nucleophiles and prone
to catalyst deactivation via coordination. The development of a
regio- and enantioselective three-component protocol that directly
couples simple anilines, 1,3-dienes, and CF; radicals thus poses
both a significant synthetic challenge and a conceptual advance in
radical C-N bond-forming methodologies. A recent study by Li,
Zhang, and co-workers has addressed this challenge by developing
a copper-catalyzed, enantioselective three-component 1,4-
trifluoroalkylamination of 1,3-dienes 22A, employing anilines 22B
as the nitrogen source and a Togni reagent 22C as the CF; source
under mild conditions® (Scheme 22A). This transformation
enables highly regio- and stereoselective access to a structurally
diverse library of chiral trifluoromethylated allylic anilines 22D. A
wide range of aryl-substituted 1,3-dienes and drug-like frameworks
were converted to the desired products in high yields and good
enantioselectivities (Scheme 22B). Both electron-rich and electron-
deficient primary and secondary anilines prove compatible under
the optimized conditions. Conversely, trifluoromethylamination
with aliphatic 1,3-dienes (e.g, 1-benzyl-1,3-diene) and aliphatic
amines (e.g:, dibenzylamine, benzylamine, morpholine, and N-
methyl benzylamine) proved unproductive under the standard
conditions. Selective oxidation of product 22E afforded the highly
stereoselective dihydroxylated trifluoroalkyl aniline 22F, thereby
increasing the molecular complexity (Scheme 22C).

Mechanistically, the reaction proceeds via copper-mediated
SET from the chiral ligand-coordinated Cu(r) complex 22G to the
Togni reagent, generating a CF; radical and a Cu(u) benzoate
species (Scheme 22D). The CF; radical undergoes regioselective
addition to the terminal position of the 1,3-diene, forming a
trifluoromethylated allylic radical 22H. Simultaneously, ligand
exchange between the Cu(u) benzoate and aniline yields a Cu(u)-
aminyl species, existing as an aminyl radical-associated Cu(i)
complex 221I. The enantioselective C-N bond formation arises from
radical-radical cross-coupling between the allylic radical 22H and
the chiral Cu(i}bound aminyl radical, affording thec trifluoro-
methylated allyl aniline 22D in an enantiomerically enriched form.
The high enantioselectivity arises from noncovalent interactions
between the chiral bisoxazoline ligand’s aromatic rings, the C-F
bond of the CF; radical 22H, and the methyl C-H bond of the
aminyl radical derived from secondary anilines in species 22I. This
work showcases a rare yet powerful platform for stereocontrolled
radical difunctionalization of dienes, opening new avenues for the
synthesis of fluorinated allylic amines with high regio- and stereo-
selectivity. It represents a significant advancement in asymmetric
radical chemistry and enriches the toolkit for constructing fluorine-
containing molecules of pharmaceutical relevance.

7. Conclusion

In this review, we summarize recent advances in the light-
driven synthesis of trifluoromethylated aliphatic amines,

This journal is © The Royal Society of Chemistry 2025
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organized by reaction strategy and disconnection logic. Key
developments include direct formation of C(sp®)-CF; bonds
from inert precursors, alkene difunctionalization via radical-
polar crossover or radical trapping, and metallaphotoredox-
catalyzed cascades that forge C-CF;, C-N, and C-C bonds in
a convergent fashion. Additionally, emerging examples of
photocatalyst-free and asymmetric strategies have begun to
expand the synthetic toolbox. Collectively, these approaches
underscore the power of photocatalysis to construct structurally
complex, fluorine-rich amines from simple building blocks
under mild and modular conditions.

Despite these advances, several challenges and opportunities
remain. Most reported transformations proceed in a racemic man-
ner; therefore, the development of enantioselective variants repre-
sents a critical yet underexplored frontier. The design of highly
efficient chiral Brgnsted acids, Lewis acids, and transition-metal
catalysts, along with the strategic use of chiral auxiliaries on
substrates, will be pivotal for enabling asymmetric bond formation
and accessing chiral analogues. Emerging photoenzymatic radical-
based coupling reactions may also pave the way toward highly
stereoselective synthesis. In addition, many current protocols rely on
photocatalysts or transition-metal complexes, which can limit their
pharmaceutical applicability due to concerns over cost, regulatory
hurdles, and residual metal contamination. In this context, the
growing use of electron donor-acceptor (EDA) complexes provides a
promising metal-free alternative for initiating radical processes,
particularly when targeting drug-like or sensitive substrates. Further-
more, while photoredox catalysis has demonstrated impressive
reactivity on the laboratory scale, scalability remains a major bottle-
neck for industrial translation. The development of more efficient,
scalable, and continuous-flow-compatible photochemical systems
will be essential to unlock the full potential of these methodologies
for large-scale synthesis. Looking ahead, future innovations that
integrate asymmetric catalysis, metal-free or photocatalyst-free radi-
cal generation, and process intensification are expected to signifi-
cantly expand the practical utility of light-driven synthesis across
both academic and industrial settings.

In conclusion, the light-driven synthesis of trifluoromethy-
lated aliphatic amines constitutes a rapidly evolving and highly
promising field, offering powerful strategies to access molecular
architectures of significant pharmaceutical relevance. Continued
innovation in photocatalysis is poised to enable increasingly
sophisticated synthetic methodologies, thereby expanding
chemical space for drug discovery and facilitating the stream-
lined synthesis of novel, fluorine-rich bioactive compounds.
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