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a b s t r a c t

Fluoroalkyl-containing organic compounds have exhibited wide applications in the field of pharmaceu-

ticals, agrochemicals and materials science due to their outstanding properties such as biological activ-

ity, metabolic stability, lipophilicity, excellent chemical and thermal stability. Therefore, various synthetic

strategies have been developed for the construction of fluoroalkyl-containing compounds, using highly

active fluorinating reagents and fluorinated building blocks. Recently, the use of easily available and in-

expensive trifluoroacetic anhydride (TFAA) and its anhydride analogues has attracted great attention to

access numerous fluoroalkyl-containing compounds through cyclization and coupling reactions. In this

review, we summarized the recent advances in the synthesis of fluoroalkylated compounds using fluo-

roalkyl anhydrides as reagents. This review aims to provide a reference for researchers on how to de-

velop new synthetic straregies of fluorine-containing organic compounds and achieve kilograms or even

tons preparation of fluorine-containing organic compounds using fluoroalkyl anhydrides.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Fluorine is a halogen element with atomic number 9 in group

17 of the periodic table. As the most reactive chemical element,

fluorine possesses many unique properties, such as high elec-

tronegativity (4.0 in Pauling scale), small atomic radius (rv=1.47 Å)

and strong C−F bond energy (∼116kcal/mol) [1]. The introduction

of fluorine atom(s) or fluoroalkyl groups (e.g., trifluoromethyl, -CF3)

into organic molecules can greatly impact their physicochemical,

pharmacokinetic, and pharmacodynamic properties. Consequently,

organofluorine compounds has been widely applied in medicine,

pesticides, and materials science [2,3]. For instance, many im-

portant drugs, such as lenacapavir [4], mavacoxib [5], celecoxib

[6], letermovir [7], pexidartinib [8], selinexor [3] and osilodrostat

[9] containing at least one fluorine atom or/and fluoroalkyl groups,

have recently been approved for effective treatment of various dis-

eases (Fig. 1). It has been reported that more than 20% of the mar-

keted pharmaceuticals and up to 40% of agrochemicals contain at

least one fluorine atom [10,11]. As a consequence, the development

of effective methods to incorporate fluorine atom(s) or fluoroalkyl
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groups into organic molecules has attracted much interest from or-

ganic and medicinal chemists for drug development [12–14].

Various fluorinating reagents such as the

Ruppert-Prakash reagent and its analogues [15,16], Chen’s

reagent [17], the Togni reagents [18], the Umemoto reagent [19],

sulfur-based fluorination and fluoroalkylation reagents [20,21],

[(phen)CuCF3] [22], fluoroform-derived CuCF3 [23], ((CF3SO2)2Zn

[24], the Langlois reagent (CF3SO2Na) [25], [(phen)2Cu](O2CRF)

[26,27], and building blocks such as trifluorodiazoethane [28],

methyl perfluoroalk-2-ynoates [29], 2,2,2-trifluoroacetohydrazide

[30] and 2–bromo-3,3,3-trifluoropropene [31] have been used for

the preparation of fluoroalkylated compounds. However, some of

these reagents are expensive, or require multistep synthesis, and

thus widespread synthetic applications are restricted.

Trifluoroacetic anhydride (TFAA) is an inexpensive and atom-

efficient CF3-source with commercial availability on ton-scale.

These advantages and the enormous potential of trifluoromethyl

group in fluorine chemistry make TFAA attractive in synthetic

chemistry. In addition, TFAA also plays important roles in organic

synthesis [32,33], and polymer chemistry [34,35]. However, despite

this promising precedence for the application of TFAA in organic

synthesis, the use of TFAA in trifluor-omethylation reactions has

only scarcely been studied.

https://doi.org/10.1016/j.cclet.2022.01.038

1001-8417/© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Examples of fluorine or fluoroalkyl-containing drugs.

Scheme 1. Reaction pathway of fluoroalkyl anhydride.

This tutorial review summarizes the recent advances in the syn-

thesis of fluoroalkylated compounds using TFAA and its analogues

[(RFCO)2O, RF =CF2H, CF2Cl, CnF2n+1]. The available literature re-

ports of these procudures were classified into four significant sec-

tions based on the reaction with the fragment of the fluoroalkyl

anhydrides (Scheme 1): (i) coupling reactions of fluoroalkyl groups

(RF), (ii) coupling reactions of fluoroalkanoyl groups (RFCO), (iii) cy-

clization reactions with fluoroalkyl groups (RF), (iv) cyclization re-

actions with fluoroalkanoyl groups (RFCO). We hope it will provide

a reference for the development of new strategies for the synthe-

sis of fluoroalkylated compounds, and the large-scale application

of these reagents in synthetic chemistry in the future.

2. Cross-coupling reaction systems

The coupling reaction of substrate with fluoroalkyl reagents is

one of the most effective ways to access the fluoroalkylated com-

pounds. Fluorine-containing anhydrides have been extensively em-

ployed in the synthesis of fluorine-containing organic compounds

through coupling reaction strategies by many research groups in

recent years. These reactions include coupling reactions of fluo-

roalkl groups and fluoroalkanoyl groups.

2.1. Coupling reactions of fluoroalkyl groups

2.1.1. Coupling reactions of fluoroalkyl radicals from

bis(fluoroalkanoyl) peroxides

It has been well established that bis(fluoroalkanoyl) peroxides

generated from reaction of (RFCO)2O with peroxides can furnish

perfluoroalkyl radicals. In 1982, Jiang and co-workers reported

the synthesis and thermal decomposition of some perfluoro- and

polyfluorodiacyl peroxides [36]. The major decomposition products

were characterized as the coupling products of the corresponding

radicals (RF−RF).

In 1985 and 1986, Kobayashi and co-workers reported the re-

action of heteroaryl compounds and electron-rich olefins with

bis(heptafluorobutyryl) peroxide to give corresponding perfluoro-

propyl products (Scheme 2) [37,38].

Two years later, Yoshida and co-workers reported the heptafluo-

ropropylation of thiophenes with this reagent and further explored

Scheme 2. Heptafluoropropylation of heteroarenes and electron-rich olefins.

Scheme 3. Heptafluoropropylation of thiophenes.

the synthesis of 3-heptafluoropropylated thiophenes (Scheme 3)

[39].

After this, this group also reported the trifluoromethylation

of (hetero)aromatic compounds with bis(trifluoroacetyl) peroxide

to provide correspounding trifluoromethylated products in mod-

erate to high yields, including trifluoromethylated benzenes, fu-

rans, thiophenes, nitrogen-containing heteroaromatics and benzo

derivatives [34,40-42]. From 1992 to 1994, this group synthesized

bis(chlorodifluoroacetyl) peroxide reagent using hydrogen peroxide

and CDFAA in Freon, and reported the chlorodifluoromethylation of

electron-rich aromatics and olefins with this reagent to give cor-

responding chlorodifluoromethylated products that can be further

transfered into other difluoromethylene-functionalized compounds

by hydrogenation or reaction with Tin reagents under radical con-

ditions (Scheme 3) [43,44].

In 1992 and 1995, Matsui and co-workers reported the per-

fluoroalkylation of coumarins, azo compounds, quinolinones and

phenoxazones with bis(perfluoroalkanoyl) peroxides (Scheme 4).

The fluorescence intensities and photostabilities of corresponding

perfluoroalkylated products with non-fluorine substituted products

were compared [45–48].

In 2015, Bräse and co-workers developed a metal-free perflu-

oroalkylation of (hetero)arenes with perfluoroalkyl radicals gen-

erated in situ from perfluoro carboxylic anhydrides in the pres-

ence of urea–hydrogen peroxide (UHP) [49]. This method provided

an access to perfluoroalkylated (hetero)arenes, including benzene

derivatives, furans, thiophenes, pyrroles, and highly functionalized

compounds. This strategy effectively avoided explosion hazard of

bis(perfluoroalkanoyl) peroxides and use of environmentally haz-

ardous Freon (Scheme 5).

In 2016, Sodeoka and co-wokers developed an efficient per-

fluoroalkylation of unactivated alkenes with perfluoro acid anhy-

drides as the perfluoroalkyl source [50]. In this process, the use
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Scheme 4. Perfluoroalkylation of coumarins, azo compounds, quinolinones and

phenoxazones.

Scheme 5. Perfluoroalkylation of (hetero)arenes.

of Cu(I) catalyst was crucial for achieving perfluoroalkylation reac-

tion. The authors proposed that single electron transfer (SET) be-

tween the bis(fluoroalkanoyl) peroxide and the Cu(I) catalyst initi-

ates the generation of perfluoroalkyl radical via decarboxylation. In

addition, the carboperfluoroalkylation of alkenes under metal-free

conditions afforded perfluoroalkyl-substituted polycycle or hetero-

cycle compounds (Scheme 6).

In 2018, the same group reported a Cu(II) catalyzed or metal-

free chlorodifluoromethylation of alkenes and N-heterocycles using

chlorodifluoroacetic anhydride (CDFAA) as a chlorodifluoromethyl

radical source [51]. The reaction was optimized through varia-

tion of copper salt catalysts with addition of pyridine as additive.

Base on the fact that the relatively fast thermal decomposition of

bis(chlorodifluoroacetyl) peroxide (BCDFAP) would generate an ex-

cess amount of CF2Cl radicals without the SET process with Cu(I),

the authors employed Cu(II) salt as a pre-catalyst instead of Cu(I)

salt to improve the yield of desired chlorodifluoromethylated prod-

ucts (Scheme 7).

In the same year, this group also reported a metal-free

oxy- and amino-perfluoroalkylations of alkenes with (RFCO)2O

(RF =CF3, C2F5, n-C3F7) to access oxy-perfluoroalkylation products

and amino-perfluoroalkylation cyclization products via carboca-

tion intermediates formation [52]. The authors proposed that the

styrene substrate could serve as an electron donor to accelerate

generation of the perfluoroalkyl radical through decomposition of

the diacyl peroxide by SET (Scheme 8).

2.1.2. Transition metal catalyzed fluoroalkylation coupling reactions

from fluoroalkyl anhydrides

In 2014, Sanford and co-worker reported a Pd-mediated decar-

bonylative trifluoromethylation of diarylzincs using trifluoroacetic

esters as CF3 sources [53]. The perfluoroacyl complexes were por-

posed as the key intermediates, which could be alternatively syn-

thesized from oxidative addition of Pd[P(o-Tol)3]2 with perfluoro

acid anhydrides (Scheme 9).

Scheme 6. Plausible mechanism and substrate scope for the perfluoroalkylation

and the intramolecular carboperfluoroalkylation.

Scheme 7. Pausible mechanism and substrate scope for the chlorodifluoromethyla-

tion.

In the same year, this group further reported the synthesis of

fluoroalkyl palladium(II) and nickel(II) complexes through decar-

bonylation of the perfluoroacyl-metal species [54]. The higher de-

carbonylation reactivity of perfluoroacyl-Ni species over Pd species

was proposed as that nickel could undergo decarbonylation with-

out ligand dissociation via a pentacoordinate transition state

(Scheme 10).
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Scheme 8. Proposed mechanisms and substrate scope of the oxy- and amino-

perfluoroalkylations.

Scheme 9. Pd-mediated decarbonylative trifluoromethylation and mechanism cycle.

Scheme 10. Comparison of decarbonylation of Pd-based complex and Ni-based

complex.

Scheme 11. Mechanistic proposal and substrate scope for Ru-catalyzed perfluo-

roalkylation of (hetero)arenes.

Scheme 12. Proposed mechanism and substrate scope of perfluoroalkylation of

(hetero)arenes.

2.1.3. Photocatalytic coupling reactions of fluoroalkyl radicals from

fluoroalkyl anhydrides

In 2015, Stephenson and co-workers described a radical tri-

fluoromethylation of (hetero)arenes with TFAA under photoredox

catalysis conditions [55]. Pyridine N-oxide (Py-O) was used as the

reagent for the formation of a reducible TFAA adduct, which readily

underwent N–O bond cleavage and CO2 extrusion to form the tri-

fluoromethyl radical. A variety of arenes, heterocycles, and alkenes

could be trifluoromethylated in moderate yields (Scheme 11).

In 2016, Stephenson and co-workers further reported an

improved perfluoroalkylation of (hetero)arenes with (RFCO)2O

(RF =CF3, C2F5, n-C3F7) in combination with continuous flow on a

kilogram scale using pyridine N-oxide derivatives (Scheme 12) [56].

This protocol overcame the limitations associated with small-scale

synthesis and using superstoichiometric copper salt by lowing cat-

alyst loadings and utilizing visible light. The mechanistic stud-

ies revealed that the conjugation and electrophilicity of the pyri-

dinium ring system promotes the formation of photoactive electron

donor-acceptor complexes. This work was highlighted by Reiser as

“the underlying methodology are of great relevance in medicinal

chemistry” [57].

Afterwards, in 2018, Stephenson and co-worker reported a de-

carboxylative radical chlorodifluoromethylation of (hetero)arenes

with CDFAA as a chlorodifluoromethyl radical source by using (4-

phenyl)pyridine N-oxide as a redox trigger under visible light irra-
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Scheme 13. The radical chlorodifluoromethylation of (hetero)arenes.

Scheme 14. Proposed mechanism and substrate scope of perfluoroalkylation of

coumarin.

diation conditions (Scheme 13) [58]. This reaction runs successfully

in both batch and flow processing with high regioselectivity and

broad substrate scope compatibility.

In 2018, Duan and co-workers reported the synthesis of a

recyclable ruthenium tris[4,4′-bis(dinonylmethyl)−2,2′-bipyridine]
(Ru[(DNM)2bpy]

2+
3

) photocatalyst for the batch and flow perfluo-

roalkylation reactions of coumarin substrates (Scheme 14) [59]. Un-

der visible-light irradiation conditions, the reaction afforded the

desired perfluoroalkylated products in moderate to good yields.

The high catalytic activity and easy reusability of the catalyst were

also demonstrated.

In 2019, Schaub and co-workers developed a direct α-

trifluoromethylation of acetophenone derivatives by using TFAA

as the CF3 source, pyridine N-oxide (Py-O) as activator and ox-

idant, and tris-(2,2′-bipyridine)ruthenium(II) hexafluorophosphate

[Ru(bpy)3(PF6)2] as the photocatalyst under blue light irradia-

tion [60]. The acetophenone derivatives substituted with different

functional groups could be converted to the corresponding α-CF3
derivatives in moderate yields with high regioselectivity. However,

cyclohexanone or dimethyl malonate were not suitable for these

conditions. Based on in-situ monitoring experiments and existing

literature reports [55], the mechanism was proposed and showed

Scheme 15. Proposed mechanism and substrate scope for the photoassisted α-

trifluoromethylation of acetophenones with TFAA.

Scheme 16. Proposed mechanism and substrate scope of radical trifluoromethyla-

tion of enol acetates.

in Scheme 15. The authors proposed that vinyl trifluoroacetate was

the key intermediate for this transformation.

In the same year, Singh and Garg reported a visible light-

mediated radical trifluoromethylation of enol acetates using TFAA

(Scheme 16) [61]. Compared with Schaub’s work, this method

afforded the corresponding α-trifluoromethylated acetophenones

with a higher yield and wider substrate scope.

In 2020, Stephenson and co-workers demonstrated that the

electron donor-acceptor (EDA) complexes from the combination

of 2-methoxynaphthalene donor and acylated ethyl isonicotinate

N-oxide acceptor can controllably generate trifluoromethyl radical

from TFAA through photoexcitation (Scheme 17) [62]. This strategy

solves the problem of fast deactivation of photocatalytic species

originated from back electron transfer. The authors reported the

synthetic utility by visible light-driven radical trifluoromethylation

and Minisci alkylation reactions. A multigram-scale trifluoromethy-

lation of methyl N-Boc pyrrole-2-carboxylate by the EDA platform

in a continuous flow manifold was also demonstrated.

2.2. Coupling reactions of fluoroalkanoyl groups

2.2.1. Nucleophilic coupling reactions involving fluoroalkanoyl groups

Fluoroalkanoyl groups, such as trifluoroacetyl (CF3CO), can be

found in some biologically active molecules [63]. Perfluoroketones

are useful building blocks for the synthesis of more complex struc-

tures and these compounds are also important intermediates in

medicinal chemistry.

In 1991, Kerdesky and co-worker reported a nucleophilic re-

action of TFAA with (hetero)arylcopper reagents to prepare (het-

ero)aryl trifluoromethyl ketones (Scheme 18) [64].
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Scheme 17. Plausible mechanism for the trifluoromethylation with EDA complex

catalysis.

Scheme 18. Trifluoroacetylation reaction of (hetero)arylcopper reagents.

Scheme 19. The synthesis of trifluoromethyl ketones and their trifluoromethylated

heterocycles from TFAA.

From 1992 to 1995, Zard and co-workers reported a series of

methods for the synthesis of trifluoromethyl ketones and their fur-

ther trifluoromethylated heterocycles from reaction of carboxylic

acids or its chlorides with TFAA in the present of pyridine (Scheme

19). Trifluoromethyl acyl ketenes were used as versatile precursors

for the synthesis of various trifluoromethylated heterocycles [65–

67].

Scheme 20. Proposed mechanism and substrate scope of the transformation of α–

hydroxy acids to α-perfluoroalkylated acyloins.

Scheme 21. The investigation of the reactivity of (RFCO)2O-BF3·SMe2.

In 1994, Kawase and co-workers reported a transformation of

α–hydroxy acids to α-perfluoroalkylated acyloins by using perfluo-

roalkylcarboxylic anhydrides in the presence of pyridine (Scheme

20) [68]. These α-perfluoroalkylated acyloins serve as a class of

perfluoroalkyl-containing building blocks for further transforma-

tion.

In the same year, Balenkova and co-workers developed a new

class of perfluoroacetylation reagents, (RFCO)2O-BF3·SMe2. The per-

fluoroacetylating reactivity of these reagents with different types of

alkenes were investigated (Scheme 21) [69].

Two years later, Simchen and co-worker synthesized a stable

and easy to handle trifluoroacetylating agent, 4-dimethylamino-

1-trifluoroacetylpyridinium trifluoroacetate [70]. This reagent was

used in AlCl3-mediated trifluoroacetylation of aromatic compounds

to obtain aryl trifluormethyl ketones in good yields (Scheme 22).

In the same year, Gilbert and co-workers developed a CoCl2-

catalyzed trifluoroacetylation and dimerization of methoxyaromat-

ics with neat TFAA under fixed ratio conditions (anisole/TFAA 1:80

or 1:1, respectively) (Scheme 23) [71].

In 1996, Schmutzler and co-workers reported the C−P

bond coupling reaction of secondary phosphines (1-Ad)2PH and

Trt(Ph)PH with TFAA to yield the trifluoroacetylphosphines, and

the secondary phosphines oxide (1-Ad)2P(O)H also reacted with

TFAA to furnish the corresponding trifluoroacetylated product

(Scheme 24) [72].

In 2007, Reeves and co-workers greatly improved the previous

procedure for the transformation of carboxylic acid chlorides to

trifluoromethyl ketones reported by Zard and co-workers [65,66].
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Scheme 22. The synthesis and application of 4-dimethylamino-1-

trifluoroacetylpyridinium trifluoroacetate.

Scheme 23. The comparatively CoCl2-catalyzed trifluoroacetylation and dimeriza-

tion of methoxyaromatics.

Scheme 24. The C−P bond coupling of secondary phosphines and their oxides.

Scheme 25. The one-pot conversion of primary and secondary carboxylic acids to

trifluoromethyl ketones.

They developed a direct one-pot conversion of primary and sec-

ondary carboxylic acids with TFAA to the corresponding trifluo-

romethyl ketones (Scheme 25) [73].

In the same year, Porco, Jr. and co-workers reported a Lewis

acid-catalyzed nucleophilic addition to N-phosphinylimines in the

presence of TFAA [74]. Asymmetric trifluoroacetamide products are

obtained in this novel process which likely involved succeeding

Scheme 26. Proposed mechanism and substrate scope for asymmetric crotylation

of N-phosphinylimines.

acylation/hydration procedure of N-phosphinylimine substrates fol-

lowed immediately nucleophilic addition (Scheme 26).

In 2010, the same group reported a diverse nucle-

ophilic addition of N-diphenylphosphinylimines, including

aza-Prins/intramolecular Friedel-Crafts annulations, employed

La(OTf)3·nH2O as a catalyst and TFAA as an activator to obtain

N-trifluoroacetylated products [75]. This method provided a se-

ries of complex polycyclic scaffolds containing diarylmethane

pharmacophore. The control experiments and DFT calculation

revealed that thermodynamic equilibration of stereoisomeric

cationic intermediates and steric hindrance of Friedel-Crafts cy-

clization determines the distribution of acyclic-cyclic products and

stereochemistries (Scheme 27).

In 2014, Rovis and co-workers reported a cobalt-mediated direct

perfluoroacylation of 1,3-dienes with (RFCO)2O (RF =CF3, C2F5, n-

C3F7) to afford useful perfluoroketones under mild conditions [76].

A series of mechanism experiments were performed to demon-

strate the formation of key π-allylcobalt intermediate, and the re-

action pathway is shown in Scheme 28.

In 2017, Bhagat and co-workers reported an electrophilic triflu-

oroacetylation of enaminones with TFAA by using DBU as a base

(Scheme 29) [77]. Various enaminones were obtained in excellent

yields. This methodology features some advantages, such as main-

tained E stereoselectivity of products, broad functional group toler-

ance, and products extensibility.

In 2018, our group reported an AlCl3-mediated one-pot

cascade reaction of pyrrolidones with TFAA through cascaded

electrophilic trifluoroacetylation, nucleophilic chlorination, and

elimination, achieving the synthesis of various 1–chloro-2,2,2-

trifluoroethylidene-substituted pyrrolidones in moderate to high

yields under simple and mild conditions (Scheme 30) [78]. The ob-

tained products with a wide range of substituents can be applied

to further functionalization as trifluoromethyl-containing building

blocks and some compounds showed fungicidal activity against cu-

cumber downy mildew (CDM).

Next year, our group reported a Knoevenagel-type reaction

of 1,3-diketones with TFAA or difluoroacetic anhydride to access

2-(2,2,2-trifluoroethylidene) and (2,2-difluoroethyl)−1,3-dicarbonyl

compounds, respectively (Scheme 31) [79]. This reaction process
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Scheme 27. Proposed mechanism and substrate scope for La-catalyzed nucleophilic

addition of N-diphenylphosphinylimines.

Scheme 28. Proposed mechanism and substrate scope for the cobalt-mediated di-

rect fluoroacylation of 1,3-dienes.

Scheme 29. Substrate scope of the electrophilic trifluoroacetylation.

promoted by trifluoroacetaldehyde/difluoroacetaldehyde generated

in situ from trifluoroacetic/difluoroacetic anhydride and Et3N

[80] shows broad substrate applicability and excellent chemoselec-

tivity under metal-free conditions.

In 2019, Frasinyuk and co-workers developed an efficient tri-

fluoroacetylation of 2-methyl- and 2-ethylchromones with TFAA to

access 2-(3,3,3-trifluoroacetonyl) chromones and isoflavones [81].

Scheme 30. Proposed mechanism and substrate scope for the formation of 1–

chloro-2,2,2-trifluoroethylidene-substituted pyrrolidones.

Scheme 31. Proposed mechanism and substrate scope of the Knoevenagel-type re-

action of 1,3-diketones.

Scheme 32. Reaction procedure and substrate scope of the trifluoroacetylation of

2-methyl-and 2-ethylchromones.

The reaction mechanism was proposed with involving the genera-

tion of the vinyl ethers from substrates followed by trifluoroacety-

lation with TFAA in the presence of CF3COOK (Scheme 32).

In the same year, our group reported an efficient N-

trifluoroacetylation of nitrones to synthesize N-trifluoroacetyl

amides in good to excellent yields under mild conditions [82].

Based on existing literature reported by Drabowicz and co-workers

in 1997 [83], we proposed that this method involved electrophilic
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Scheme 33. Proposed reaction pathway and substrate scope for the synthsis of N-

trifluoroacetyl amides.

Scheme 34. Proposed mechanism and substrate scope of the alkene radical trifluo-

roacylation and trifluoromethylation.

trifluoroacetylation, nucleophilic addition, elimination, and subse-

quent intramolecular substitution cascade process to afford corre-

sponding amide products (Scheme 33).

2.2.2. Free radical coupling reaction of trifluoromethyl group

In 2021, Katayev and co-workers reported a visible-light-

promoted radical trifluoroacylation strategy of alkenes with TFAA

to afford a variety of α, β-unsaturated trifluoromethyl ketone

derivatives [84]. Furthermore, the strategy can be turned into a

trifluoromethylation reaction of alkenes and aromatics by simply

changing the reaction condition parameters. For trifluoroacylation,

mechanistic studies showed that the generation of a fleeting triflu-

oroacyl radical (CF3CO·) promoted by a Ir photocatalyst triggered

a C–O bond fragmentation, revealing fundamentally different from

conventional methodologies (Scheme 34).

3. Ring-forming reaction systems

Cyclization reactions can deliver initial cyclic compounds, struc-

turally diverse scaffolds and biologically active fragments. Some

compounds with uncommon heterocycles or sterically hindered

substituents, which are not easily available through coupling re-

action, are synthesized through the cyclization process.

Scheme 35. Proposed mechanism and substrate scope of the amino- and carbo-

perfluoroalkylations.

3.1. Cyclization reactions of fluoroalkyl radicals

After had reported the perfluoroalkylation coupling reac-

tion and cyclization reaction of unactivated alkenes with acid

anhydrides [50], in 2017, Sodeoka and co-workers reported

an efficient metal-free or copper-catalyzed N-heterocycle-

forming amino/carboperfluoroalkylations of aminoalkenes by

using (RFCO)2O (RF =CF3, C2F5, n-C3F7) in conbination with

urea·H2O2 as perfluoroalkyl radical sources to provide diversified

perfluoroalkylated amines (Scheme 35) [85]. A wide variety of

perfluoroalkylated N-heterocycles including complex molecules

were synthesized through this method, confirming its potential

synthetic utility. Mechanism investigations suggested that the

Cu(I) catalyst could accelerate perfluoroalkyl radical (·RF) forma-

tion by promoting the decomposition of perfluoro diacyl peroxide,

while the Cu(II) controled the product selectivity. Subsequently,

this group reported chlorodifluoromethylation coupling reaction

and cyclization reaction of unactivated alkenes with chlorodifluo-

roacetic anhydride [51].

In 2019, Zhong and co-workers reported a one-pot ring-forming

approach to afford various fluoroalkylated dibenz[b,e]azepines by

visible-light catalysis and using (RFCO)2O (RF =CF2H, CF2Cl, CF3,

C2F5, n-C3F7) as a reactive fluoroalkyl radicals (·RF) source [86].

The combination of Ru(bpy)3Cl2·6H2O and Py-O was employed as

an efficient photoinduced catalytic system. Based on radical in-

hibitor and literature, the authors proposed the reaction mecha-

nism involving the fluoroalkylation of substrates followed by 7-

ortho radical cyclization and oxidation to obtain the desired prod-

ucts (Scheme 36).

3.2. Nucleophilic cyclization reactions involving fluoroalkanoyl groups

In 1989, Bergman and co-worker reported a quickly ring-

formation reaction of tryptophan with TFAA to obtain correspond-

ing oxazolone (Scheme 37), which was used as a starting material

for the synthesis of tryptophan containing peptides [87].
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Scheme 36. Proposed reaction pathway and substrate scope for the synthsis of flu-

oroalkylated dibenz[b,e]azepines.

Scheme 37. The ring-formation reaction of tryptophan with TFAA.

Scheme 38. The synthesis of pyridazinone-containing heterocyclic compounds.

In 1993, Hegde and co-worker reported the cyclization reaction

of hydrazines and 2-(alkylamino)-3-(trifluoroacetyl)butenedioates

starting from TFAA, primary amine and dimethyl acetylenedi-

carboxylate to provide pyridazinone-containing heterocyclic com-

pounds (Scheme 38) [88].

In 2007, Kizhnyaev and co-workers reported the ring forma-

tion of 5-trifluoromethyl-1,3,4-oxadiazoles through the reaction of

tetrazoles with TFAA under milder conditions (at 20–25 °C) com-

Scheme 39. The ring formation of 5-trifluoromethyl-1,3,4-oxadiazoles.

Scheme 40. The reaction pathway and substrate scope for the synthesis of 7-

(trifluoromethyl)−6H-chromeno[4,3-b]quinolin-6-ones.

Scheme 41. Possible mechanistic pathways and substrate scope for the synthesis of

2-trifluoromethylfurans.

paring with non-fluorinated anhydride (at 100–120 °C) (Scheme

39) [89].

In 2011, Iaroshenko and co-workers reported a straight-

forward and high-yield method for the synthesis of 7-

(trifluoromethyl)−6H-chromeno[4,3-b]quinolin-6-ones by the

reaction of anilines with 4–chloro-3-(trifluoroacetyl)coumarin,

which was synthesized via TMSCl-mediated trifluoroacetylation of

4-hydroxycoumarin with TFAA (Scheme 40) [90].

In the same year, Xu and co-workers developed a cascade cy-

clization reaction to synthesize 2-trifluoromethylfurans [91]. This

cascade reaction was extremely efficient because the raw materials

were completely converted within 1min and the desired products

were obtained in good to excellent yields (87%∼99%) with wide

substrate generality. Based on the results of control experiments

and 19F NMR analysis, the authors proposed two possible pathways

shown in Scheme 41.

Two years later, Xu and co-workers reported a PPh3-mediated

cascade cyclization reaction to synthesize 2-trifluoromethylpyrroles

(Scheme 42) [92]. This method still maintains the advantages of

high yields (up to 99%), mild reaction conditions (at room tem-

perature), simple operation, broad functional group tolerance and

super-short reaction time (within 1min).
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Scheme 42. Possible reaction pathways and substrate scope of PPh3-mediated cas-

cade cyclization reaction.

Scheme 43. The reaction precedure and substrate scope of trifluoromethylated

imidazo-fused N-heterocycles.

In 2017, Schäfer and co-workers reports a scalable synthesis

of trifluoromethylated imidazo-fused N-heterocycles using TFAA as

CF3 reagent and dehydrating agent [93]. This reaction proceeded

via N-trifluoroacetylation of benzylamines followed by dehydrative

cyclization to the imidazo-fused polycyclic products in the present

of TFAA (Scheme 43).

In the same year, our group reported an efficient CuI-catalyzed

interrupted click reaction in the presence of TFAA for the synthe-

sis of 3-trifluoromethyl-substituted 1,2,4-triazinones (Scheme 44)

[94]. The discovery of this process by using trifluoroacetyl group

(CF3CO) from TFAA to accelerate the ring-opening of the 5-Cu(I)

triazolide species had allowed us to extend the scope of classical

copper-catalyzed azide-alkyne cycloaddition (CuAAC) 1,2,3-triazole

products to 1,2,4-triazinone derivatives. Under the optimized reac-

tion conditions, a broad range of azides and alkynes with electron-

withdrawing and electron-donating groups could participate in

this transformation, affording corresponding products in moder-

ate to excellent yields. By finely optimizing reaction conditions,

this method allowed facile synthesis of structurally diverse 3-

fluoroalkyl-substituted 1,2,4-triazinones with other fluoroalkyl an-

hydrides, including (C2F5CO)2O, (n-C3F7CO)2O [95], (CF2ClCO)2O,

and (CF2HCO)2O [96].

In 2018, our group reported a tellurium-mediated tandem ring-

forming reaction for the synthesis of 2-(trifluoromethyl)oxazoles

using acetophenone oxime acetates as substrate and TFAA as CF3
source [97]. This new cyclization reaction proceeded in good to

excellent yields under extremely simple and easy-to-operate con-

ditions. The reaction mechanism involving a SET reduction fol-

lowed by a 5-endo-trig tandem cyclization was proposed based on

a series of mechanistic control experiments and radical trapping

(Scheme 45). The biological activity studies suggested that some of

2-(trifluoromethyl)oxazoles displayed potent fungicidal and insec-

ticidal activities.

Scheme 44. Possible mechanistic pathways and substrate scope for the copper-

catalyzed synthesis of trifluoromethyl 1,2,4-triazinones.

Scheme 45. Possible mechanistic pathways and substrate scope of the tellurium-

mediated tandem ring-forming reaction.

Subsequently, in 2019, Deng and co-workers reported a copper-

catalyzed oxidative three-component domino cyclization of oxime,

arylthiol, and TFAA to selectively synthesize 4-aryl-5-(arythio)−2-

(trifluoromethyl)oxazoles (Scheme 46) [98]. This reaction was pro-

posed to involve N-O bond cleavage, new C-N and C-S bond for-

mation, C-H functionalization, single-electron oxidation and in-

tramolecular 5-endo cyclization.
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Scheme 46. Tentative reaction mechanism and substrate scope of copper-catalyzed

oxidative three-component domino cyclization.

Scheme 47. Possible mechanistic processes and substrate scope for the synthesis of

4-perfluoroalkylpyridines.

In 2019, our group reported a (RFCO)2O (RF =CF2H, CF2Cl,

CF3, C2F5, n-C3F7) triggered cyclization to access 2,6-diaryl-4-

fluoroalkylpyridines under metal-free conditions through a double

nucleophilic addition, 6-endo cyclization, and subsequent elimina-

tion tandem processes (Scheme 47) [99]. This process provides a

simple method to construct 4-perfluoroalkylpyridines from easily

available and inexpensive starting materials.

In the same year, Saito and co-workers reported an efficient

method to access polysubstituted 2-trifluoromethylfurans in mod-

erate to excellent yields under metal-free conditions [100]. The

combination of 4-picoline and Ph3P has been employed to pro-

mote a formal [2+2+1] ring-forming for the synthesis of 2-

trifluoromethylfurans from TFAA, aldehydes and alkynoates via

Michael-type addition, 1,2-H-shift, 1,4-H-shift and subsequent O-

trifluoroacylation of the enone intermediates and intramolecular

Wittig reaction cascade procedure (Scheme 48). Compared with

Scheme 48. Possible mechanistic processes and substrate scope for the synthesis

of 2-trifluoromethylfurans.

Scheme 49. Possible mechanistic processes and substrate scope for the synthesis

of 5-(fluoroalkyl)isoxazoles.

the report in 2011 by Xu’s group [91], it is clear that an advan-

tage of this method is the direct use of α,β-enone precursors, and

a disadvantage is the relatively low yield of the products.

In 2020, our group developed an operationally convenient and

efficient denitrogenative cyclization of vinyl azides with (RFCO)2O

(RF =CF2H, CF2Cl, CF3, C2F5, n-C3F7) to synthesize structurally di-

verse 5-(fluoroalkyl)isoxazoles under metal-free and mild condi-

tions [101,102]. This ring-forming reaction with broad functional

group tolerance was involved fluoroalkanoyl of initial substrates,

deprotonation and subsequent cyclization, dinitrogen elimination

procedures (Scheme 49).

In 2020, Ilangovan and co-worker reported a TFAA-BF3·OEt2
mediated one-pot three-component cyclization of TFAA, aromat-

ics and amino acid to access 2-trifluoromethyl oxazoles under mild
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Scheme 50. Proposed mechanism processes and substrate scope for the synthesis

of 2-trifluoromethyl oxazoles.

conditions [103]. This tandem procedures included amidation (the

formation of C-N bond), anhydride formation (the formation of

C-O bond), Friedel-Crafts acylation (the formation of C-C bond),

Robinson-Gabriel annulation, and subsequently dehydrative arom-

atization (Scheme 50).

4. Conclusions and outlook

Fluoroalkyl-containing compounds, owing to their unique

physicochemical properties, have been allowed to be used across

an array of fields. TFAA and its anhydride analogues used as a

class of high-efficiency and low-cost fluoroalkyl reagents have at-

tracted great attention for the numerous synthesis of fluoroalkyl-

containing compounds. Recently, diversified strategies for high

value-added utilization of easily available TFAA and its anhy-

dride analogs have been developed. Herein, the review sum-

marized the advances in the development of synthetic meth-

ods of fluoroalkyl-containing compounds using fluoroalkyl anhy-

drides as fluoroalkyl reagents, including (CF3CO)2O, (CF2HCO)2O,

(CF2ClCO)2O, (CnF2n+1CO)2O. We hope that this review can provide

a reference for subsequent application and help chemists to devel-

ope new methodologies for the synthesis of fluoroalkylated com-

pounds. Despite the tremendous efforts and substantial achieve-

ments, some noteworthy issues still exist in this field:

1. More economical methods should be developed. Fluoroalkyl

reagents derived from fluoroalkyl anhydrides participated

in coupling reactions that mainly focused on the use of

bis(fluoroalkanoyl) peroxides and the photocatalytic reac-

tions of noble metal (e.g., Ru, Ir), and only a few examples

of cyclization reactions of these reagents were provided. The

methods using low-cost metal catalysis and organic cataly-

sis as sustainable processes and the cyclization strategies of

fluoroalkyl reagents should be explored.

2. The coupling reactions initiated by fluoroalkanoyl groups

mainly focus on fluoroalkanoylation of electron-rich aromat-

ics and olefins. Undoubtedly, expanding the substrate scope

will broaden the application of trifluoromethyl ketone com-

pounds and trifluoromethyl-containing building blocks.

3. A library synthesis of fluoroalkylated heterocyclic com-

pounds should be established. The cyclization reaction in-

duced by fluoroalkanoyl groups conveniently constructes

structurally diverse heterocyclic compounds in one-pot,

which were difficultly synthesized by coupling reactions.

4. The asymmetric synthesis of chiral fluoroalkylated com-

pounds originated from fluoroalkyl anhydrides remains lim-

ited. Bsed on the inportance of chiral molecules, fluoroalkyl

and fluoroalkanoyl groups, more attention needs to be de-

voted to this direction.

5. While some progress has been made, kilogram scale uti-

lizing of low-consumption fluoroalkyl anhydrides and late-

stage fluoroalkylating of polyfunctional compounds are less

reported and still in infancy.
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