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Abstract

Much progress has been made in the development of methods to both create compounds 

that contain C–F bonds and to functionalize C–F bonds. As such, C–F bonds are becoming 

common and versatile synthetic functional handles. This review summarizes the advantages of 

defluorinative functionalization reactions for small molecule synthesis. The coverage is organized 

by the type of carbon framework the fluorine is attached to for mono- and polyfluorinated 

motifs. The main challenges, opportunities and advancements of defluorinative functionalization is 

discussed for each class of organofluorine. Most of the text focuses on case studies that illustrate 

how defluorofunctionalization can improve routes to synthetic targets or how the properties of C–F 

bonds enable unique mechanisms and reactions. The broader goal is to showcase the opportunities 

for incorporating and exploiting C–F bonds in the design of synthetic routes, improvement of 

specific reactions and advent of new methods.
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1. Introduction

Organofluorine chemicals are abundantly available from commercial suppliers and through 

well-established synthetic protocols.[1] Reliable access to these compounds in modular and 

scalable fashions is the result of tremendous development in fluorination methods as well 

as the invention and use of fluorinated building blocks.[2] These efforts are generally 

motivated by the widespread use of fluorine incorporation as a means to modulate a 

molecule’s properties, especially within medicinal, agrochemical, materials and commercial 

product (e.g., refrigerants and polyfluoroalkyl substances) applications.[3] In these contexts, 

fluorine’s high electronegativity and the high strength of C–F bonds can improve a 

compound’s metabolic or oxidative stability, lipophilicity and solubility, and can modulate 

key properties such as pKa or conformational preferences.[4]

Meanwhile, chemists have made significant advances in C–F bond functionalization 

methodology, a task often inspired by the fundamental challenges associated with activating 

such strong bonds. This progress is the subject of numerous reviews that are often dedicated 

to a specific class of C–F bond (e.g., aryl fluorides) or mechanistic strategy (e.g., metal 

catalysis).[5–7] However, given the increasing availability of fluorinated chemicals and 

advances in C–F functionalization, an overview of the key synthetic advantages that 

motivate defluorinative methods and applications would be useful. This review aims to 

address this topic by answering the overarching question: “What is the advantage of 

purchasing or preparing a fluorinated chemical if the fluorine is to be removed in a 

subsequent reaction?”. The answers to this question can generally be classified as benefits to 

either an overall synthetic route or to the mechanism of a desired reaction.

Synthetic route advantages of defluorofunctionalization typically stem either from the 

availability of a fluorinated starting material or the chemoselectivity of a targeted 

reaction. For example, certain small molecule organofluorines are less expensive than 

alternately halogenated analogues. Strong C–F bonds are also inert under many standard 

reaction conditions and can often be carried through multistep syntheses for downstream 

functionalization, unlike other C–X bonds.[4] Alternatively, chemoselective activation of 

functionalized or multihalogenated organofluorines allows for regioselective multistep 

syntheses.[8] Defluorofunctionalization is also advantageous when the reaction generates 

a new, but more valuable, fluorinated product. This is exemplified by methods that 

activate C–F bonds for isomerization or insertion processes in order to transform simple 

organofluorines into complex fluorinated products. Similarly, the preparation or purchase 

of polyfluorinated starting materials for use in partial defluorofunctionalization can be a 

cost-effective and modular route to fluorine-containing compounds.[9]

There are several mechanistic features of defluorinative reactions that can enable desired 

transformations over alternative organohalide starting materials. Due to the small size of 

fluorine and the high bond polarization, certain C–F bonds (e.g. acyl and aryl fluorides) 
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undergo uniquely facile substitution reactions with anionic and sterically-encumbered 

nucleophiles. The polarization also leads to low-lying C–F anti-bonding orbitals that 

stabilize β-carbanions and radicals, an enabling feature for addition/fluoride elimination 

sequences of allyl and vinyl fluorides.[10] Defluorination also frequently generates fluoride 

byproducts that play a pivotal role in reaction mechanisms, often as bases for pronucleophile 

activation or generation of unstable anionic species in situ.[11] Similarly, metal-catalyzed 

defluorinative reactions can proceed via metal fluoride complexes that react with a reagent 

for reaction propagation.[12] C–F bonds are also often reactive towards Lewis acids and 

can generate strong fluorine bonds with a reagent or catalyst (e.g., Si–F bond formation).
[13] Lewis acidic activation can therefore enable non-traditional substitution selectivity and 

provide a driving force for thermodynamically challenging reactions or those that proceed 

through high-energy intermediates (e.g., aryl cation generation).

This review showcases the route and mechanistic advantages of C–F 

defluorofunctionalization for small molecule synthesis. The content is organized by 

the type of carbon framework the fluorine is attached to, as summarized in Scheme 

1. The coverage does not include applications to material sciences[14], defluorination 

for environmental remediation[15], reactions with biomolecules[16] or commonplace 

defluorinative processes of commercial reagents (e.g., difluorocarbene generation from 

TMSCF3; TMS = trimethylsilyl).[17] The goal of this review is to highlight the main 

challenges, advances and applications of each type of C–F bond to guide synthetic chemists 

and to motivate researchers to devise new methods for C–F functionalization. The discussion 

is intended to demonstrate general reactivity patterns of C–F bonds as well as the key 

advantages of defluorination through specific examples. This non-comprehensive review 

often summarizes and represents the work of many researchers through a single example. 

We have attempted to select reactions that demonstrate as many benefits of defluorination as 

possible and refer readers to other reviews for more detailed coverage.[5–7]

2. Aryl Fluoride Defluorofunctionalization

Simple aryl fluorides that contain one or two additional functional groups (e.g., halogens, 

nitro groups, esters and nitriles) are inexpensive commercial compounds. More complex 

fluoroarenes are generally less available and require independent synthesis, often via C–X 

fluorination, deoxyfluorination or Balz-Schiemann reactions.[18] Thus, most advantageous 

aryl defluorination methods employ more accessible, simple starting materials where 

the C–F bond offers unique reactivity compared to other halogens. Polyfluoroarenes 

represent a separate class of commercially available aryl fluoride that are used to access 

partially fluorinated arenes as an alternative to aryl fluorination methods.[9b,c] As mono- 

and polyfluoroarenes possess different challenges and opportunities, they are discussed 

separately in this section.

2.1 Defluorinative substitution reactions

C–F bonds are generally more reactive than other C–X bonds towards nucleophilic 

aromatic substitution reactions (SNAr) that can occur through stepwise or concerted 

pathways (Scheme 2a).[19] This trend often enables nucleophilic defluorosubstitution on 
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electron-neutral arenes without the need for metal catalysis. This is an advantage for large-

scale syntheses, including alkoxide SNAr reactions used to prepare the pharmaceuticals 

clomiphene and duloxetine (Scheme 2b).[20] Many nucleophiles and arenes are suitable for 

defluorinative SNAr reactions; weak nucleophiles require electron-deficient fluoroarenes, 

while strong nucleophiles can substitute electron-rich arenes. This trend is exemplified by a 

cyanation reaction reported by Jenkins and coworkers[21] and an α-arylation of alkyl nitriles 

reported by Caron and coworkers at Pfizer[22] in Scheme 2c. Aryl fluorides can be used to 

increase the yields or scope of many types of substitution reactions. For example, their use 

in N-heterocyclic carbene (NHC)-catalyzed aldehyde C–H arylation reactions outperform 

other aryl halides (Scheme 2d).[23] The ability of aryl fluorides to engage in concerted SNAr 

reactions with strong nucleophiles also enables regioselective substitution of electron-rich 

fluorides, as seen in Scheme 2c and in recently developed silylation reactions (Scheme 

2e).[24]

2.2 Fluorine-guided regioselective arene synthesis

Polyhalogenated arenes containing at least one fluorine are commercially available and 

enable assembly of substituted arenes via chemoselective C–X functionalization. While 

SNAr reactions preferentially occur with C–F bonds over other C–X bonds, the inverse 

trend is generally observed for metal-catalyzed coupling reactions.[8] This utility is 

illustrated in Scheme 3a for the regioselective synthesis of a complex biaryl system from 1-

bromo-2-fluoro-4-iodobenzene by chemists at AstraZeneca.[25] C–F bonds can also control 

positional selectivity via alternative mechanisms, including acidifying effects that guide 

arene deprotonation.[26] This concept is illustrated in Scheme 3b, where scientists at GSK 

used 2-chloro-4-fluoropyridine for fluorine-directed 3-deprotonation/acylation, followed by 

sequential C–F amination and C–Cl methylation en route to HIV-1 integrase inhibitor 

candidates.[27] Fluoroarenes with ortho-withdrawing substituents (e.g., nitriles, esters and 

ketones) are readily available and useful for tandem SNAr/cyclization reactions to prepare 

benzo-fused heteroarenes. This sequence was used by chemists at Pfizer wherein a 2,4-

difluoroaryl ketone forms an indazole via hydrazine condensation/SNAr, followed by facile 

defluoroalkylation en route to a potential treatment for inflammatory diseases (Scheme 3c).
[28]

2.3 Defluorinative access to phosphine ligands

An additional valuable application of defluorinative substitution reactions is their use for 

preparing mono- and bisphosphines, including commercial ligands. Most commonly, this 

is achieved through base-promoted SNAr reactions of phosphines and simple fluoroarenes, 

with an array of representative ligands shown in Scheme 4a.[29] Alternatively, the acidifying 

effect of fluorine can promote facile metalation and fluoride elimination en route to versatile 

aryne intermediates. Scheme 4b demonstrates this strategy for production of the biaryl 

fragment of the BrettPhos ligand, a common route to privileged Buchwald-type biaryl 

phosphine ligands.[30] We note that the use of aryl fluorides as aryne precursors has found 

wide application in other contexts, including heteroarene, complex molecule and natural 

product syntheses.[31]
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2.4 Alternative types of defluorinative SNAr reactions

Given the availability of fluoroarenes, there is strong motivation to develop new and 

complementary mechanistic strategies for defluorinative substitution reactions. To this end, 

Nicewicz and coworkers developed a photoredox-catalyzed SNAr method that operates via 
single electron oxidation of electron-rich to -neutral fluoroarenes to generate electrophilic 

aryl radical cation intermediates as outlined in Scheme 5a.[32] This protocol enables 

defluorinative SNAr in the presence of other halogens and can be used for radiofluorination 

of fluorinated drugs.[33] Lambert and coworkers developed a related method via an 

electrophotochemical strategy that tolerates base-sensitive functional groups, including 

aldehydes and traditionally SNAr-active heteroaryl halides (Scheme 5a, bottom).[34] An 

alternative photochemical process, disclosed by Larionov and coworkers, uses UV light 

to promote defluoroborylation of electron-rich aryl fluorides and is proposed to proceed 

through an aryl radical cation intermediate from C–F bond homolysis (Scheme 5b).[35] 

Another emerging strategy for activation of aryl fluorides is the catalytic use of metals that 

coordinate to the arene to form electrophilic π-metal complexes. The Shi Group has made 

significant advances in this regard using Ru and Rh catalysts for alcohol, water and amine 

SNAr reactions that selectively substitute electron-rich aryl fluorides as illustrated in Scheme 

5c.[36]

2.5 Metal and Lewis acid-catalyzed C–C bond-forming reactions

Fluoroarenes are active towards catalytic C–C bond-forming reactions via transition 

metal[6c,d] and Lewis acid[13] activation of C–F bonds. Although other C–X bonds are 

more prone towards oxidative addition processes, significant progress has been made in 

the use of C–F bonds for cross-coupling reactions for net defluoroarylation, -alkylation 

and -borylation.[37] These reactions are most advantageous when the fluoroarene substrate 

is inexpensive or if polyfunctionalized arenes are used for chemoselective syntheses. 

Representative conditions for such methods are shown in Scheme 6a through a distinctly 

selective defluorinative coupling reaction developed by Manabe and coworkers.[38] Here, 

Ni-catalyzed Kumada coupling selectively occurs at C–F bonds adjacent to alcohol and 

amine directing substituents over weaker C–X bonds. In addition to oxidative addition 

by transition metals, C–F bonds can be activated by strong Lewis acids to generate 

highly reactive aryl cation intermediates. This strategy enables a variety of useful arylation 

reactions, including intramolecular Friedel-Crafts-type arylation, as illustrated by Siegel 

and coworkers in Scheme 6b.[39] This protocol has also been applied to the synthesis of 

Buckybowl derivatives.[40] In a further advance, Nelson and coworkers discovered that 

C–F activation of ortho-silylated fluoroarenes generates discrete aryl cations that undergo 

intermolecular C–H insertion reactions with unactivated alkanes (Scheme 6c).[41]

2.6 Defluorinative SNAr of polyfluoroarenes

Polyfluoroarenes participate in facile SNAr reactions under mild conditions with many types 

of common nucleophiles (e.g., C-, O-, N-, Si-based nucleophiles) as a modular route to 

fluorinated arenes (Scheme 7a). Their use in this regard has been studied extensively and the 

selectivity of consecutive defluorofunctionalization steps is the subject of various reports.
[9b,c,g] Here, we discuss representative uses and provide extended examples of substrate 
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scopes to illustrate the selectivity trends observed for each reaction. As an alternative 

to the use of organometallic nucleophiles[42], Wu, Yang and coworkers discovered that 

phosphonium ylides react with polyfluoroarenes to achieve net defluoroalkylation (Scheme 

7b).[43] C–F substitution typically occurs para to an electron-withdrawing group, while a 

second substitution will occur at the ortho-position. Scheme 7c shows products accessible 

via base-promoted defluoroarylation of nitroalkanes, a process developed by Weaver and 

coworkers to access fluorinated benzylamine end products.[44] This includes examples 

that form regioisomeric mixtures (31 and 32) to illustrate how subtle effects between the 

nucleophile, base and substrate can impact site-selectivity, an important consideration and 

challenge for non-symmetrical fluorinated arenes. We note that the release of fluoride in 

SNAr reactions is also commonly used to activate silylated pronucleophiles, especially those 

that generate carbon-based nucleophiles (e.g., aryl and alkynyl carbanions and enolates).[45]

2.7 Metal-catalyzed defluorination of polyfluoroarenes

A variety of metal-catalyzed cross-coupling reactions are operative on polyfluorinated 

arenes (Scheme 8a). Generally, these occur either at the traditionally most electrophilic 

C–F bond (e.g., para to an electron-withdrawing group) or at a C–F bond ortho to a 

directing group.[9b,g] These trends are represented in Schemes 8b and 8c for a defluorinative 

Suzuki coupling protocol and a directed C–H arylation method, respectively.[46] Beyond 

C–C coupling reactions, defluoroborylation is extensively developed as a means to install 

versatile C–B bonds onto fluorinated arenes. Defluoroborylation is possible using multiple 

mechanistic strategies that each display unique selectivity trends, including nucleophilic 

substitution[47], photopromoted processes[48] or via metal-catalyzed coupling as illustrated 

in Scheme 8d.[49]

2.8 Defluorinative radical coupling of polyfluoroarenes

Polyfluoroarenes are highly reactive substrates for radical-based coupling reactions as 

they can engage in diverse mechanistic processes, including direct addition of radical 

species, reduction to a radical anion intermediate for coupling or tandem reduction/C–F 

cleavage to form an aryl radical (Scheme 9a).[50] These pathways are typically promoted 

photochemically and enable a wide range of defluorinative C–C coupling reactions. Scheme 

9b provides a selection of products and their origin to summarize the possible types and sites 

of radical defluorofunctionalization.[51] Analysis of this scope suggests that radical C–C 

coupling reactions to polyfluoroarenes is most suitable for highly electron-deficient systems 

(e.g., perfluoropyridine or tetra- and pentafluorobenzenes).

2.9 Selective hydrodefluorination of polyfluoroarenes

Selective hydrodefluorination represents another well-developed tool to access partially 

fluorinated arenes.[52] In this regard, Weaver and coworkers reported a photocatalytic 

method that is useful for a wide scope of fluoroarenes, with representative examples shown 

for both single and double C–F reductions (Scheme 10a).[53] This reaction operates on 

less-activated fluoroarenes compared to the reductive defluorinative C–C coupling methods 

shown in Scheme 9. For more activated fluoroarenes, the Weaver group also developed 

a simple NaBH4-promoted hydrodefluorination protocol.[54] The high electrophilicity of 
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polyfluoroarenes can also be exploited to enable facile defluorinative SNAr reactions 

prior to removal of excess fluorine atoms, a concept illustrated in Scheme 10b en 
route to a bispyridine diamine ligand.[55] Critically, direct amination of 4-halopyridines 

could not successfully prepare the targeted product 54; instead, selective SNAr on 2,4,6-

trifluoropyridine followed by Ti-catalyzed hydrodefluorination was required.

2.10 Application of polyfluoroarene defluorofunctionalization

The overarching motivation of polyfluoroarene defluorofunctionalization is to provide 

controlled access to multisubstituted or partially fluorinated arenes. Weaver and coworkers 

have made considerable advances on this subject, often described as “fluorine sculpting”.
[9g,56] Scheme 11 provides three examples of sequential defluorofunctionalization of 

inexpensive polyfluoroarenes en route to more valuable products.[51c,54] This compares 

favorably to alternately halogenated starting materials or intermediates that could map onto 

the products but are more expensive or unavailable.

3. Acyl Fluoride Defluorofunctionalization

Acyl fluorides, while generally not commercially available, are easily prepared from the 

corresponding carboxylic acid or acyl chloride using common fluorination reagents.[57] Acyl 

fluorides possess increased stability towards hydrolysis relative to acyl chlorides and can be 

purified on silica gel. The electrophilicity of acyl fluorides is comparable to an activated 

ester (e.g., an anhydride), but lacks the accompanying steric encumbrance, thus providing 

a balance between stability and reactivity that manifests in several unique applications 

summarized here. Acyl fluorides (“RCOF”) are versatile synthons for both defluorinative 

acylation (“RCO–“) and decarbonylative (“R–“) reactions that are discussed below. Upon 

reaction with a nucleophile in situ, acyl fluorides can serve as a useful source of anhydrous 

fluoride anions, a topic not covered here.[58]

3.1 General use as acyl electrophiles

There are several scenarios where preparation of acyl fluorides provides synthetic 

advantages over conventional electrophiles (e.g., acyl chlorides or in situ generated activated 

acids). The small size of fluorine enables acylation of hindered nucleophiles, especially 

anionic O- and N-species as illustrated in Scheme 12a. Bulky lithium amides react with acyl 

fluorides to generate sterically-hindered amides; in contrast, acyl chlorides exhibit lower 

yields and undergo aromatic metalation side reactions.[59] Similarly, acyl fluorides are often 

uniquely effective for challenging O-acylation reactions with complex alkoxides, a feature 

frequently exploited in natural product synthesis as exemplified by Fürstner and coworkers’ 

synthesis of aspercyclides (63).[60] It should also be noted that acyl fluorides typically 

undergo selective O-acylation of enolates over competing C-acylation.[61] The released 

fluoride anion in defluorinative acylation can be used to activate silylated derivatives of 

weakly nucleophilic coupling partners. This is illustrated for a reaction with heteroaryl 

amines in Scheme 12a (bottom), where attempts at coupling acyl chlorides with non-

silylated amines led to low yields and mass balance.[62] A separate advantage of fluoride 

byproducts discovered by Rovis and coworkers is illustrated in Scheme 12b for the reductive 

acylation of chiral lactones.[63] Here, acyl fluorides significantly outperform chlorides 
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as the authors discovered that DIBAL-Cl byproduct promotes product (or intermediate) 

decomposition, whereas less Lewis acidic DIBAL-F does not.

3.2 Defluorinative peptide coupling

Carpino and coworkers pioneered the development of amino acid fluorides that are now 

extensively used to overcome a variety of challenges in peptide coupling reactions.[64] 

The advantages of acyl fluorides in this context have been the subject of several expert 

reviews, and here we summarize their utility through several specific applications.[65] Amino 

acid fluorides with diverse N-protecting groups are stable and thus attractive preactivated 

reagents ideally suited for solution- and solid-phase peptide synthesis.[66] Critically, 

amino acid fluorides are less susceptible towards oxazolone formation as compared to 

other activated acids, and are thus often used to enable challenging couplings without 

racemization of α-stereocenters, as demonstrated by an example from the Danishefsky 

Group in Scheme 13a.[67] The utility of acyl fluorides for hindered amide formation 

(discussed above) is widely exploited in peptide synthesis, as illustrated by Nicolaou 

and coworkers’ synthesis of tubulysins (Scheme 13b).[68] Another unique feature of 

defluoroamidation reactions is that they often do not require basic additives since the HF 

byproduct does not inhibit amine nucleophilicity (in contrast to HCl).[69] These features 

were exploited by Schafmeister and coworkers to prepare extremely hindered α,α,N-trialkyl 

dipeptides in hexafluoroisopropanol (HFIP), where the absence of base prevents formation 

of undesired ester side products (Scheme 13c).[70]

3.3 Defluorinative acyl cross-coupling

The availability of acyl fluorides makes them attractive, bench-stable electrophiles for acyl 

cross-coupling reactions (Scheme 14a, top).[71] In 2004, Rovis and coworkers disclosed the 

first use of acyl fluorides in this regard for Ni-catalyzed Negishi coupling reactions as a 

catalytic alternative to organolithium or -magnesium addition reactions to activated acids 

(e.g., Weinreb amides) (Scheme 14a, middle).[72] Importantly, base-sensitive functional 

groups (e.g., β-alkoxy ketones) are well-tolerated and epimerizable α-stereocenters retain 

high stereopurity. Weix and coworkers expanded such defluorinative coupling reactions in 

2020 with a Ni-catalyzed reductive process using activated amine coupling partners (Scheme 

14a, bottom).[73] This deaminative protocol affords dialkyl ketone products from carboxylic 

acid and amine precursors, as opposed to the more traditional amide products formed 

through C–N coupling.[74] The authors proposed acyl fluorides are effective for this method 

as fluoride salt byproducts do not interfere with catalytic intermediates, unlike thioesters 

which produce thiolate anions that can poison metal catalysts.

Acyl fluorides and their carbamyl and formyl derivatives have several features that enable 

metal-catalyzed alkene functionalization reactions. For example, Buchwald and coworkers 

developed a CuH-catalyzed enantioselective hydroesterification reaction of allenes using 

commercially available adamantyl fluoroformate (Scheme 14b).[75] Here, the use of the 

bulky fluoroformate allows for selective allene hydrocupration over carbonyl reduction 

to generate a nucleophilic allyl copper species. Following subsequent addition/fluoride 

elimination with the fluoroformate, a CuF intermediate can then directly react with the 

hydrosilane to regenerate the CuH catalyst.[76] Acyl fluorides are similarly useful for related 
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Cu-catalyzed borylacylation reactions and in Ni-catalyzed carbocarbamoylation processes 

where the chloride analogues are prone to undesired decarbonylation or reduction.[77] A 

separate application of acyl fluorides in coupling reactions is the use of pseudo-catalytic 

fluoride anions to generate unstable nucleophilic coupling partners in situ, as demonstrated 

in a pentafluoroethylation process reported by Ogoshi and coworkers (Scheme 14c).[78]

3.4 Defluorinative synthesis of N-trifluoromethylamide derivatives

In 2019, Schoenebeck and coworkers developed the first general and modular synthetic 

approach to N-trifluoromethyl amides that relies on defluorinative acyl coupling.[79] 

This route proceeds via nucleophilic fluorination of isothiocyanates to form anionic N-

trifluoromethyl intermediates, followed by reaction with triphosgene and an additional 

equivalent of fluoride to generate N-trifluoromethyl carbamoyl fluoride building blocks 

(Scheme 15, top). The authors demonstrated that nucleophilic defluorinative reactions of 

the carbamoyl fluorides can provide access to a diverse array of structurally complex 

N-trifluoromethyl amides, (thio)carbamates, ureas and formamides (Scheme 15, bottom).[80] 

These previously difficult-to-access structures are useful analogues of N-Me or N-H amides 

as the N-CF3 derivatives can have improved stability towards basic and oxidative conditions.

3.5 Acyl fluorides in organocatalytic reactions

Acyl fluorides have been strategically used in organocatalytic acylation methods where 

the released fluoride anion has influence over key intermediates. For example, Jacobsen 

and coworkers disclosed an enantioselective acylation of silyl ketene acetals using a 

dual catalytic system consisting of an achiral Lewis base and a chiral thiourea (Scheme 

16a).[81] The high stereoinduction relies on strong H-bonding between the fluoride and 

chiral thiourea, which is ion paired with the electrophilic N-acyl ammonium electrophile 

during the key C–C bond-forming step. The fluoride anion also likely activates the silyl 

ketene acetal in this process, as both the yield and enantioselectivity are lower when acyl 

chloride and anhydride electrophiles are used. Acyl fluorides are also widely employed as 

isolable activated acid derivatives for NHC-catalyzed methods, both for asymmetric and 

non-asymmetric reactions.[82] Here, we illustrate a recent application where the fluorine 

from the acyl fluoride is incorporated into the product via a dual photoredox/NHC-catalyzed 

fluoroacylation reaction developed by Studer and coworkers (Scheme 16b).[83] A related 

transformation, developed by Tobisu and coworkers, uses phosphorous Lewis bases to 

catalyze alkynoate fluoroacylation that is proposed to operate via a P(III)/P(V) redox cycling 

pathway (Scheme 16c).[84]

3.6 Defluorinative and decarbonylative coupling reactions

Carboxylic acid functional groups are attractive synthetic handles as they are abundant 

in both commercial reagents and complex molecules.[85] As such, their activation to 

acid fluorides is emerging as an advantageous approach in metal-catalyzed tandem 

defluorination/decarbonylation processes for formal decarboxylative coupling reactions.[86] 

Here, C–F activation via oxidative addition generates an acyl metal species that contains a 

fluoride that can directly engage in downstream mechanistic steps to enable unique coupling 

reactions (Scheme 17a). Ogiwara and Sakai recently published a comprehensive review on 
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acyl fluorides in late transition metal-catalysis.[71] Here, we highlight applications that are 

critically reliant on the use of acyl fluorides over alternative acyl electrophiles.

Sanford and coworkers reported a key advance in 2018 wherein acyl fluorides allow for 

Ni-catalyzed decarbonylative boronic acid coupling reactions in the absence of added 

base (Scheme 17b).[87] Here, the boronic acid undergoes transmetalation with the ArNiF 

intermediate, enabling access to functionalized biaryl compounds that are challenging 

to prepare using traditional Suzuki coupling reactions (e.g., those containing ketones, 

aryl halides or polyfluoroaryl groups), which require stoichiometric strong base. The 

Sanford Group exploited a similar mechanism for the use of difluoroacetyl fluoride as a 

difluoromethylation reagent for aryl boronates (85), providing an attractive surrogate to Si- 

and Ag-based fluoroalkylation partners.[88] Alternatively, Schoenebeck and coworkers in 

2018 disclosed a related method that uses Si-based fluoroalkylation reagents, wherein acyl 

defluorination enables a precisely tuned rate of fluoride activation of TES‒CF3 (TES = 

triethylsilyl) to transfer unstable “CF3” anions as needed (Scheme 17c).[89] Representative 

additional uses of the in situ generated fluoride include activation of diboron reagents and 

hydrosilanes, as well as aryl C–H activation for a variety of decarbonylative reactions.[90]

4. Vinyl Fluoride Defluorofunctionalization

This section highlights synthetic uses of monofluoroalkene and 1,1-difluoroalkene 

defluorofunctionalization. In general, internal monofluoroalkenes are more challenging to 

prepare than 1,1-difluoroalkenes and find relatively less use in advantageous defluorinative 

synthesis.[91] In fact, one of the most attractive routes to monofluoroalkenes is through 

defluorinative coupling reactions of 1,1-difluoroalkenes.[92] Monofluoroalkenes are also 

accessible through alkyne hydrofluorination[93] or metal-catalyzed vinyl halide fluorination 

protocols.[94] 1,1-Difluoroalkenes are readily prepared via difluoroolefination of carbonyls, 

as well as addition/fluoride elimination reactions of trifluoromethyl-substituted alkenes.
[9a,92] Therefore, this section highlights uses of specific classes of abundantly available 

monofluoroalkenes and representative methods for monodefluorinative reactions of vinyl 

difluorides.

4.1 Monofluoroalkene defluorofunctionalization

Hydrofluoroolefins (HFOs) are heavily fluorinated alkenes used as environmentally-friendly 

refrigerants, making them abundantly available precursors to more complex or versatile 

fluorinated building blocks.[95] These and related vinyl fluorides undergo regioselective 

addition of nucleophilic species to generate anionic or organometallic intermediates prone 

to fluoride elimination (Scheme 18a). Crimmin and coworkers developed silyl-lithium and 

-magnesium reagents for such processes on HFOs to produce fluorinated vinylsilanes 

(Scheme 18b, top).[96] An alternative Cu-catalyzed variant was reported by Ogoshi and 

coworkers wherein the released fluoride aids in activation of a Bpin–SiMe2Ph coupling 

partner (Scheme 18b, bottom).[97] Gem-difluoroalkene units are also represented in 

HFOs and undergo similar transformations, including substitution with O- and N-based 

nucleophiles to access fluorinated vinyl ethers and amines.[98] Metal-catalyzed cross-

coupling reactions of vinyl fluorides are well developed, although such protocols typically 
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possess similar reactivity to other common vinyl (pseudo)halides.[99] A unique mechanistic 

pathway available to fluoroalkenes is their activation via strong Lewis acids to generate vinyl 

electrophile equivalents for reactions that do not map onto the aforementioned substitution 

processes. For example, Nishimoto and Yasuda employed α-fluorostyrene derivatives as 

electrophiles to couple with fluoride-activated silyl enol ether pronucleophiles (Scheme 

18c).[100]

4.2 Gem-difluoroalkene general properties

Gem-difluoroalkenes are highly susceptible to addition reactions at the fluorinated carbon 

with nucleophilic and radical species, often resulting in fluoride elimination. The dramatic 

increase in reactivity compared to nonfluorinated alkenes is attributed to the following 

properties: (1) fluorine activates the π-bond via inductive effects; (2) fluorine’s lone pairs 

have repulsive interactions with the alkene’s π-electrons; (3) C–F anti-bonding orbitals 

stabilize β-carbanions through negative hyperconjugation; and (4) fluoride can serve as a 

leaving group.[9a,92] Therefore, addition/elimination sequences on gem-difluoroalkenes are 

versatile and well-developed routes to monofluoroalkenes. Such products are valuable as 

vinyl fluorides can act as peptide bioisosteres by mimicking an amide’s charge distribution 

and dipole moment while being less prone to hydrolysis.[101]

4.3 Nucleophilic gem-difluoroalkene defluorinative reactions

The substantial increase in electrophilicity of gem-difluoroalkenes has been used extensively 

in simple anionic fluoride substitution reactions (Scheme 19a). These include the addition 

of relatively weak nucleophiles into β,β-difluorostyrene derivatives[102] and stronger 

nucleophiles that can also add to alkyl-substituted 1,1-difluoroalkenes.[103] The utility 

of such reactivity is exemplified by straightforward routes to monofluoroalkenes via 
addition of Grignard and organolithium reagents to β,β-difluorostyrene derivatives and 1,1-

difluoroalkenes, respectively (Scheme 19b).[104] The polarization of gem-difluoroalkenes 

also promotes nontraditional regioselectivity for cyclization reactions, as evidenced by 5-

endo-trig processes that produce diverse fluorinated heterocycles (Scheme 19c).[105] Similar 

addition/elimination reactions occur with monofluoroalkenes, although additional activation 

by electron-deficient substituents is required.[106]

4.4 Gem-difluoroalkene defluoroborylation and -silylation

Metal-catalyzed defluoroborylation and -silylation methods provide access to synthetically 

useful B- and Si-substituted fluoroalkenes. These reactions proceed via boryl- and 

silylmetalation followed by β-fluoride elimination and are amenable to β,β-difluorostyrene 

derivatives and 1,1-difluoroalkenes (Scheme 20a).[107] This methodology was recently used 

by chemists at Janssen to make a (Z)-borylated fluoroalkene (97) as a key intermediate 

in the synthesis of fluoroalkene-containing anticancer drug candidates (Scheme 20b).[108] 

An advantage of this route is that the gem-difluoroalkene starting material is accessed 

via fluoride elimination of the readily available corresponding trifluoromethyl alkane. 

In an alternative application, Shi and coworkers developed a tandem defluoroborylation/

protodeborylation protocol as an attractive route to terminal (Z)-fluoroalkenes (Scheme 20c).
[109] A related defluorocarboxylation process with CO2 has also been developed.[110]
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4.5 Gem-difluoroalkene catalytic defluorinative C–C coupling reactions

In addition to direct reactions with Grignard and organolithium reagents, gem-

difluoroalkenes (especially β,β-difluorostyrene derivatives) undergo many types of catalytic 

defluorinative C–C coupling reactions.[111] Ogoshi and coworkers reported an early example 

of this reactivity for the Pd-catalyzed coupling of arylzinc reagents to tetrafluoroethylene.
[112] Subsequent work by the authors[113], and the Toste Group[114], led to base-free 

defluorinative coupling reactions with boronic acids as represented in Scheme 21a. Here, 

the ligated PdF byproduct propagates the reaction through direct transmetalation with the 

aryl boronic acid. This feature improves the tolerance of base-sensitive functional groups 

such as aldehydes, as shown in the synthesis of a precursor to an imatinib fluoroalkene 

analogue (99). Gong, Fu and coworkers reported a Ni-catalyzed reductive coupling 

method that expands defluorinative coupling to alkyl halide partners (Scheme 21b).[115] 

β,β-Difluorostyrene derivatives are also extensively used to intercept carbon-centered radical 

intermediates prior to reductive fluoride elimination (Scheme 21c, top). Two examples 

are provided in Scheme 21c, including alkyl radical generation via Zn-promoted reductive 

decarboxylation of redox-active esters and photoredox-promoted oxidative decarboxylation 

of α-heteroatom carboxylic acids.[116]

5. Alkyl Fluoride Defluorofunctionalization

Here, we highlight the advantages of defluorofunctionalization on unactivated aliphatic 

mono-, di- and trifluorides.[117] Given the high bond strength of aliphatic C–F bonds, 

synthetic applications via direct nucleophilic substitution, metal insertion and reductive 

activation approaches are relatively uncommon. Lewis acids, however, readily activate such 

C–F bonds, even in the presence of traditionally more electrophilic functional groups.[13] 

This can be useful as alkyl fluorides are easily synthesized via deoxyfluorination of the 

corresponding alcohol or carbonyl to access monofluorides and difluorides, respectively.[118] 

Monofluorides can also be made via fluoride substitution reactions and difluorides via 
nucleophilic addition into difluorocarbene equivalents.[2,119] In contrast, alkyl trifluorides 

require more specialized syntheses using trifluoromethyl reagents (e.g., TMSCF3), unless 

the -CF3 group is already incorporated into a simple commercial starting material.[120]

5.1 Alkyl monofluoride defluorination

Aliphatic fluorides undergo Lewis acid-promoted substitution reactions through either a 

direct process or carbocation intermediate, depending on the substitution pattern of the 

carbon backbone (Scheme 22a). However, in the absence of Lewis acids, alkyl fluorides 

possess relatively low electrophilicity, allowing C–F bonds to be carried through multistep 

syntheses prior to being converted into more reactive C‒X bonds at a later stage. This 

process critically relies on Lewis acidic activation of the C–F bond, which can be 

accomplished using aluminum halides or lithium iodide (Scheme 22b).[121] Hilmersson and 

coworkers further exploited a Lewis acidic strategy with a La-silylamide salt to achieve 

selective amination of alkyl fluorides in the presence of traditionally more reactive aldehyde 

and alkyl chloride groups (Scheme 22c).[122] Martin and coworkers developed a related 

LiHMDS-promoted defluorosilylation protocol that formally converts the electrophilic alkyl 

fluorides into nucleophilic alkyl silanes.[24a] The Lewis basicity of alkyl fluorides was 
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also found to enable their direct reaction with phenylmagnesium chloride, where Mg is 

proposed to function as a Lewis acid to activate the C‒F bond without the need for a 

metal catalyst (Scheme 22d).[123] Alternatively, transition metal catalysis can be used to 

expand the range of C‒F bond coupling reactions to include alkyl Grignard and other 

organometallic reagents.[124] For example, Iwasakai, Kambe and coworkers demonstrated an 

alkyl fluoride can be carried through a multistep synthesis prior to Co-catalyzed alkylation 

(Scheme 22e).[125]

The preceding methods rely on activation of the C–F bond for coupling to relatively strong 

nucleophiles, whereas alkyl fluorides that lead to stable carbocations (e.g., tertiary alkyl 

fluorides) can be activated via Lewis acids for substitution with weaker (pro)nucleophiles.
[13] To complement protocols that rely on stoichiometric Lewis acid activators, Moran and 

coworkers developed B(C6F5)3•H2O-catalyzed coupling reactions of tertiary alkyl fluorides 

with a wide range of (pro)nucleophiles (Scheme 23a).[126] This reaction is selective for 

alkyl fluorides and is proposed to proceed through autocatalysis with in situ generated 

HF. An elegant application of this method was reported by Shibata and coworkers for the 

synthesis of spirocyclic motifs via double C‒F bond arylation (114).[127] In these processes, 

the released fluoride can also activate other pronucleophiles, such as silylated alkynes in a 

reaction reported by Young and coworkers (Scheme 23b).[128]

5.2 Monoselective activation of alkyl polyfluorides

Young and coworkers also pioneered a frustrated Lewis pair approach for installing 

diversifiable functional groups via defluorination of alkyl polyfluorides (Scheme 24).[129] 

This strategy is general to many classes of alkyl polyfluorides and installs versatile 

pyridinium or sulfonium groups for derivatization via nucleophilic, metal-catalyzed or 

radical-based coupling protocols. This method is powerful due to its ability to selectively 

activate a single C–F bond, as further fluoride removal from the cationic complex is 

prohibitively difficult.

5.3 Alkyl trifluoride defluorofunctionalization

Unactivated alkyl trifluorides with β-C–H bonds undergo elimination with strong bases (e.g., 

KHMDS)[108] to generate valuable gem-difluoroalkenes. Additionally, if the -CF3 group is 

adjacent to a relatively acidic proton, tandem elimination and addition processes allow for 

controlled substitutions of C–F bonds. This cascade process can be exploited in a variety of 

contexts such as net-defluoroalkylation of β-trifluoromethyl amides[130] and in the synthesis 

of fluorinated heteroarenes (Scheme 25a).[131] An additional noteworthy elimination 

protocol is the Zn-promoted reduction of α-bromotrifluoromethylalkanes, as reported by He 

and coworkers.[132] In this reaction, liquid 2-bromo-3,3,3-trifluoromethylpropene functions 

as a surrogate for gaseous 3,3,3-trifluoropropene in radical defluoroalkylation reactions 

(Scheme 25b).[133]

Another distinct application of alkyl trifluorides is their use as effective surrogates for 

primary electrophiles in Friedel-Crafts reactions as shown in Scheme 25c.[134] In this 

process, developed by Stephan and coworkers, the trifluoromethyl group functions as a 

highly selective primary electrophile for arylation via a difluoro-substituted carbocation, 
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followed by tandem reduction of the difluorobenzylic intermediate with triethylsilane. The 

authors found this process provides excellent linear selectivity as compared to the use of 

terminal alkyl monofluoride electrophiles.

6. Benzyl Fluoride Defluorofunctionalization

Benzyl monofluorides are easily accessible from the corresponding benzyl alcohol or 

halide via nucleophilic fluorination, or through C–H fluorination methods from the 

corresponding alkylarene.[135] In general, benzyl fluorides are less electrophilic than 

more common benzylic electrophiles, which makes defluorofunctionalization synthetically 

advantageous only in certain contexts. In contrast, benzyl trifluorides (also described as 

trifluoromethylarenes or ArCF3) are abundantly available from commercial sources and 

are privileged in bioactive compounds.[3a,b] Non-commercial perfluoroalkyl arenes can also 

be prepared via cross-coupling reactions, radical perfluoroalkylation, oxidative fluorination 

of the methylarene or Cu-mediated Sandmeyer trifluoromethylation.[135,136] Due to their 

prevalence and availability, monoselective defluorofunctionalization of trifluoromethyl- and 

perfluoroalkylarenes is an attractive synthetic route to fluorinated benzylic substructures.
[137] Here, we highlight the main mechanistic strategies that have emerged to enable the use 

of benzylic C‒F bonds as synthetic handles.[138]

6.1 Benzyl monofluoride defluorofunctionalization

Benzyl C–F bonds can be activated via Lewis and Brønsted acid catalysts and provide 

complementary reactivity to other benzyl halides. Their fundamental reactivity in this regard 

for coupling with heteroatom and carbon-based nucleophiles has been studied in depth by 

the Paquin Group and others.[139] Scheme 26a highlights the utility of such reactivity within 

the context of Stahl and coworkers’ protocol for Cu-catalyzed, NFSI-mediated benzylic 

C–H fluorination.[140] Here, C–H fluorination serves as a gateway for benzylic coupling 

to a broad range of nucleophiles, even in the presence of electrophilic alkyl bromides and 

chlorides. Preparation of benzyl fluoride starting materials is also worthwhile when they are 

used to generate more valuable fluorinated products, as illustrated by a Lewis acid-catalyzed 

carbene insertion protocol reported by Nishimoto, Yasuda and coworkers (Scheme 26b).[141]

6.2 Selective defluorofunctionalization of benzylic polyfluorides

Here, we discuss the utility and recent advances for the monoselective C–F bond substitution 

of benzylic polyfluorides, including difluoroalkyl, trifluoromethyl and perfluoroalkyl 

derivatives. The advantages of these starting materials stem from their abundance and 

availability relative to prefunctionalized motifs (e.g., ArCF2–Br). The resulting products, 

especially α,α-difluorobenzylic derivatives, are highly sought after in medicinal chemistry 

as benzylic fluorination can address metabolic stability concerns of analogous C–H bonds.
[4b] This substructure also functions as a less oxidizable bioisostere of aryl ethers.[101b] 

Given the abundance of trifluoromethylarenes, their selective defluorofunctionalization 

could improve the economics of large-scale syntheses and enhance access to fluorinated 

libraries. It should also be noted that typically “inert” perfluoroalkyl groups can be carried 

through multistep syntheses and are frequently found in complex bioactive molecules, 

making their use in late-stage derivatization attractive. Despite these advantages, general 
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protocols for monoselective defluorofunctionalization have only recently emerged due to the 

mechanistic difficulty associated with such processes.[137a] The central challenge is that C–F 

bond strengths of perfluoroalkyl arenes (e.g., PhCF3: 115 kcal/mol) decrease upon removal 

of each fluorine atom (e.g., PhCH2F: 95 kcal/mol), thus rendering it difficult to activate a 

C–F bond in the starting material while leaving a weaker C–F bond in the product intact.[142]

In 1989, monoselective trifluoromethylarene defluorofunctionalization was achieved 

electrochemically by Troupel and coworkers.[143] This process operates via reduction of 

the trifluoromethylarene to an aryl radical anion that undergoes mesolytic C–F cleavage to 

form a benzylic radical. This radical is further reduced to a difluorobenzylic carbanion 

that can be captured in situ with chlorosilane or carbonyl electrophiles (Scheme 27a, 

top).[144] This early work was highly influential as it illustrated that monoselective 

defluorofunctionalization could be achieved under single electron reducing conditions as 

the ArCF3 starting materials are easier to reduce than the ArCF2R products.[145] Recently, 

Lennox and coworkers developed an improved electrochemical method that expands the 

scope of hydrodefluorination to enable the direct conversion of bioactive and electron-rich 

trifluoromethylarenes to difluoromethyl variants (Scheme 27a, bottom).[146]

In 2017 and 2018, the König[147] and Jui[148] Groups independently reported photoredox-

catalyzed, monoselective defluoroalkylation of electron-deficient trifluoromethylarenes that 

also exploits a decrease in reduction potential upon C–F substitution. Here, ArCF3 reduction 

and C–F cleavage generate a difluorobenzylic radical that is intercepted by an alkene. 

These methods are represented in Scheme 27b by an improved protocol, developed by Jui 

and coworkers in 2019, that includes electron-neutral trifluoromethylarenes and facilitates 

rapid access to key fragments of medicinal compounds.[149] Following these pioneering 

reports, photopromoted processes have been expanded to include hydrodefluorination, 

defluoroarylation and defluorocarboxylation, as summarized in Scheme 27c.[150] It is likely 

that future work will continue to exploit benzylic C–F bonds as radical precursors for other 

coupling reactions.[151]

Lewis acid C–F bond activation strategies of polyfluoroalkylarenes typically lead to multiple 

C–F substitutions.[152] Yoshida, Hosoya and coworkers addressed this challenge through 

the generation of ortho-silylium ions on trifluoromethylarenes that abstract a single fluoride 

to generate versatile difluorobenzylic cation intermediates (Scheme 28a).[153] Young and 

coworkers disclosed a major breakthrough in 2018 through their use of frustrated Lewis 

pairs, previously discussed in Section 5.2[129], as a general defluorofunctionalization method 

of di- and trifluoromethylarenes to form pyridinium and phosphonium salts (Scheme 28b).
[154] The obtained salts are versatile for diverse coupling methods as represented in Scheme 

28b. This approach also enables 18F radiofluorination of di- and trifluoromethyl groups in 

bioactive polyfluoroalkylarenes for potential use in Positron Emission Tomography (PET) 

imaging (Scheme 28c).[155],[156]

In 2019, our group discovered a fluoride-promoted defluoroallylation reaction of electron-

deficient trifluoromethylarenes using allyltrimethylsilanes, which is proposed to proceed via 
single electron transfer (SET) from an anionic silicate intermediate to the ArCF3 (Scheme 

29a).[157] The utility of this method was demonstrated through gram-scale reactions 
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and derivatization of the allyl group into diverse difluoroalkyl substituents. Our group 

subsequently expanded the scope of accessible ArCF2R products via a Lewis base-promoted 

reductive coupling reaction with formamides (Scheme 29b).[158] This reaction is mediated 

by HSi(TMS)3 and proceeds via tandem defluorosilylation and nucleophilic addition to 

formamides to form synthetically versatile silylated hemiaminals. Jiao and coworkers 

developed an alternative protocol for defluoroallylation of CF3-substituted N-heteroarenes 

(Scheme 29c).[159] Here, the N-heteroarene and B2pin2 react to reduce a C–F bond, thus 

generating a difluorobenzylic anion that undergoes enantioselective allylation using a chiral 

Ir catalyst.

6.3 Exhaustive defluorofunctionalization of trifluoromethylarenes

The use of trifluoromethyl groups as oxidized carbon synthons can provide unique 

routes to commonly desired non-fluorinated aryl substituents. For example, an exhaustive 

defluoroalkylation protocol was developed by Ozerov and coworkers as a potentially 

valuable means to study peralkylated analogues of –CF3 groups (Scheme 30).[160] 

Related acid-catalyzed processes using hydride equivalents (e.g., hydrosilanes) are similarly 

amenable to transformation of aryl –CF3 substituents into –CH3 groups[13c, 160b]. 

Additionally, acidic activation of trifluoromethylarenes promotes electrophilic coupling with 

arenes, alcohols and amines en route to diaryl ketones, esters and amides, respectively.[161] 

These methods effectively allow the –CF3 group to serve as a protected carboxylic acid.

7. Allyl Fluoride Defluorofunctionalization

Allylic monofluorides are readily available via nucleophilic fluorination of common allyl 

precursors, although their use in defluorofunctionalization reactions is advantageous only 

in certain contexts.[162] Meanwhile, α,α-difluoroalkyl- and α-perfluoroalkyl alkenes are 

available in modular fashion and engage in diverse defluorofunctionalization reactions.[163] 

Routes to these starting materials include olefination reactions of α-fluorinated ketones 

and metal-catalyzed coupling reactions of fluorinated vinyl reagents.[162] An overview 

of defluorinative coupling approaches to access valuable fluoroalkenes and α-fluorinated 

alkenes is discussed here.

7.1 Asymmetric substitution reactions of allylic monofluorides

Allyl fluorides are useful electrophiles in asymmetric substitution reactions where catalyst-

controlled fluoride release leads to the activation of a pronucleophile. This strategy ensures 

the active nucleophile is generated only when the electrophilic chiral allyl intermediate is 

present. For example, the Shibata[164] and Vilotijevic[165] Groups developed chiral Lewis 

base-catalyzed substitution reactions of racemic allylic fluorides as shown in Scheme 31a. 

Here, the addition of the chiral base releases fluoride that activates silylated pronucleophiles 

for subsequent attack of the allyl ammonium intermediate. Similarly, Trost and coworkers 

reported Pd-catalyzed reactions of unactivated allylic fluorides to enable coupling to 

unstable perfluoroalkyl carbanions or sulfone pronucleophiles en route to enantioenriched 

cycloalkane products (Scheme 31b).[166]
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7.2 Allyl difluoride defluorofunctionalization

Difluoroallylic compounds engage in substitution reactions through the processes depicted 

in Scheme 32a, including via organometallic addition/elimination, direct SN2’, and metal 

π-allyl mechanisms. SN2’ reactions with strong nucleophiles are a simple route to vinyl 

fluorides with examples from Paquin and coworkers in Scheme 32b.[167] These products 

can serve as amide bioisosteres, as previously discussed in the Vinyl C‒F section.[101a] 

The scope of nucleophilic coupling partners can be expanded through metal-catalyzed 

addition/β-fluoride elimination reactions.[168] This reactivity and its utility are illustrated 

in Scheme 32c in an example reported by Taguchi, Yanai and coworkers for the assembly 

of peptide isosteres via Cu-catalyzed defluoroarylation with PhMgBr.[169] Hoveyda, Ito 

and coworkers developed an enantioselective Cu-catalyzed defluoroborylation protocol that 

generates chiral allylic boronates (Scheme 32d).[170] These products are useful reagents 

en route to chiral fluorinated products, including allylation reactions to enable net C‒
F reductive coupling transformations. Hartwig and coworkers reported an alternative 

method to accomplish gem-difluoride desymmetrization via Ir-catalyzed defluoroallylation 

of enolate pronucleophiles to generate tertiary chiral fluorides (Scheme 32e).[171]

7.3 Net C‒F substitution of α-perfluoroalkyl alkenes

Direct C‒F bond substitution of α-perfluoroalkyl alkenes is relatively uncommon as 

these compounds are typically poor electrophiles for SN2 reactions.[172] However, Li 

and coworkers recently reported base-promoted reactions of α-trifluoromethylstyrene 

derivatives with phenols that are proposed to proceed via direct C–F substitution 

(Scheme 33a).[173] A separate case-specific approach for C‒F substitution occurs 

through a fluoride-catalyzed SN2’ defluoroallylation/Cope rearrangement cascade of α-

trifluoromethylstyrene derivatives, reported by Feng and coworkers (Scheme 33b).[174] More 

general defluorination strategies are available through preparation of gem-difluorovinyl 

synthons that are either electrophilic or nucleophilic at the original –CF3 site. For 

example, the use of amines or thiols for the SN2’ reaction, followed by activation of the 

intermediate, generates potent electrophiles for net C–F coupling to nucleophiles (Scheme 

33c).[175] Alternatively, defluorosilylation or -borylation of α-perfluoroalkylalkenes forms 

nucleophilic intermediates that react with electrophiles (in situ or in a subsequent step) at the 

fluorinated center, as illustrated by a direct C–F carboxylation reaction reported by Yu and 

coworkers (Scheme 33d).[110]

7.4 Defluorofunctionalization to access fluorinated alkenes

α-Perfluoroalkyl alkenes readily react with nucleophiles, organometallic reagents 

and radical species through addition/fluoride elimination sequences to generate gem-

difluoroalkenes.[176] These methods are valuable as 1,1-difluoroalkenes are useful building 

blocks and are also often studied as less-electrophilic isosteres for carbonyl groups, 

as fluorine’s small size and high electronegativity can mimic oxygen atom lone pairs.
[101] Here, we highlight three modular approaches for accomplishing such defluorinative 

processes.

Common nucleophiles such as amines, organolithiums and silyl anions undergo SN2’ 

reactions with trifluoromethylalkenes to afford gem-difluoroalkenes (Scheme 34a).[177] This 

Hooker and Bandar Page 17

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2024 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



process can be incorporated into multistep sequences, as highlighted by base-promoted 

SN2’/cyclization/defluorination reactions between α-trifluoromethylstyrene derivatives and 

hydrazines to access 3-fluoropyrazoles developed by Ichikawa and coworkers (Scheme 34b).
[178] Alternatively, Lewis or Brønsted acid catalysis can be used to remove fluorine or 

to protonate the alkene, respectively, and form cationic intermediates for reactions with 

mild nucleophiles; this is exemplified by the defluoroarylation process in Scheme 34c, also 

developed by the Ichikawa Group.[179]

Metal-catalyzed addition/β-fluoride elimination sequences are widely developed for 1,1-

difluoroalkene synthesis, with a survey of accessible products shown in Scheme 35.
[168,180] Importantly, catalytic protocols for the enantioselective addition of aryl and 

alkyl groups provide access to difluoroalkene isosteres that map onto α-chiral carbonyl 

fragments. Furthermore, defluoroborylation and -silylation provide synthetically versatile 

chiral products.[181]

Nucleophilic radical species easily add to α-perfluoroalkyl alkenes to generate radical 

intermediates that are reduced to carbanions prior to fluoride elimination (Scheme 36a).
[6b] This process expands the range of defluorinative coupling partners beyond common 

nucleophiles and organometallic reagents as radical intermediates can be generated from 

many precursors, with several representative examples highlighted here. In 2017, Molander 

and coworkers disclosed a Ru-catalyzed photoredox strategy to generate alkyl radicals 

for defluoroalkylation of a wide range of trifluoromethyl-substituted alkenes (Scheme 36b).
[182] Due to the mild conditions and the rapid rate of radical addition, this chemistry 

is compatible with complex biomolecules and can be used within DNA-encoded library 

synthesis.[183] A separate unique application is highlighted in Scheme 36c by Shen 

and coworkers, wherein the difluoroalkene intermediates undergo a photopromoted [2+2] 

cycloaddition to form gem-difluorooxetanes.[184] Electrochemical strategies can also be 

used to promote radical defluorocoupling reactions, as illustrated by Ni, Guo, Wang and 

coworkers through the use of Katritzky salts for deaminative alkylation (Scheme 36d).[185]

8. Propargyl Fluoride Defluorofunctionalization

Defluorinative reactions of propargyl fluorides are relatively less studied and utilized.[162] 

While propargylic mono- and difluoride defluorofunctionalizations have several synthetic 

advantages, trifluoride derivatives have thus far found less utility and are not discussed here. 

An overarching benefit of these methods is that they generate fluorinated products that can 

be cumbersome to prepare via alternative fluorination protocols. Propargylic fluorides are 

accessed in modular fashion via deoxyfluorination of the corresponding alcohol or ketone, 

available from alkynyl addition reactions to carbonyl electrophiles.[118] Sonogashira-type 

coupling for fluoroalkylation of terminal alkynes can also access these compounds.[186]

8.1 Propargyl monofluoride rearrangement

Zhao and coworkers developed a defluorinative, Meyer-Schuster-like rearrangement of 

propargylic monofluorides to furnish allylic gem-difluoride products (Scheme 37a).[187] 

Use of propargyl fluoride starting materials provides substantially higher yields over related 

electrophiles, such as propargyl bromides or alcohols. These products are valuable as allylic 
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difluorination is often studied in medicinal chemistry as a means to inhibit metabolic 

oxidation of allylic C–H bonds; additionally, the α-iodoalkene handle allows further 

diversification.

8.2 Defluorinative access to fluoroheteroarenes

The electronic polarization of propargylic fluorides activates the distal carbon of the alkyne 

for nucleophilic attack. This effect enhances the rates of 5-endo-dig cyclization reactions 

that are commonly paired with fluoride elimination to produce fluorinated heteroarenes 

(Scheme 37b).[188] Such processes can be catalyzed by Brønsted base or metal catalysts to 

provide an attractive alternative to routes that rely on aromatic fluorination.

8.3 Defluorinative access to chiral fluoroallenes

The polarization of propargylic gem-difluorides also facilitates regioselective intermolecular 

addition of organometallic species. For example, Hayashi and coworkers developed a Rh-

catalyzed protocol for organozinc addition sequences that proceed through enantioselective 

β-fluoride elimination of the vinyl metal intermediate (203) to produce chiral fluoroallenes 

(Scheme 37c).[189] The reaction tolerates alkyl- and arylzinc reagents, while the gem-

difluoro group requires a tertiary carbon substituent for high enantioselectivity. Toste, 

Liu and coworkers disclosed a related Cu-catalyzed silylation process to access Si-

substituted chiral fluoroallenes.[190] Although underinvestigated, such chiral fluoroallenes 

have potential as versatile intermediates to more complex fluorinated products. However, 

related methods exploit fluoroallenes as intermediates within cascade reactions, with a 

representative example by Wang and coworkers shown in Scheme 37c.[191] Here, C–H 

activation and arylation/fluoride elimination generates fluoroallene 206 that undergoes N-

addition to produce chiral ox-isoindoles.

9. α-Fluorocarbonyl Defluorofunctionalization

This section summarizes advantages of defluorination reactions of α-fluorocarbonyl 

compounds, including α-mono- and α-perfluorinated derivatives.[9d,e,f] Generally, α-

monofluorocarbonyls are both less available and less reactive than alternate α-halo 

derivatives, and thus are only briefly discussed. In contrast, methods for selective 

defluorofunctionalization of α-polyfluoroalkylated carbonyl compounds are more prevalent 

and are covered in greater detail. Simple α-monofluorocarbonyls are typically prepared via 
fluoride substitution of α-halocarbonyls or through electrophilic α-fluorination of enolate 

equivalents.[192] α-Perfluorinated carbonyl derivatives can be accessed via nucleophilic 

fluoroalkylation of acyl electrophiles. Alternatively, acyl substitution reactions using 

common fluorinated building blocks, such as fluoroacetic acid or trifluoroacetic anhydride, 

provide α-fluorinated esters, amides and ketones.[2d]

9.1 Defluorination of α-monofluorocarbonyl compounds

Due to their relatively low electrophilicity, defluorofunctionalization of α-fluorocarbonyls is 

most advantageous when the stability of the reagent is of critical concern.[193] For example, 

Zhang, Yi, and coworkers exploited this property to enable base-promoted cyclization and 

fluoride elimination sequences en route to phenol and pyridine derivatives (Scheme 38).[194] 
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Here, α-fluoro-β-keto esters productively react with α,β-unsaturated carbonyls, whereas use 

of α-chloro and α-bromo derivatives results in undesired elimination and alkylation side 

reactions.

9.2 α-Perfluorocarbonyl defluorination

α-Perfluoroalkyl carbonyl compounds are frequently used in monodefluorinative coupling 

reactions to assemble α-fluorinated ketone and acid derivatives.[9d,e,f] Such products are 

valuable as they can provide increased metabolic and thermal stability relative to the des-

fluoro variants.[101] However, a mechanistic challenge for monodefluorofunctionalization is 

that C–F bond strengths of α-fluorinated carbonyls decrease upon removal of each fluorine 

(e.g., C–F BDE for an α,α,α-trifluoroamide is ~119 kcal/mol, while an α-monofluoroamide 

is ~106 kcal/mol).[195] To achieve monoselectivity, reductive activation strategies are 

commonly employed to create products that are more difficult to reduce than the starting 

materials. It should be noted that many of the products discussed below can also be formed 

from a brominated precursor (e.g., α-bromo-α,α-difluoro acyl compounds); however, these 

materials are often more expensive than α-perfluorinated variants.

Reduction of α-polyfluorinated carbonyls forms ketyl radical species that undergo further 

reduction and β-fluoride elimination to generate enolate intermediates. This sequence can 

be promoted by reducing metals (e.g., Mg or SmI2)[196] or through electrochemical and 

photochemical processes, while the enolate intermediates are readily captured by in situ 
electrophiles, most commonly chlorosilanes (Scheme 39a).[197] The fluorinated silyl enol 

ether products are useful for further α-functionalization, including halogenation. A notable 

application of this process is the use of 18F-substitution of α-iodo-polyfluorocarbonyl 

intermediates to achieve net isotopic labeling of trifluoromethyl ketones in bioactive 

molecules for PET imaging (Scheme 39b).[198] Recently, Lennox and coworkers developed 

an improved hydrodefluorination protocol via an electrochemical strategy; as illustrated in 

Scheme 39c, this method offers improved yields and substrate tolerance over direct use 

of reducing metals (e.g., Mg).[199] Reductively-generated α,α-difluoroenolates can also be 

intercepted by proton sources, carbonyl electrophiles and CO2 (Scheme 39d) to access a 

wider range of products.[150c, 200] An alternative reductive coupling strategy was reported by 

Ogashi and coworkers wherein carbonyl borylcupration leads to a Cu enolate that couples 

with an expanded scope of carbonyl partners (Scheme 39e).[201]

Several recent reports have exploited spin-center shift processes of the initially reduced 

carbonyl radical ion intermediate wherein mesolytic cleavage generates an α-radical 

species for coupling reactions. For example, Zhang, Houk and coworkers reported that 

4-(N,N-dimethylamino)pyridine/BH3 acts as a reductant, with a thiol hydrogen atom 

transfer catalyst, to promote defluoroalkylation of trifluoroacetates and acetamides with 

alkene partners (Scheme 40a, top).[195] Glorius and coworkers also developed a related 

photopromoted protocol (Scheme 40a, bottom).[202] These approaches are further applicable 

to α,α-difluorinated starting materials, and they can be used to achieve selective 

hydrodefluorination via hydrogen atom transfer to the initial α-radical intermediate. 

Additional coupling partners have since been shown to engage in α-radical capture, as 
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represented by Molander and coworkers’ report for defluorinative coupling to indoles 

(Scheme 40b).[203]

10. Summary and Outlook

Chemists have made significant advances within defluorinative functionalization chemistry 

that enable C–F bonds to be treated as versatile functional handles. This progress has 

introduced multiple mechanistic strategies that can activate strong C–F bonds and control 

selectivity (e.g., site- and mono-) for a diverse array of organofluorine motifs. Critically, 

these methods do not simply serve as an alternative to the use of other halogenated 

compounds that are frequently more available and reactive; rather, defluorofunctionalization 

offers distinct advantages that enable reaction mechanisms, synthetic routes and applications 

that are not available via other approaches. In this regard, this review demonstrates how 

the strategic use of C–F bonds can provide valuable opportunities to streamline syntheses, 

improve reaction efficiencies and enable new reactivity.

Moving forward, we hope this overview motivates chemists to discover additional innovative 

strategies for C–F functionalization and to apply them towards methods that improve 

chemical synthesis. As illustrated herein, there are diverse mechanistic approaches available 

to activate C–F bonds, including through anionic, cationic, reductive, metal-catalyzed and 

radical-based processes. Given this rich reactivity, we anticipate the synthetic value of 

organofluorine compounds will continue to grow. To this end, we expect that improving 

selectivity for C–F bond activation in the presence of multiple functional groups, continuing 

to address selectivity challenges for polyfluorinated compounds, and harnessing the unique 

mechanistic possibilities of C–F bonds and fluoride byproducts, will be critical. When 

paired with the increasing availability of fluorinated chemicals and their commercial 

applications, these advances will not only impact chemical synthesis but could inspire future 

uses of organofluorines.
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Scheme 1. 
Schematic summary of the scope of this Review.
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Scheme 2. 
Selected uses of fluoroarenes in direct substitution reactions. KHMDS, potassium 

bis(trimethylsilyl)amide; TBAB, tetrabutylammonium bromide.

Hooker and Bandar Page 32

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2024 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 3. 
Selected uses of fluoroarenes in regioselective arene synthesis. TMP, 2,2,6,6-

tetremethylpiperidine; Cy, cyclohexyl.
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Scheme 4. 
Examples of fluoroarenes used in phosphine ligand syntheses.
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Scheme 5. 
Selected new types of defluorinative SNAr reactions. DCE, 1,2-dichloroethane; DDQ, 2,3-

dichloro-5,6-dicyano-1,4-benzoquinone. [a] Radiochemical conversion (RCC).
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Scheme 6. 
Catalytic defluorinative C–C coupling reactions of aryl fluorides. Mes, mesityl.
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Scheme 7. 
Selective SNAr defluorofunctionalization of polyfluoroarenes. TMG, 1,1,3,3-

tetramethylguanidine; DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene. [a] Use of excess ylide 

reagent for double defluoroalkylation.
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Scheme 8. 
Selected metal-catalyzed coupling reactions of polyfluoroarenes. PMP, para-methoxyphenyl; 

pin, pinacolato.
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Scheme 9. 
Selected products via polyfluoroarene radical coupling reactions.
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Scheme 10. 
Examples of selective hydrodefluorination of polyfluoroarenes.
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Scheme 11. 
Applications of polyfluoroarene sequential C–F substitution.
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Scheme 12. 
Representative utility of acyl fluorides as electrophiles. TBS, tert-butyldimethylsilyl; THP, 

tetrahydropyranyl; DIBAL, diisobutylaluminum; diDMAP, 4-(dimethylamino)pyridine.
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Scheme 13. 
Representative utility of acyl fluorides in peptide coupling reactions. TFA, trifluoroacetic 

acid.
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Scheme 14. 
Representative use of acyl fluorides in C–C coupling reactions. Ad, adamantyl.
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Scheme 15. 
Defluorinative reactions to form N-trifluoromethylamide derivatives.
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Scheme 16. 
Representative defluorinative acylation reactions in organocatalysis. TBME, tert-butyl 

methyl ether; PPY, 4-pyrrolidinopyridine.

Hooker and Bandar Page 46

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2024 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 17. 
Representative applications of tandem defluorinative/decarbonylative coupling reactions.
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Scheme 18. 
Example uses of monofluoroalkene defluorofunctionalization. IPr, 1,3-bis(2,6-

diisopropylphenyl)imidazol-2-ylidene).
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Scheme 19. 
Example defluorinative substitution of gem-difluoroalkenes.

Hooker and Bandar Page 49

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2024 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 20. 
Representative access to and uses of boryl- and silylfluoroalkenes. PMB, para-

methoxybenzyl nep, neopentylglycolato.
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Scheme 21. 
Catalytic defluorinative C–C coupling of β,β-difluorostyrenes. CFL, compact fluorescent 

lamp.
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Scheme 22. 
Representative examples for substitution of alkyl monofluorides.
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Scheme 23. 
Examples of Lewis acid-promoted substitution of alkyl fluorides.
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Scheme 24. 
Selective defluorofunctionalization of alkyl polyfluorides via frustrated Lewis pair 

chemistry. Tf, triflyl.

Hooker and Bandar Page 54

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2024 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 25. 
Representative defluorofunctionalization of aliphatic trifluorides.
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Scheme 26. 
Example utility of benzylic monofluoride defluorofunctionalization.
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Scheme 27. 
Representative electrochemical and photochemical ArCF3 defluorofunctionalization 

strategies and their products. HMPA, hexamethylphosphoramide. [a] Methyl ester isolated 

following treatment of reaction mixture with iodomethane.
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Scheme 28. 
Lewis acid-mediated selective ArCF3 defluorofunctionalization. Tol, toluoyl, TBAF, 

tetrabutylammonium fluoride.
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Scheme 29. 
Base-promoted selective ArCF3 defluorofunctionalization. DME, 1,2-dimethoxyethane.
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Scheme 30. 
Exhaustive defluoroalkylation of trifluoromethylarenes.
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Scheme 31. 
Representative asymmetric C–F allyl substitution reactions. (DHQD)2PHAL, 

hydroquinidine 1,4-phthalazinediyl diether.
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Scheme 32. 
Representative allyl difluoride defluorofunctionalization methods. TBDPS, tert-
butyldiphenylsilyl; TFAA, trifluoroacetic anhydride.
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Scheme 33. 
Examples of net C‒F substitution of α-perfluoroalkylalkenes.
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Scheme 34. 
Representative anionic and cationic defluorinative reactions.
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Scheme 35. 
Representative products accessible via metal-catalyzed defluorination reactions.
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Scheme 36. 
Representative radical coupling defluorinative reactions. NFE, nickel foamed electrode.
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Scheme 37. 
Selected uses of propargylic mono- and difluoride compounds. NIS, N-iodosuccinimide.
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Scheme 38. 
Use of α-monofluorocarbonyls in (hetero)arene synthesis.
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Scheme 39. 
Representative applications of reductively-generated difluorosilylenol ethers and 

difluoroenolates. TBD, 1,5,7-triazabicyclo[4.4.0]dec-5-ene. [a] Abbreviated conditions are 

shown, see ref [199] for full details.
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Scheme 40. 
Defluorinative coupling reactions via α-carbonyl radical species. DTBP, di-tert-butyl 

peroxide.
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