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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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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.[°]

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)

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hooker and Bandar

Page 3

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 B-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 Jn situ.[11] Similarly, metal-catalyzed
defluorinative reactions can proceed v/a 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] ewis 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!*4, defluorination

for environmental remediation!*®], reactions with biomolecules*¢] or commonplace
defluorinative processes of commercial reagents (e.g., difluorocarbene generation from
TMSCF3; TMS = trimethylsily!).[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.[>-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.[*8] 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.[®?¢1 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 (SyAr) 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).[291 Many nucleophiles and arenes are suitable for
defluorinative SyAr 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[?1l and an a-arylation of alkyl nitriles
reported by Caron and coworkers at Pfizerl22] 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 A-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 SyAr
reactions with strong nucleophiles also enables regioselective substitution of electron-rich
fluorides, as seen in Scheme 2c and in recently developed silylation reactions (Scheme
26).[24]

2.2 Fluorine-guided regioselective arene synthesis

Polyhalogenated arenes containing at least one fluorine are commercially available and
enable assembly of substituted arenes v7a chemoselective C—X functionalization. While
SNAT 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.[2°] 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—CI methylation en routeto HIV-1 integrase inhibitor
candidates.[27] Fluoroarenes with ortho-withdrawing substituents (e.g., nitriles, esters and
ketones) are readily available and useful for tandem SyAr/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/SyAr, 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 SyAr reactions of phosphines and simple fluoroarenes,
with an array of representative ligands shown in Scheme 4a.[2%] Alternatively, the acidifying
effect of fluorine can promote facile metalation and fluoride elimination en routeto 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.[3%] 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 SyAr 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 SyAr 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 SyAr in the presence of other halogens and can be used for radiofluorination
of fluorinated drugs.[33] Lambert and coworkers developed a related method viz an
electrophotochemical strategy that tolerates base-sensitive functional groups, including
aldehydes and traditionally SyAr-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).[3%]
Another emerging strategy for activation of aryl fluorides is the catalytic use of metals that
coordinate to the arene to form electrophilic rt-metal complexes. The Shi Group has made
significant advances in this regard using Ru and Rh catalysts for alcohol, water and amine

SNAT reactions that selectively substitute electron-rich aryl fluorides as illustrated in Scheme
5¢.[36]

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

Fluoroarenes are active towards catalytic C-C bond-forming reactions v/a transition
metall6¢.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.[3] 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.13%] 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 SyAr 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.9] 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[#2], Wu, Yang and coworkers discovered that
phosphonium ylides react with polyfluoroarenes to achieve net defluoroalkylation (Scheme
7b).[431 C—F substitution typically occurs parato an electron-withdrawing group, while a
second substitution will occur at the ortho-position. Scheme 7¢ 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
SNAT reactions is also commonly used to activate silylated pronucleophiles, especially those
that generate carbon-based nucleophiles (e.g., aryl and alkynyl carbanions and enolates).[4]

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., parato an electron-withdrawing group) or at a C—F bond orthoto a
directing group.[®.8] 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!“®] 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).[59] 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.[11 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).[33] 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 SyAr reactions
prior to removal of excess fluorine atoms, a concept illustrated in Scheme 10b en
routeto a bispyridine diamine ligand.[5®] Critically, direct amination of 4-halopyridines
could not successfully prepare the targeted product 54; instead, selective SyAr 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”.
[99.56] Scheme 11 provides three examples of sequential defluorofunctionalization of
inexpensive polyfluoroarenes en routeto more valuable products.[1¢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.[>7] 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 /n 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 /n situ generated activated
acids). The small size of fluorine enables acylation of hindered nucleophiles, especially
anionic O- and A-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.[5%! 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 Furstner and coworkers’
synthesis of aspercyclides (63).189] 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-CI 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.[%8] 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 a-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 HCI).[69] These features
were exploited by Schafmeister and coworkers to prepare extremely hindered a.,a., A-trialkyl
dipeptides in hexafluoroisopropanol (HFIP), where the absence of base prevents formation
of undesired ester side products (Scheme 13c).[7°]

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).[’1] 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).[”2] Importantly, base-sensitive functional
groups (e.g., p-alkoxy ketones) are well-tolerated and epimerizable a-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 acy! 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.[’8] 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.l’”] 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 A-trifluoromethyl amides that relies on defluorinative acyl coupling.[”®!

This route proceeds v/a nucleophilic fluorination of isothiocyanates to form anionic N-
trifluoromethyl intermediates, followed by reaction with triphosgene and an additional
equivalent of fluoride to generate Atrifluoromethyl carbamoyl fluoride building blocks
(Scheme 15, top). The authors demonstrated that nucleophilic defluorinative reactions of

the carbamoy!l 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 A-Me or A-H amides
as the A-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 A~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 v7aa 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 viaa P(111)/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.6]
Here, C-F activation v/a 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.[”*] 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).[8%] Representative
additional uses of the /n situ generated fluoride include activation of diboron reagents and
hydrosilanes, as well as aryl C-H activation for a variety of decarbonylative reactions.[%]

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.[®1] In fact, one of the most attractive routes to monofluoroalkenes is through
defluorinative coupling reactions of 1,1-difluoroalkenes.[%2] Monofluoroalkenes are also
accessible through alkyne hydrofluorination[93] or metal-catalyzed vinyl halide fluorination
protocols.[%4 1,1-Difluoroalkenes are readily prepared via difluoroolefination of carbonyls,
as well as addition/fluoride elimination reactions of trifluoromethyl-substituted alkenes.
[92.92] 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.[9] 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).[%8] An alternative Cu-catalyzed variant was reported by Ogoshi and
coworkers wherein the released fluoride aids in activation of a Bpin-SiMe,Ph coupling
partner (Scheme 18b, bottom).[97] Gem-difluoroalkene units are also represented in

HFOs and undergo similar transformations, including substitution with O- and A-based
nucleophiles to access fluorinated vinyl ethers and amines.[9] 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.[%] 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 a-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 r-bond vi7a inductive effects; (2) fluorine’s lone pairs
have repulsive interactions with the alkene’s rt-electrons; (3) C—F anti-bonding orbitals
stabilize p-carbanions through negative hyperconjugation; and (4) fluoride can serve as a
leaving group.[%.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 ,B-difluorostyrene derivatives!12] and stronger
nucleophiles that can also add to alkyl-substituted 1,1-difluoroalkenes.[193] The utility

of such reactivity is exemplified by straightforward routes to monofluoroalkenes via
addition of Grignard and organolithium reagents to p,B-difluorostyrene derivatives and 1,1-
difluoroalkenes, respectively (Scheme 19b).[194] 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).[193] 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 Sr-substituted fluoroalkenes. These reactions proceed via boryl- and
silylmetalation followed by B-fluoride elimination and are amenable to B,p-difluorostyrene
derivatives and 1,1-difluoroalkenes (Scheme 20a).[197] This methodology was recently used
by chemists at Janssen to make a (2)-borylated fluoroalkene (97) as a key intermediate

in the synthesis of fluoroalkene-containing anticancer drug candidates (Scheme 20b).[08]
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 (2)-fluoroalkenes (Scheme 20c).
[109] A related defluorocarboxylation process with CO, has also been developed.[11°]
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4.5 Gem-difluoroalkene catalytic defluorinative C—C coupling reactions

In addition to direct reactions with Grignard and organolithium reagents, genr
difluoroalkenes (especially p,B-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] Sybsequent work by the authors!113], and the Toste Group[14], 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]
B,p-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 a-heteroatom carboxylic acids.[116]

5. Alkyl Fluoride Defluorofunctionalization

Here, we highlight the advantages of defluorofunctionalization on unactivated aliphatic
mono-, di- and trifluorides.[!17] 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 v7a fluoride substitution reactions and difluorides via
nucleophilic addition into difluorocarbene equivalents.[2119 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 alky! silanes.[242] 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, lwasakai, Kambe and coworkers demonstrated an
alkyl fluoride can be carried through a multistep synthesis prior to Co-catalyzed alkylation
(Scheme 22¢).[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 v7a Lewis acids for substitution with weaker (pro)nucleophiles.
[13] To complement protocols that rely on stoichiometric Lewis acid activators, Moran and
coworkers developed B(CgF5)3.H,O-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 /n 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).11271 |n 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 alky! trifluorides with p-C—H bonds undergo elimination with strong bases (e.g.,
KHMDS)[108] to generate valuable gem-difluoroalkenes. Additionally, if the -CF5 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 p-trifluoromethyl amides*3% and in the synthesis
of fluorinated heteroarenes (Scheme 25a).[131] An additional noteworthy elimination
protocol is the Zn-promoted reduction of a-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 viaa 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.[13%] 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.[32:2] Non-commercial perfluoroalkyl arenes can also
be prepared via cross-coupling reactions, radical perfluoroalkylation, oxidative fluorination
of the methylarene or Cu-mediated Sandmeyer trifluoromethylation.[35.136] Dye 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 v7a Lewis and Brgnsted 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.[1391 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.[14%] 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., ArCFo—Br). The resulting products,
especially a,a-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

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hooker and Bandar

Page 15

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., PhCH,F: 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 /n situwith 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 ArCF,R 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 K6nigl*47] and Juill48] 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.[24%] Following these pioneering
reports, photopromoted processes have been expanded to include hydrodefluorination,
defluoroarylation and defluorocarboxylation, as summarized in Scheme 27¢.[2501 It is likely
that future work will continue to exploit benzylic C—F bonds as radical precursors for other
coupling reactions.[15]

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).[53! Young and
coworkers disclosed a major breakthrough in 2018 through their use of frustrated Lewis
pairs, previously discussed in Section 5.2[12% 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
28hb. 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).[1551.[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).1357] 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 ArCFoR products viaa Lewis base-promoted
reductive coupling reaction with formamides (Scheme 29b).[158] This reaction is mediated
by HSi(TMS)3 and proceeds viatandem defluorosilylation and nucleophilic addition to
formamides to form synthetically versatile silylated hemiaminals. Jiao and coworkers
developed an alternative protocol for defluoroallylation of CF3-substituted A~heteroarenes
(Scheme 29c).[15%] Here, the A-heteroarene and B.pin; 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[13¢. 160b],
Additionally, acidic activation of trifluoromethylarenes promotes electrophilic coupling with
arenes, alcohols and amines en routeto 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:[1621 Meanwhile, a.,a-difluoroalkyl- and a.-perfluoroalkyl alkenes are
available in modular fashion and engage in diverse defluorofunctionalization reactions.[163]
Routes to these starting materials include olefination reactions of a-fluorinated ketones
and metal-catalyzed coupling reactions of fluorinated vinyl reagents.[1621 An overview

of defluorinative coupling approaches to access valuable fluoroalkenes and a-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 Shibatal164] and Vilotijevicl16%] 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).[16¢]
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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 Sy2’, and metal
rt-allyl mechanisms. Sy2” reactions with strong nucleophiles are a simple route to vinyl
fluorides with examples from Paquin and coworkers in Scheme 32b.[267] 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/B-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.[16%] Hoveyda, Ito
and coworkers developed an enantioselective Cu-catalyzed defluoroborylation protocol that
generates chiral allylic boronates (Scheme 32d).[1701 These products are useful reagents

en routeto chiral fluorinated products, including allylation reactions to enable net C—

F reductive coupling transformations. Hartwig and coworkers reported an alternative
method to accomplish genrdifluoride desymmetrization via Ir-catalyzed defluoroallylation
of enolate pronucleophiles to generate tertiary chiral fluorides (Scheme 32e).[171]

7.3 Net C—F substitution of a-perfluoroalkyl alkenes

Direct C—F bond substitution of a-perfluoroalkyl alkenes is relatively uncommon as

these compounds are typically poor electrophiles for Sy2 reactions.[172] However, Li

and coworkers recently reported base-promoted reactions of a-trifluoromethylstyrene
derivatives with phenols that are proposed to proceed v7a direct C—F substitution

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

through a fluoride-catalyzed Sy2’ defluoroallylation/Cope rearrangement cascade of a-
trifluoromethylstyrene derivatives, reported by Feng and coworkers (Scheme 33b).[174] More
general defluorination strategies are available through preparation of gen+difluorovinyl
synthons that are either electrophilic or nucleophilic at the original —CF3 site. For

example, the use of amines or thiols for the Sy2’ 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 a-perfluoroalkylalkenes forms
nucleophilic intermediates that react with electrophiles (/n 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

a-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
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process can be incorporated into multistep sequences, as highlighted by base-promoted
Sn2’/eyclization/defluorination reactions between a-trifluoromethylstyrene derivatives and
hydrazines to access 3-fluoropyrazoles developed by Ichikawa and coworkers (Scheme 34b).
[178] Alternatively, Lewis or Brensted 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/p-fluoride elimination sequences are widely developed for 1,1-
difluoroalkene synthesis, with a survey of accessible products shown in Scheme 35.
[168,180] |mportantly, catalytic protocols for the enantioselective addition of aryl and

alkyl groups provide access to difluoroalkene isosteres that map onto a-chiral carbonyl
fragments. Furthermore, defluoroborylation and -silylation provide synthetically versatile
chiral products.[181]

Nucleophilic radical species easily add to a-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] Dye 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).1185]

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 viaalternative 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 a-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).[288] Such processes can be catalyzed by Bransted 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
B-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.[1%0] 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 37¢.[191] Here, C-H
activation and arylation/fluoride elimination generates fluoroallene 206 that undergoes N-
addition to produce chiral ox-isoindoles.

9. a-Fluorocarbonyl Defluorofunctionalization

This section summarizes advantages of defluorination reactions of a-fluorocarbonyl
compounds, including a-mono- and a-perfluorinated derivatives.[94&fl Generally, a-
monofluorocarbonyls are both less available and less reactive than alternate a-halo
derivatives, and thus are only briefly discussed. In contrast, methods for selective
defluorofunctionalization of a-polyfluoroalkylated carbonyl compounds are more prevalent
and are covered in greater detail. Simple a-monofluorocarbonyls are typically prepared via
fluoride substitution of a-halocarbonyls or through electrophilic a-fluorination of enolate
equivalents.[192] o -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 a-fluorinated esters, amides and ketones.[2]]

9.1 Defluorination of a-monofluorocarbonyl compounds

Due to their relatively low electrophilicity, defluorofunctionalization of a-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, a-fluoro-p-keto esters productively react with a,B-unsaturated carbonyls, whereas use
of a-chloro and a-bromo derivatives results in undesired elimination and alkylation side
reactions.

9.2 a-Perfluorocarbonyl defluorination

a-Perfluoroalkyl carbonyl compounds are frequently used in monodefluorinative coupling
reactions to assemble a-fluorinated ketone and acid derivatives.[?d€fl 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 a-fluorinated carbonyls decrease upon removal of each fluorine
(e.g., C-F BDE for an a,a,a-trifluoroamide is ~119 kcal/mol, while an a-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., a-bromo-a.,a-difluoro acyl compounds); however, these
materials are often more expensive than a-perfluorinated variants.

Reduction of a-polyfluorinated carbonyls forms ketyl radical species that undergo further
reduction and p-fluoride elimination to generate enolate intermediates. This sequence can
be promoted by reducing metals (e.g., Mg or Sml,)[2%] or through electrochemical and
photochemical processes, while the enolate intermediates are readily captured by /n situ
electrophiles, most commonly chlorosilanes (Scheme 39a).1197] The fluorinated silyl enol
ether products are useful for further a-functionalization, including halogenation. A notable
application of this process is the use of 18F-substitution of a-iodo-polyfluorocarbonyl
intermediates to achieve net isotopic labeling of trifluoromethyl ketones in bioactive
molecules for PET imaging (Scheme 39b).[1%8] Recently, Lennox and coworkers developed
an improved hydrodefluorination protocol v7a 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).[1%°] Reductively-generated a.,a-difluoroenolates can also be
intercepted by proton sources, carbonyl electrophiles and CO, (Scheme 39d) to access a
wider range of products.[150¢. 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 a-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).[19%] Glorius and coworkers also developed a related
photopromoted protocol (Scheme 40a, bottom).[202] These approaches are further applicable
to a,a-difluorinated starting materials, and they can be used to achieve selective
hydrodefluorination via hydrogen atom transfer to the initial a-radical intermediate.
Additional coupling partners have since been shown to engage in a-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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Classes of C-F bonds summarized in this review \/1?} Review section

(:‘Z_j}AryI fluorides ) Acyl fluorides (Z/; Vinyl fluorides “g) Alkyl fluorides

P F ,/""-\Q_:‘[/' F 0] L /F I_F R ‘\R E »\F
“ . ‘/ “ e Fn /ﬂ\ 4  E 7\ A DL
S N R™ °F R R F R F R™F
(E‘ Benzyl fluorides QZ. Allyl fluorides
F, \F F. F R % _,///‘\ - F R = F
Kr g \¢ N Roz~_F = e
Ar” Ar” °F F FF

(8 ) Propargyl fluorides (9 ) o-Fluoro carbonyls
F F o
J 1 9 l_F
=" T F A_F R Ry
= P R -
R’ R” F F

Types of defluorination reactions covered

+ Nu
defluorosubstitution: C-F —_— C-Nu
(nucleophile)
hydrodefluorination: C-F _— C-H
+
cross-coupling: C-F —_— c—
(coupling partner)
fluorine rearrangements: ’/\"F _— F\,/
elimination processes: H”\/\‘F —_— o

M unique opportunities and benefits highlighted for each C-F bond example

Synthetic route advantages = and Mechanistic advantages

Scheme 1.
Schematic summary of the scope of this Review.
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(a) General reactivity trend of aryl halides in SyAr reactions
W C-F bond polarization enables facile SyAr reactivity (Nu = nucleophile)

Nu®
Ar—| < Ar—Br < Ar—Cl < Ar—F —_— Ar—Nu

increased reactivity F enables concerted and stepwise SyAr mechanisms

(b) Use of alkoxide SyAr reactions in pharmaceutical production
M defluorinative SyAr reactions are facile on electron-neutral arenes

Et,N
Ar—F NEtz
base
+
> (NaH or
RE=H KO-t-Bu) S =

1,78% yleld (clomiphene) 2, 96% yield (duloxetine)

(c) Representative defluorinative SyAr with strong and weak nucleophiles
Il defluorofunctionalization allows traditionally challenging SyAr reactions

R!

Me_ Me J\ CN
R2 "CN (4eq) NaCN (5 eq) O
CN Ar—F ————>

KHMDS (1.5 eq) TBAB (5eq) O=S O
ibts PhMe, 60 °C DMF, 100 °C NHR

3, 95% yield (1eq) 4, 31% yield

(d) Access to diarylketones via NHC-catalyzed defluoroacylation

F O F
A® S)
o Me\N SN-Me |

1-F  + == 10 mol%
ark v IO, = (10mold) O O
r O,N F

NaH (4 eq)
DMF, 0 °C Side
(1eq) (1.5eq) 5, 89% vyield

(e) Examples of defluorosilylation on electron-neutral and -rich arenes

Me :
SiMe,Ph
s . _THF SiMe,Ph ?
Ar—F + RZR%PhSi-Li ——>
0°C Ph,N
Ph Me

(1eq) (2 eq) 6, 67% yield 7, 45% yield
Scheme 2.

Selected uses of fluoroarenes in direct substitution reactions. KHMDS, potassium
bis(trimethylsilyl)amide; TBAB, tetrabutylammonium bromide.
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(a) Regioselective arene synthesis via selective defluorofunctionalization
W S\Ar selectivity for C-F bond functionalization over C-Br and C-I

HO. O
N—Boc

(j/F HOE (1. 2eq) [j/ p [j/ m
—_—
KO-t-Bu (1.5 eq) oc
2-MeTHF Me~—("X—-Me

N (0]
(1eq) 8, 90% yield 9, 68% two-step yield
1 C-F S\Ar 2 C-l Suzuki arylation 3 C-Br borylation

(b) Regioselective pyridine synthesis via multiple C-F directing effects
W C-F bond acidifies 3-position for selective metalation/acylation

Me_ Me

i-Pr-0 i 6(1'1 eq)
F %O-I-Pr *HCI
E& H (1 2 eq) EK )Hf L

I 4| TMP (1 2 eq) Cs,CO;4 (3 eq)

n-BuLi (1.15 eq) 1,4-dioxane
(1eq) THF, -60 °C 10, 42% yield 70°C

Me_ Me Me Me
fluorine-guided synthesis é é
1 F-directed metalation N

N~ o
2) C—F SyAr Eg )J\(o-i-Pr Y )J\ﬂ/o_,‘_pr
| |
N4 \Meo Né ~cl o

3 C-Clalkylation

11, 69% two-step yield -

(c) Synthesis of functionalized indazole via double defluorofunctionalization
Il cascade defluorination/cyclization is an expedient route to heteroarenes

Et
=N
H,N—NHCy Et N-cy
« MsOH N O
(1.3 eq) ~Cy (4 eq)
NaOAc (2.6 eq) KHMDS (1.5eq) e
PhMe, reflux F PhMe, 100 °C
(Dean-Stark)
CN
(1eq) 12, 98% yield 13, 77% yield

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

tetremethylpiperidine; Cy, cyclohexyl.
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{a) Examples of phosphine ligands made via defluorinative SyAr reactions
B defluorinative S, Ar is a facile and economic route to commercial ligands

A—F  + H-PR, 222 . Ar—PR.
R P 2 Th
T 1“ ;f\’" Me ¥ N i -\f;’ ,.-’:’\ :‘.\ /L‘ /l‘:\ |
Pphj N-—»..:’ PPh‘nH F)F)h_I Phjp PPh: - N T/
FPr h ) PPh,

{b) Synthesis of Buchwald biaryl monophosphine ligands via aryne formation
B C-F bonds acidify arene to generate versatile aryne intermediates

//Z:t_ _/,OMe
 ome D ABuLi(1eq) [

-|" RN THF, -78 °C MeO/ \T "Br _’/’Z:::‘J,,OMQ

AR > Pr. o~ FHPr b
Meu \'L M i) ArMgBr (2 eq) 0 MeO J”’/

[F-enhanced i) Bl a2 0d) 1
C-H acidity] FPr via aryne

(1 eq) 14, 63% yield intermediate
Scheme 4.

Examples of fluoroarenes used in phosphine ligand syntheses.
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(a) Single electron oxidation approach to aryl defluorosubstitution
M efficient on electron-neutral to electron-rich fluoroarenes

electrophilic radical cation

Photoredox method [l substitution of traditionally non-electrophilic C—F bonds

Nu-H (3 eq) | NS ™NH F
acridinium photocatalyst Pz Cl Fh
Ar—F
d 427 or 450 nm light Me
(1eq) DCE/t-BuOH/MeCN
00r50°C OMe C0-Me
15, 83% yield 16, 16% RCCll
representative applications: selective for 18F_flurbiprofen
C-F over C-Cl Nu = "8FNBu,
Electrophotochemical method M tolerates base-sensitive functional groups
F
Q N
DDQ (cat) H \/F —Cl
AcOH, NBu,BF, = N

Ar—F + Nuc-H
C(+)/Pt() N-\ N
blue LED O
(5eq)  (1eq) MeCN  tBu ,
= traditionally reactive group 17, 62% yield 18, 61% yield

(b) Photo-induced defluoroborylation of electron-rich fluoroarenes
BF3K

B(OH),
HO Cé)H hv (254 nm)
Ar=F  + B” "OH MeOH, 15 °C
OH
OH NH,

(then KHF;, for ArBF3K)
(1eq) (1.6 eq) 19, 69% yield 20, 53% yield

(c) Rh-catalyzed selective SyAr reactions of electron-rich fluoroarenes
W provides alternative selectivity to traditional SyAr reactions

o) OH
[Ru]L or [Rh]L (cat) [ j
AgPFg (cat
Ar—F + Nuc-H g—e()> N O

THF, 120 °C
(1 eq) (3eq) O 0

via ni-complexation activates
. electron-rich ArF towards O
F CF3

selective substitution
F

Ru*IL = traditional SyAr site
onal SyAr st 21, 60% yield 22, 45% yield

Scheme 5.
Selected new types of defluorinative SyAr reactions. DCE, 1,2-dichloroethane; DDQ), 2,3-

dichloro-5,6-dicyano-1,4-benzoquinone. (8l Radiochemical conversion (RCC).
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(a) Example of site-selective cross coupling with aid of ortho-directing groups
B C-F activation occurs in presence of weaker C—Cl and C-Br bonds

OH = directing group

3 [N|]L (cat) n-CqoHas n-CqzHos
+ R-MgBr
PhMe rt

(1 eq) (3 eq) 23, 60% yield 24, 65% yield

(b) Lewis acid activation enables Friedel-Crafts-type aryl-aryl bond formation
Il cationic C—F activation enables synthesis of strained aryl-aryl bonds

[-Pr3Si1® [CB1{HCle] © O
(catalytic salt) F---[SiRy]®
Me,Si(Mes), (1.2 eq)
PhCI, 110 °C OO

(1eq) 25, 93% yield via C—F activation

(c) Lewis acid activation of ortho-silyl fluoroarenes leads to C—H insertion
M fluoride abstraction forms aryl cations for new C—H arylation reactions

™S PhsC1® [HCB11Cley] © TMS
F (catalytic salt) ©)
+ Alkyl-H - . > (i-Pr)sSiF
(i-Pr)3SiH (cat) o
1,2-ClyCgHy, 60 °C [HCB1Cl44]

(1eq) (>5eq) [-RsSiF,-PhsCH] 26, 54% yield via aryl cation )

Scheme 6.
Catalytic defluorinative C—C coupling reactions of aryl fluorides. Mes, mesityl.
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{a) General scheme of defluorinative SyAr of polyfluoroarenes
B selective C—F substitution enables buildup of functionalized fluoroarenes

polyfluoroarenes .~ - F N g Nu partially
[commercially ” 7 Fn E— [[ T Fn fluorinated
available] N -E” ~ products

{b) Regioselective defluoroalkylation of polyfluoroarenes via ylide reagents

P @ @) NaH (5 eq) Ry R
i Tg  +  PhpP-RBr - [ T,
- THF, 80 °C !
(1eq) (5 eq) alkylated product
site of first and second substitution
f i L aa
F. . Me [a
. H [a], Mejf\| Me ijﬁ,/.\UV,Et CI\EA\:}ICI
OZN - ~F OQNJ N \_F H OQC/.:'\‘:A‘."" Xy F,-- ‘,N/f ‘F
27, 69% vyield 28, 71% vyield 29, 52% yield 30, 97% vyield
{c) Regioselective defluoroalkylation of polyfluoroarenes with nitroalkanes
P TMG or DBU (2.1 e g
[ e, + HCNO, @1ed I ¥ g NO
~ -35°C "
(1eq) (solvent) alkylated product
regioisomeric mixture challenge NO-, F
NO, NO, ) oL
J I T UNO, YT e TNO,
| + \I’ = NO2 e P e
1L+ I X 7 oF 7 oF
F~ ‘"T—" F F~ "“|"/ F F F
“NO,, F 33, 75% yield 34, 82% yield
31,56% yield and 32, 44% yield {major isomers obtained)
Scheme 7.

Selective SyAr defluorofunctionalization of polyfluoroarenes. TMG, 1,1,3,3-
tetramethylguanidine; DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene. [8] Use of excess ylide
reagent for double defluoroalkylation.
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(a) General mechanism of metal-catalyzed defluorination of polyfluoroarenes

. [MIL (cat) o [MILF -y
| Ye, —0 _F= 2
= F-Y + [M]L Z

= coupling partner (Y = B, Si, H, etc.)

(b) Pd-catalyzed Suzuki cross-coupling reactions of polyfluoroarenes

F Ar
A [Pd]L (cat)
| T+ ABOH, ————— [ Tg
Z Cs,CO3 (2 eq) Z
(1eq) (2 eq) PhMe, 120 °C

(selected scope examples to illustrate defluorination regioselectivity)

F F F F
F PMP F Ph F Ph PMP
|
N
F Z>F F NO, CO,Me
F F F F

35, 87% yield 36, 50% yield 37, 85% yield 38, 88% vyield

(c) Directing groups (DG) can guide site-selective defluorinative coupling

DG
X [PdIL (cat)
= F + /k\/\> . e Me
| 5Fa HTSN LiO-t-Bu (2 eq)
Z xylene, 130 °C
(1eq) (2 eq) 39, 76% yield

(d) Example of regioselective defluoroborylation of polyfluoroarenes
Il enables access to synthetically versatile fluoroarene building blocks

~F _ INiL (cat), CsF (1 eq) Bpin
| +F, * (Bpin) | +Fn

% methylcyclopentane, 80 °C =
(1.1eq) (1eq)

(selected scope examples to illustrate defluorination regioselectivity)

F E F F
F Bpin Bpin F Bpin
F Bpin /Ej
F F
F F

40, 99% yield 41, 79% yield 42, 77% yield 43, 85% yield

Scheme 8.

Page 38

Selected metal-catalyzed coupling reactions of polyfluoroarenes. PMP, para-methoxyphenyl;

pin, pinacolato.
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{a) General reactivity modes for radical coupling of polyfluoroarenes
l defluorofunctionalization enables diverse radical C—C coupling pathways

-~ F F S F -~
R a4 Fr"“*::-‘-" R
—_— {. |7R or =) or w
['|\._ c.\'f‘J L\-:—/] k\\tf\/ U\\;\'\f’
Fn . TF, Fn Fn
Re = radical (#) addition of (#) reduction (i) reductive
species radical species of fluoroarene C-F cleavage

{b) Representative products available via radical defluorofunctionalization

U-/"\’:T“F —RP photocatalyst “//"\T/
+ > )
e RP = radical blue LEDs ~Fn

precursor or trap DMSO or MeCN

radical additions to polyfluoroarenes (paths i or ii)

F F f-ﬂ\ F ?H
[’ ]""“NHBoc FT \-[”‘ N g B
N e Ph P

T F MeO,C” ™" F EtO.C J\( F

F 3 F

44, 66% vyield 45, 81% yield 46, 93% yield

decarboxylative arylation a-amino C-H arylation  «-hydroxy C—H arylation

polyfluoroarene radical addition to coupling partners (path iii)

F , _N__ _NHMe
F FPr F T
L [
P S S F. ,’L\ /L_\ _OH F. ',,:;L =N
S e T T ce
NC’ T’ 'F X “T/ ~E
F F 3
47, 85% yield 48, 43% yield 49, 57% yield
addition to allyl efectrophifes addition to alkenes addition to arenes
Scheme 9.

Selected products via polyfluoroarene radical coupling reactions.
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{a) Photocatalytic hydrodefluorination of polyfluoroarenes
B access to many diverse partially fluorinated arenes

o F [Ir]L (cat) o _H
I Tr , blue LEDs [ e
Lo+ H NP2 - I 3 Fn
T ~ MeCN, 45 °C ~
(1eq (2 eq)
(selected scope examples to illustrate defluorination regioselectivity)
CN F F CF 4
Py oA H Rk _H F_h _H
1 I < 1 T T 1
b “F F7ONTCF H™ 7" F
/ I [
NHQ Me;N F NHAC
50, 82% vyield 51, 65% vyield 52, 78% yield 53, 74% vyield

{b) Hydrodefluorination en route to novel aminopyridine derivatives

B C—F reduction used to access diamines inaccessible from 4-halopyridines
(diamine Sy Ar only successful using 2,4,6-trifluoropyridine)

,,o"_'\. =1 . /

F (\ \) F [CpQTlF J], (cat? H < \\ H
T m Ph;SiH; (6 eq) p—\ —( —
N’ >—NH HN— : o N \\—NH HN—{ N
o \ 1,4-dioxane, 110 °C N
F (1 eq) F H 54, 85% yield H

Scheme 10.
Examples of selective hydrodefluorination of polyfluoroarenes.
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{a) Selective defluorofunctionalization en route to an organic dye

F F TRJ
NC. A _F NaBH, 2 eq) NC\.I;;L\.[ HOHNR, 2.2 9) NC‘j—ff" N L
HO2eq) L & NaH@2eq) ., A -
TN o - 7 NC H
L THF He™ o H THF \LR
F F 2
(1eq) 55, 58% yield 56, 79% vyield
[inexpensive] [not commercial] NR; = carbazole

{b) Example buildup of a partially fluorinated multisubstituted arene

Pl Pt

CF; CF; CF; &0 CF5 N
F._h_F Fo A _F PN ,m Ho A A
I T L @ J I @ [_I
- "‘r "F F” 57 "F F~ [ “F S
F l--.\ J ,;O \\TTJO ., _,‘O
(1eq) Et0,C___NH EtO,C.__NH EtO,C. _NH
[inexpensive] 57, 92% yield 58, 53% yield 59, 79% yield

1 SyAr 2 photocatalytic reductive alkylation (3 photocatalytic reduction

{c) Sequential selective metal-catalyzed coupling reactions

;/ AN /RN
‘I\\ T/) < ./)
F. =N 1 Pd-catalyzed arylation F =N
A 4 N\ /
7\ [ —
/i \\\_ . A \-\\ "
F— /—F 2 Rh-catalyzed borylation F—C _ —Bpin
= —
1'/ I\ ¥4 \
F F PMP  F
(1eq) 60, 73% overall yield
Scheme 11.

Applications of polyfluoroarene sequential C—F substitution.
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(a) Synthetic advantages of acyl fluorides as acyl electrophiles

o [l stable towards hydrolysis and can be purified via silica gel

S M readily couples with sterically hindered nucleophiles

R M widely used in peptide coupling reactions

Sterically hindered amides [l acyl chlorides undergo competing aryl metalation

O Me Me o )M\e
o MeSICl (2.4
O+ LNR _ S RIRatey) Bh T
R™F THF, -78 °C Me )[\
Mé Me MeMe
(leq)  (1.2eq) 61,96% yield 62, 91% yield

Total synthesis of aspercyclides [l effective for acylation of bulky alkoxides

o Me,,
PS TBSO, / OTHP
Ar F OMe O ]
(1eq)
NaHMDS (1.5 eq) O
+ —— - — Me
THF, -78 to rt MeO
HO., _R2 .
( TBDPSO" ™
R‘I =
Me Me
(1.1 eq) 63, 91% yield

Fluoride-catalyzed amidation M fluoride activates silylated heteroarylamine

(e} : 0 = ¢l
Me. N,SIMe3 |

NT F H (leq) My NN
0PN oM NBu,F (2 mol%) OPF O/H\/OMe
MeCN, 50 °C
(1.8 eq) [ - F-SiMej] 64, 62% yield

(b) Improved reductive acylation yields through use of acyl fluorides
M fluoride salt byproducts have greater reaction compatibility than other salts

v %
Ph O 1)DIBAL-H(1.1eq) Ph 0 ] A
DCM, -78 °C Ph F:  94% yield
o__ 0O o_ 0O Cl: ~40% yield
T 2(X-COPh(15eq) Y generates DIBAL-CI
tBu pyridine (3 eq) t-Bu that decomposes
(1eq) DMAP (1.1 eq) 65 product materials

Scheme 12.
Representative utility of acyl fluorides as electrophiles. TBS, tert-butyldimethylsilyl; THP,

tetrahydropyranyl; DIBAL, diisobutylaluminum; diDMAP, 4-(dimethylamino)pyridine.

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



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hooker and Bandar

(a) a-Amino acid fluoride utility for peptide coupling with high stereointegrity
M acid fluorides undergo slow oxazolone formation and avoid racemization

useful property example utility
() 0 | MeM
1 e
R\l)J\X R1\ )LO H e}
. X B
HN__OR? /’HN_Q Nl COMe
g acidic and 0 N N HN‘(
o) epimerizable 66 Boc H Boc Me

[l oxazolone formation slow when X = F B no epimerization only if X = F

(b) Defluorinative hindered amidation in the total synthesis of tubulysins
M stable and unhindered acyl fluorides enables coupling to hindered amines

l\|/|e e} Me
Boc” N._,i-Pr FmocHN.,, N _i-Pr
OAc OAc
(0] Me
i) TFA (45 eq) \E(
FmocHN,, o Me
" F, 8NN DCM,0°Ctort s\
Me-" = . ii) i-ProNEt (6 eq) \28:0
DMF,0°Ctort
e HN HN
Me Bn Me>_)—Bn
MeO2C MeOZC
(4 eq) (1eq) 67, 92% yield

(c) Defluoroamidation to form extremely hindered o,a,N-trialkyl peptide bonds
Il C-F enables base-free amidation and prevents HFIP-ester formation

O O Me Me

2
o )R\ HFIP | I R2 0
o+ R SO7 Y FmocHN OH
U I HN \
Me "Me Me Mepe O
(1eq) (4 eq) [proposed intermediate] 68, 80% yield
Scheme 13.
Representative utility of acyl fluorides in peptide coupling reactions. TFA, trifluoroacetic

acid.
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(a) General scheme and examples of metal-catalyzed defluorinative acylation
M acyl fluorides are convenient, isolable and stable cross-coupling partners

?L M] JOL }_;, ﬁ
R F catalyst R" “[MIF M] + F=Y R’

= coupling partner (Y = B, Zn, redox active compound, etc.)

Ni-catalyzed acyl coupling to organozinc reagents

o [NilL (cat) O Ph
R1JJ\|: + ZnR, 4-fluorostyrene (cat) N
THF, rt Ph
o O

(1eq) (0.55 eq) 69, 93% yield
M tolerates base-sensitive functional groups, including a-stereocenters

Ni-catalyzed reductive coupling with activated amines Ar

Ph Ph © . Ar = 4-FCgHy ﬁ
o X BF, [Ni]L (cat)
| (o}
JJ\ + _N_ R? Mn (1.5 eq) j
1 _—
R R Ph®l/3 NMP, 60 °C o
BocN
(1eq) (1eq) 70, 92% vyield

M fluoride byproducts more compatible with catalyst than other anions

(b) Use of acyl fluorides in enantioselective hydroesterification reaction

0 » [Cu]L* (cat) z
AdoJ\F + / (MeO),MeSiH (3 eq)

Ph
R2 M COzAd
(1.2 eq) THF, rt e
commercial (1eq) 71, 89% yield (98% ee)
fluoroformate stable to L[Cu]H L[Cu]F regenerates L[Cu]H
-bond
O  L[Cul-H OCulL  LCu-F g it LICul-H
J\ » H + +
AdO”F  slow  AdOT L RsSi-H RsSi-F

(c) Use of acyl fluorides for the synthesis of pentafluoroethyl ketones
M fluoride pseudocatalysis enables coupling with perfluorinated carbanions

F O R F F
o CsF (5 mol%) ol F
J]\ + F%F —_— > F )\1/F
R F DMF, 140 °C FOF F o
F | Cs F
(1eq) (1.5 atm) 72, 54% yield via

Scheme 14.

Representative use of acyl fluorides in C—C coupling reactions. Ad, adamantyl.
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Modular synthesis of N-trifluoromethyl amides via carbamoyl fluorides

M fluorination of R-NCS required to generate A-CF; carbamoyl building blocks

o P hlne Me O
gr (o eq
-NCS  + 4 - ,,o\/LN,U\F
Cl,CO”™0CCl;  MeCN, L Le
T Me ’
(1eq) (0.4 eq) 73, 98% yield
B representative synthesis of isolable A~CF; carbamoyl fluorides 1
R
B representative products available via defluorinative substitution
O
BnO;-C 't Me
g 1. 0 cF,
Me—/ = -~ “ 0 N n-Bu
wd S TH N L q A -Bu ‘J\'T‘/HE\/ .4
C FE; e j’ I‘IJ S 't‘ B u C F:_: o
| OMe CF;
from penicillin core Ph from Nylon (6,6)
74, 81% yield 75, 86% yield 76, 92% yield
Ph. - Br 0 Me Me O "\
R = o | \‘\
1 ,J.\ ; e
IQ\V/IL N /[L\ “” “J/A N JL H [f/ "] - \v-')\'l?l ,U\ o
\‘:\ 3 : S y -
CF;  Ph ~ GRSy, CFs
from mexilefine
77, 84% yield 78, 80% yield 79, 67% yield
Scheme 15.

Defluorinative reactions to form N-trifluoromethylamide derivatives.
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{a) Lewis base/thiourea-catalyzed enantioselective defluoroacylation reaction

M effective ion pairing requires fluoride for H-bonding with chiral thiourea

O 0 S
OTMS A 2eg Ph R, A
R],‘ ___J\ = F - . - \O r\lj r\lj
L Jo chiral thiourea (cat) z)m\ ﬁ H H
PPY (cat) e Fo
TBME. -60 °C 80, 88% yield ~|R° PPY ]
(1eq) (92% ee) key ion pairing

{b) Example use of acyl fluorides in NHC catalysis for fluoroacylation
B acyl fluoride used to incorporate an acyl group and a fluorine into product

i
~ { N-Mes r 7
R' °F N gt N e
o o - (cat) Me Y Ph OF~ __
(4 eq) [I-F] (cat) f RYJJ\ 1
+ - il
u K;HPO, (2 eq) . O,J\ P o @N‘N’
| "‘T/'it:;ﬁ) 5 W blue LED ¢ | Mes ]
0 MeCN/DMF 81, 74% (15:1 d.r) redox active
(1 eq) M acyl fluorides readily form NHC-activated acyl intermediates

{c) Phosphine-catalyzed fluoroacylation of alkynoates

5 EWG ﬁ 'l: Ph =0
PCys (cat, N / F

,Jk + ’ ‘ y—)- Ph Il Ph MeO-C & | .Cy

Ar F PhMe, rt ) —PS
CO-Me 1 vCy

R Ph cy
82, 61% yield B i

(1.5 eq) (1eq) (1:1 £22) P(V) intermediate

Scheme 16.

Representative defluorinative acylation reactions in organocatalysis. TBME, tert-butyl
methyl ether; PPY, 4-pyrrolidinopyridine.
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{a) General scheme for metal-catalyzed tandem defluorination/decarbonylation

M /n situ generation of fluoride complexes enables unique coupling reactions

O [M] o]
1 ,.U\‘ calalst 1 J—L\ \‘ ——-—\‘ . R1_
R F YSEARD MIF | o+ Py [M]
M fluoride activates coupling partner = coupling partner (Y =B, Si, etc.)

{b) Ni-catalyzed decarbonylative coupling of acyl fluorides to boronic acids

Hl acyl fluoride enables compatibility of base-sensitive functional groups

0O . -
: Ni]L or [Pd]L (cat .
.+ R-B(OR) NIEorPL €a) | o1 g
R' °F THF, 100 - 150 °C
F, O-+Pr OMe M enables use of a new
% —« difluoromethylation reagent
F— %—F ¢ Y
e Vol CFH —> o)
! - \ F //"' \'\{‘, ,»-l\ / ,-l'J\
N\ /7 <o HF,C™ °F
N N, [ ‘l 2
/ / AR
o““s"., o:( Et0,C~ 7 “CO,Et
G e}
(nPry:N OPh
83, 85% yield 84, 83% yield 85, 51% yield

{c) Pd-catalyzed decarbonylative trifluoromethylation of aroyl fluorides
M acyl fluoride enables controlled generation of unstable CF anion

& OPh CF3
T PdLea L cr, AL
A + TESCF; — - T . :
R” °F *KyPO, (0.2 €q) ] L\ J ]\
PhMe, 170 °C il Ph
(1eq) (2 eq) 86, 71% yield 87, 75% yield
Scheme 17.

Representative applications of tandem defluorinative/decarbonylative coupling reactions.
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(a) General mechanism for defluorinative substitution of vinyl fluorides

NU-[M] M MIF F facilitates
F LR F\R\ R Nu A ~g regioselective
NU addition into alkene

(b) Selective defluorinative silylation of hydrofluoroolefins (HFOs)
B HFOs are abundantly available precursors to fluorinated synthons

PhMe .
Fa~ + [LiSiMe,Ph]+THF —— »  PhMeSia A~
CF3 78 °C CF;
(3 eq) (1eq) 88, 77% yield
R o (IPr)CUF (cat) PhMe,S:i
>: + pinB—SiMe,Ph >
FsC THF, 100 °C F3C
(3 eq) (1eq) 89, 75% vyield

(c) Lewis acid-catalyzed vinyl fluoride coupling to silylated pronucleophiles
B vinyl fluoride enables non-traditional a-styryl electrophilic reactivity

OSiMe; dle B o
Af\ﬂ/F " R%F@ B(Cefs)s (cat) PMP\H)QWOMe AN
R? CHC, 1t o [formal vinyl
(1eq) (2 eq) 90, 97% yield cation synthon]

Scheme 18.
Example uses of monofluoroalkene defluorofunctionalization. IPr, 1,3-bis(2,6-

diisopropylphenyl)imidazol-2-ylidene).
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(a) General mechanism for addition/elimination of gem-difluoroalkenes
B 1,1-difluoroalkenes are highly reactive towards nucleophilic addition

F Nu@ or Q N 31}
AN u
R/\r R/I><F or R)B< Nu
F Nu-[M] F'F
(b) Organometallic addition to gem-difluoroalkenes to form monofluoroalkenes
Me_ Me
F PhMe
AN 4 Alkyl—MgCl — o
F reflux F Me
MeO
(1eq) (1.8 eq) 91, 92% yield (only Z)
1 Et,O or THF -B
R\/\/F . R2-Li 2 > By YT
F RZ=alkyl, A, NR, ~ 78°C F
(1eq) (2.4 eq) 92, 76% yield (1:1.6 Z/E)

(c) Intramolecular cyclization reactions to access fluorinated heterocycles
B gem-difluoroalkene lowers barrier for challenging 5-endo-trig cyclization

1 n-Bu Ph
R NaH (1.2 eq) A -
T > Me
F R?  DMF, 90 °C 0] Py
HX 5-endo-trig Ph Ts™ N ©
(1eq) 93, 62% yield 94, 80% yield
Scheme 19.

Example defluorinative substitution of gem-difluoroalkenes.

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



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hooker and Bandar Page 50

{a) Methods for direct access to useful fluorovinyl boron and silane reagents
W access to versatile building blocks for fluoroalkene synthesis

[Cu] (cat)
A A | HO._ -~z -Bpin
o \\[/ + (Bpin) KOAc (12 eq) - u \[ T
F THF, 40 °C ~~ F
(1eq) (1.5eq) 95, 91% vield (only 2)
. [Fe]L (cat) St
Ay NaO-f-Bu (4.5 e AR AN
R™ ™Y + Et:Si—Bpin @oed  am Y
F THF, -20 °C F
(1 eq) (2.5 eq) 96, 53% yield (99:1 Z/E)

{b) Defluorination to vinyl-Bpin intermediate for cancer therapy candidates
B gem-difluoroalkene readily available via elimination of alkyl-CF5

F. .F Bpin._ _F
” [Cu]L (cat) U
5 KO-{-Bu (2 e .
J +  (Bpin); 2eq J
~__Me MeOH (2 eq) ~_aMe
Me™ Y \ DME/THF, 40 °C Me™ ~y*
SO N(PMB); SO;N(PMB);
(1eq) (2.4 eq) 97, 87% yield (96:4 Z/E)
{c) Tandem defluorob orylation/protodeborylation to form Z-fluoroalkenes
[Cu] (cat) - F\u"‘ H
F. F LiO-t-Bu Beq) | '~y oeP
| + (Bnep)s _ | — {
> H,0 (3 eq) L R B
DMA, 40 °C l ]J
(1eq) (3 eq) [ in situ protodeborylation ] 98, 72% yield (only 2)
Scheme 20.

Representative access to and uses of boryl- and silylfluoroalkenes. PMB, para-
methoxybenzyl nep, neopentylglycolato.
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{a) Pd-catalyzed, base-free defluorinative coupling with aryl boronic acids
B transmetallation via LPdF intermediate improves functional group tolerance

~__F Pd]L (cat
AT L ARB(OH), s
E DMF, 50 °C
(1eq) (2eq) 99, 57% yield (only 2)

M synthesis of precursor to imatinib analogue (fluoroalkene is amide isostere)

{b) Ni-catalyzed reductive defluorinative coupling with alkyl halide partners

[Ni] (cat)
o F 1 Bpin); (3 e R NN
xR, RLX @, Ged | AN
F R*Ra KsPO, (3 eq) g Boc
DMA, rt Ar = 3 .4-(OMe)-CH;
(1 eq) (2eq) 100, 68% vyield (18:1 Z/E)

{c) General mechanism p,p-difluorostyrenes in radical defluorinative coupling

& = -
—~_ _F R: AU R O 2 R | .e® AR
ArTSy AT EE L AV R ATy
E F'F F'F F

Il C-F bonds promote addition and reduction R = radical coupling partner

Example uses of p,p-difluorostyrenes in radical defluorinative coupling

g 0o O S\
Ffl R4 Yo~ [
I e e Zn dust S -
Ar - \ﬁ’/F i O_N'\ ]J _/J - /{'_\(\’ T \r
) e DMA, rt ¢ H»-S F
o] \—y/
(1eq) (3 eq) 101, 77% vield (50:1 Z/E)
R! RZ [Ir] (cat) ?n
/lf'\ F l RY Li;CO5(3 eq) . PN N H
AT * Ho,c” N - | 7 N
F I 23 W CFL A F  Boc
R DMSO, t -
(1eq) (2 eq) 102, 63% vield (1:1.1 Z/E)
Scheme 21.
Catalytic defluorinative C—C coupling of B,p-difluorostyrenes. CFL, compact fluorescent

lamp.
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(a) Lewis acid-promoted mechanisms for alkyl fluoride substitution

o
N WR
u R_K
—  “H 3
R 1 F:, o
LA LA| LA+F R
- = — A
R™ "F  (Lewis acid) : R R” ~Nu
) Nu-H
R™® 3
[LAJF LA + HF

Substrate dependent: ' 1 direct substitution 2 F abstraction to form cation

(b) Lewis acid-promoted conversion of alkyl fluorides to alkyl iodides
H enables conversion of relatively stable C—F bonds to reactive C—-| bonds

|
F_ R PhMe
e + Ll —— P e BnN}I
R? "R3 100 °C HO '
(1eq) (2eq) 103, 99% yield 104, 99% yield 105, 98% yield

(c) La-promoted amination of primary alkyl fluorides
M acidic activation selective for C—F bonds in presence of other electrophiles

Cl NB
R™F (1.1eq) \L /©/H3v % O NBL:
(toq _LoNTMSHE N ! W/C(
N !

e
) DCM, rt
ek traditionally o
(2.5eq) reactive group 106, 88% yield 107, 78% yield

(d) Alkyl fluorides undergo direct substitution with organometallic reagents
W C-F activated by Mg acid to enable arylation without transition metal catalyst

X
PhMgCI (2 eq) N [,
: yield
E—— i
nHex THF, 80 °C nHex” e Cl: 7% yield
(1eq) 108 Br: 23% yield

(e) Co-catalyzed alky-alkyl cross-coupling of unactivated C-F bonds
M alkyl C—F bonds readily carried through multistep syntheses

OMe OMe RMgCI (1.5 eq) OMe
1 [Co] (cat), Lil (cat)
2 3 > Ar )
)s (2 Ar ) s i M 2
piperylene (2 eq) e
F F THF, 50 °C Me
Me

1 C-Hborylation (2 Suzukiarylation '3 C-F alkylaton 109, 75% yield

Scheme 22.
Representative examples for substitution of alkyl monofluorides.
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{a) Lewis acid-catalyzed nucleophilic coupling to tertiary alkyl fluorides
B Lewis acids selectively activate C—F bond [l can be autocatalyzed by HF

OMe X
MeO_ .~ _.OMe
T I F: 90% yield
X R (5eq) [ B 1 Cl: <1% yield
" G — - 7 "OMe Br: <1% vield
R® R B(C¢Fs)s (cat) Ph., . ,l OAc: <1% yield
(1 eq) MeNO,, 110 2Me : yie
representative additional examples: {/]
n—BU /NE; SPh - l B /{‘ \X/ "i}/ g
O ¥ a Yy
L } Ph” "y Me /[A{ J L
- Me 7 T
N LS o
y 114, 84% vyield

11, 89% yield 112, 94% vyield 113, 70% yield vja double C-F arylation

{b) Lewis acid-catalyzed defluoroalkynylation of tertiary alkyl fluorides
B fluoride activates silyl pronucleophiles for S;;1-like coupling to carbanions

_ . Cl
: ,'-Slmefi Al(CF5)5 (cat 4 [ﬁ {
= S+ o (CgF5)3 (cat) " >—‘ —'/_fb_—-—p' =,
R? DCE, rt [
(1 eq) (1.1 eq) [F-SiMe- byproduct] 115, 75% vyield

Scheme 23.
Examples of Lewis acid-promoted substitution of alkyl fluorides.
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B selective and modular defluorofunctionalization of polyfluorinated alkanes

B(CeFs)s (cat)

®
FF Me;SINTF, (1.1 eq] F. B 5
R1\'<‘R"‘ 2 ( q) . ]\ ’ INTF _jt_. —I* F><
5 = i , . R!” "R2 coupling R!" “R2
‘ B = Lewis base (1.1 eq) reaelioh
(1eq) isolable salt
= — Ph._ _~_ _Ph
i+ r ) ) l ‘; F _ B T./
~. O /,./ o =S ./ ,L\'?i-:' . F C le \’
s Ph™ ~" ~ Me” "S7\ P wl- (
3 F L/ o

116, 90% yield 117, 28% yield 118, 46% vyield 119, 52% vyield

- —~ o _Cl
n-CoH1r” .\T,.Br Ph~ _\[/,Br |J= [_/ ]
F F Me~ "Br Fo_ .~ s

120, 22% vyield 121, 24% yield 122, 39% vyield 123, 40% yield

TBAB (2.5 eq), DCM, 23 °C Ni-catalyzed aryl cross-coupling

Scheme 24.
Selective defluorofunctionalization of alkyl polyfluorides via frustrated Lewis pair

chemistry. Tf, triflyl.
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{a) Examples of eliminationfaddition sequences of acidic alkyl trifluorides
B C-F elimination generates in siu efectrophile M valuable Csp?—F products

(0] (0] i"—Pr 0] F
r/'\N,,-LL‘__V/CFg RMgCI (2 eq) /A..NJ.\_,//' . (/\nN.J‘L\;;l\F
o THF/Et;0 o o/
Xy e b
-78°C
(1eq) 124, 62% vyield via key intermediate
1 p-ToI\
ﬁ - & Ff KHCO4 (3 eq) Y=N
A AFs A - > & <
Arm > HoN™ “NH"HCI 1 4.dioxane, 60 °C \E}\—N ‘—/>
F
(1eq) (1.1eq) 125, 90% vyield

{b) Znpromoted reductive elimination of ~-bromotrifluoromethylalkanes
M net radical defluoroalkylation products formally from 3,3,3-trifluoropropene

jF 3 CFs F.__F
1l gy (15 €0) /_L\B Zn" (15 eq) ”/
S-N-07 "R! ro—= e
SR photoredox- }‘Q1 Dﬁ:ag‘aa?c NE
NR, = pramoled ' BocHN™"CO-Me

phthalamide  hydroalkylation
(1eq) 126, 70% yield

B sequential hydroalkylation/reductive defluorination to gem-difluoroalkenes
(c) Use of alkyl trifluorides for Friedel-Crafts-type alkylation reactions

Et-SiH (3.6 eq)

e H H
R™ "CF3; + ArH —— >  pBu. &
PCFs)d- o oPn
(1eq) (1eq)  [B(CgFs)4] (cat) 127, 90% vyield
defluoroarylation hydrodefluorination

W above process outperforms selectivity observed using alkyl monofluoride

H_H above reaction HX‘H I\llle Ii
- ¥ ——— 5 ¢ !
MBU._®-p T condtions N N N N

(1eq) 80% overall yield ratio: 1.0 26 1.6

Scheme 25.
Representative defluorofunctionalization of aliphatic trifluorides.
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{a) Sequenced benzylic C-H fluorination with acid-promoted C-F substitution
B benzylic C-H fluorination/substitution enables net-oxidative coupling

i Nuc-H (2.5 eq)
A “{‘-‘35)( : - s
2 [Cu]L (cat) HFIP or
(1eq) MeB(OH)- (2 eq) [ F 1 BF; +OEl; (cat) Nuc
* LiCOs (3 eq) [ Ph~ "ff;f-i..xJ DCMPhCI  pp X
(PhO,S),N—F  PhCl, 45 °C i
(2.5 eq) B in situ coupling, overall two-step yield reported
P 2-BrC5 H 4 Me A
L “ } p-Ns T T Me i)H
070 " OH A~
Lo l N Ph™ > "Br Ph™ >~ "Br
Ph”™ ™" “Cl Ph™ ™7 CI
128, 46% vield 129, 67% vield 130, 41% yield 131, 42% vield

{b) Benzylic C-F activation for insertion of diazoester partners
B C-F activation leads to stereodefined complex fluorinated products

5 . Cl \‘M'f\
T" 5‘1‘ BF;* OFt, (caty | BFs R!
+ J R
Ar” “F R’ COR®  PhCl -44°C L Ar L \( RS CO,Me
R =4-CIC;H;
(1eq) (1.5eq) [via benzyl cation intermediate] 132, 74% yield (93:7 d.r)
Scheme 26.

Example utility of benzylic monofluoride defluorofunctionalization.
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Page 57

(a) Electrochemical monoselective defluorofunctionalization of ArCF,
W ArCF 5 is more easily reduced than products to enable monoselectivity

Me-SiCl (5 eq)

Al anode — B e i F, F

3 M TR s &) &

ACFs —BaB(cal) | T Yo AT OF AT SE| - Ph” “SiMe,
THF/HMPA F

(1eq W via ArCF; reduction and C-F cleavage 133, 92% yield

M direct conversion of —CF5 group on bioactive molecules to -CF-H

F F, F
Ni () /Pt (=) };H Py }\;H
ArCF; Me;SiCl (3 eq) n-Bu\N/ \)1 J /J
Et;NPF; (2 eq) { ‘\ " o7 F
MeCN, rt s e Al
F MeHN™ ™7 "Ph
from fluoxetine
(1eq) 134, 45% vield 135, 41% vyield

(b) Photoredox-catalyzed monoselective defluoroalkylation of ArCF;
M defluorination is a modular route to valuable «,«-difluorobenzylic scaffolds

photocatalyst (cat)

; R F
A R PhSH (cat) FoF L
3 + ) —_—————— S T 2 E .‘-
Rigs  HCOK (3 eq) A R AT |
DMSO, 100 °C R via benzyl
(1eq) (3eq) i, blue LED [defiuoroalkylation] radical

M representative products that are key intermediates to medicinal compounds

PR Y F.F
Fo F i D Me
- Fe F AR N
>0 [\ NH, f j>
Ph” e 07 HO.C. N~
136, 63% yield 137, 67% vield 138, 91% yield
{c) Representative scaffolds accessible via photoredox C—F functionalization
F Fo F F
.+ HSAr b + ArB(OH), le + co
ArF Ar” C[Pd] ArF

H ! ST Ph
Bnl-\ig;,N\l’,/;,\‘. P 5. e \ 4f,\‘ N l/,@__{/\"‘%,omae
g " J\ A J o
0o s
139, 54% yield 140, 50% yield 141, 52% yield
hydrodeflucrination defluoroarylation defluorocarboxylation!®!

Scheme 27.
Representative electrochemical and photochemical ArCF3 defluorofunctionalization

strategies and their products. HMPA, hexamethylphosphoramide. [8] Methyl ester isolated
following treatment of reaction mixture with iodomethane.

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



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hooker and Bandar

a) Lewis acid generation of difluorobenzylic carbocation intermediates
9
M generates multifunctionalized «,«-difluorobenzylic products

F

FOF F_F
R~ "“p PhiCX(2eq) A A
E\—:’“ ~gi' PhCl, HFIP, 1 U"\--f;I‘er [zj &
P Ph PH Ph PH Ph
(1eq) 142, 94% yield key intermediate

(b) Use of frustrated Lewis pairs as a general C—F activation strategy

B(CgFs)3 (cat)

Me.SIiNTf, (1.1 eq) F\.\-‘F (] S} B
ArCF; ar g [INTRIT o A
B = Lewis base coupllllng
(1eq) (1.1 eq) isolable saft reaction
F, F F .F F_F PP
NSNS e DY, S
- P(o-Tol)s ﬂ \\[ f’(o—Tohr; e TN
[J e A e I el
T Me - Ph™ ™~ Ph~ P
143, 48% yield 144, 95% yield 145, not isolated
FOF F F, F
/.N‘\;\ /B\._\ P s 3 P >\Nj /\\\‘ \,>"~»- e
J L iy P ORY
CO.Me Me” Me™ ™ Ph” ~
146, 59% yield 147, 80% yield 148, 85% yield 149, 54% yield
photoredox alkylation substitution Ni-catalyzed aryl cross-coupling

{c) Application of salts from (b) for isotopic labeling via '8F substitution
M enables '8F incorporation on ArCF; and ArCF,H bioactive compounds

(substitution using ['®F]TBAF, RCC = radiochemical conversion)
F

FF Pl F
Ph R >\ = 'oF o] /‘L
e 18 S O ;
WO AN ARy o
Bn ».N/'\\/-f ~0” o f// A\ /-‘/\‘;N ’L‘\/ </ Ny
e M) —/
150, 30% RCC 151, 9% RCC 152, 68% RCC
from fluoxetine from thioflavin T diffuoromethylarene

Scheme 28.
Lewis acid-mediated selective ArCF3 defluorofunctionalization. Tol, toluoyl, TBAF,

tetrabutylammonium fluoride.
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(a) Lewis base-initiated defluoroallylation of ArCF; using allyltrimethyisilanes
M fluoride pseudocatalysis enabled through C—F functionalization

R CsF (cat)
ACFy + j SiMe 18-crown-6 (cat)
DME, 80 °C
(1eq) (2eq)
F
o~ A F.F F, F
I/ RN PN >-\__\..'.;;: NC._ PN >\'\ e
\}/ J \ / . ﬂ /_I 1\ J
FsC”7 "0 "N” Ph™™ 7
153, 72% vyield 154, 78% vyield 155, 81% vyield
from aprepitant precursor selective for ArCF- 30 mmol scale

(b) A Lewis base-promoted reductive coupling method for C-F derivatization

W replacement of a single C—F bond with versatile functional handles

HSi(SiMe); (1.2 eq) -

F.F
HCO,Cs (cat) ’ F, F O, NRy N
ArCF3 = N Ar- \r 2
18-crown-6 (cat) ’ Ar” [Si] e
(1eq) NMP, rt -

representative products accessible via above strategy (yield from ArCFz)

S F, F
[/ O Me F. F . Y4
Ph___ -8 R Sy
SR iJ LR
4- FCUHJ 7 z I L/ . IJ\I TN
C F3 |/»:;§T, ~0~ -
R= ™y Ao o7 ~F
156, 43% yield 157, 59% yield 158, 28% yield
from aprepitant precursor from bepotasine derivative
Me
NP F, F Me £ F
(N 2N R ,!\’,NHBn ANy "/(\/,OH
O SR NS
o SN A <2
[ FaC™ 7 ?
~zN 160, 95% yield
159, 62% yield from fluoxetine derivative

(c) Enantioselective defluoroallylation of (trifluoromethyl)-N-heteroarenes

CF3 MeO.,CO__ [IrlL* (cat) F L F\_?/F
i [ L
’/_)l\ % 4 ] (Bpin); (3 eq) g p-Tol Ay
[ | @ EtONa (3 eq) Ph. - TN “\ 2
N7 Ar THF, 30 °C 1 ) N
‘N [boron-induced
(1eq) (2eq) 161, 55% yield (97% ee)  reduction]

Scheme 29.

Page 59

Base-promoted selective ArCF3 defluorofunctionalization. DME, 1,2-dimethoxyethane.

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



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hooker and Bandar Page 60

Al-promoted exhaustive defluoroalkylation of triflucoromethylarenes
B C-F activation enables conversion of perfluoro groups to peralkyl groups

AeEs il egy Me, Me | CFsto#Bu
Et,AI[HCB/H5Br] (cat) P conversion
ArCF4 - ‘[ \T Me
CeHClo, t P
(1 eq) M F 162, 37% yield
Scheme 30.

Exhaustive defluoroalkylation of trifluoromethylarenes.
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{a) Catalytic asymmetric allylation of silylated nucleophiles with allyl fluorides
B generates catalytic amount of fluoride anion for pronucleophile activation

F (\DHQ:D_)'T_).}PHAL NU
l\ . . (cat) : R
1 & _-COR* + Nu—SiMe; - | _COR"
R (chiral Lewis base) R W
Ph
2 controls RN
R! R COR stereochemistry m ‘-{Nfr"
—~ i+ . " = 2
C M 5. fluoride activates : s
* & CO- e
F LB pronucleophile Ph™ ™ AH02Ne ph) \”, COzMe

(LB = chiral Lewis base) 163 829, vield (91% ee) 164, 73% yield (34% ee)

{b) Pd-catalyzed enantioselective allylation using cyclic allyl fluorides
M enables coupling of unstable perfluoroalkyl carbanions and "hard" sulfones

F CF3 PhO2S .
AR [Pd]L" (cat) A_-Ph 1\ _Ph
[+ Nu-SiMe; ~ [ ] i
e MTBE, 50 °C " K

| | 165, 79% yield 166, 80% yield
(1eq) (2 eq) (92% ee) (94% ee)
Scheme 31.

Representative asymmetric C-F allyl substitution reactions. (DHQD),PHAL,
hydroquinidine 1,4-phthalazinediyl diether.
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{(a) General reactivity modes for substitution of allylic fluorides

= I i
Nu = [I\j,‘\] N ‘T’R
J R I
or e or F
FF FM)
_ coupling (7 direct (i) addition/ (i) rallyl
partner substitution (S2') efimination complex

{b) Representative Sy2' functionalization of allylic difluorides
M enables direct and modular access to valuable fluorinated alkenes

R Me. _n-Bu _NMePh _tBu
b £ RLi (1.2 eq) . F .
—— P R
R? \]LF THF. 0 °C H \I J “ \T \T n-Bu \I/
R? N N N Ph
169, 87% yield
(1eq) 167, 74% yield 168, 79% vyield (1129 Z.E)

(c) Cu-catalyzed defluoroarylation for the synthesis of peptide isosteres

- Me F
FF [cul caty o
F 4 pimger —— ) 1mDPSO. A _dy_a.
RO g THF, 0 °C Y 7 7Ph
OH
(1eq) 2 eq) [® amide isostere] 170, 87% yield

(d) Cu-catalyzed defluoroborylation and net reductive coupling to carbonyls
W versatile allyl boron reagents for access to chiral fluorinated products

R [(?u]l_* (cat) pinB. R’ TFAA (1.2eq
" H (Bpin), (1.5 eq) R°CHO (1.5 eq)
\ ——*® F_ = .
F”\T NaOMe (1.5 eq) T n-BuLi (1.1 eq)
R THF, 30 °C R THF “
-78t0 22 °C "N”
171, 56% yield
(1eq) [allyl-Bpin products isolated] (>98:2 E:Z; 94% ee)

(e) Ir-catalyzed desymmetrization of allylic difluorides with enolate coupling
W catalytic access to multifunctionalized chiral tertiary alkyl fluorides

F.F EWG.__EWG [IrL" (cat)
N — “ Yo,
N ,L\ LiO-tBu (2 eq) HCOE
THF, 0 °C P\ F
(1eq) (1.5eq) 172, 96% yield, 6:1 d.r. (96% ee for major)

Scheme 32.
Representative allyl difluoride defluorofunctionalization methods. TBDPS, fert

butyldiphenylsilyl; TFAA, trifluoroacetic anhydride.
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(a) Direct a-trifluoromethylstyrene C-F substitution by phenoxides
M direct and modular access to a,a-difluorinated aryl ethers

Cl Me
Ar'__CF Cs,CO0;3 (2 eq)
T " AR-OH DMF, 30 °C e
’ cl o
i-Pr

(1eq) (2 eq) [proposed direct Sy2] 173, 81% yield

(b) C-F allylation via Sy2’-allylation/Cope rearrangement cascade

Br
R R2
(1eq) TBAF (cat) MF [3.3]
* 1,4-dioxane 5 1 B
MesSi” 7 “R* 130 °C R* R o
Ph

R3
(2 eq) [via Cope rearrangement] 174, 96% yield
(c) A general strategy for net nucleophilic C-F substitution processes
[l isolable salts enable rapid access to functionalized o,a-difluoroalkenes

1) n-BuLi (1 eq) F._F
THF, -60 °C | © Nu-H (0.8 eq)
A CFy + HNR, ———————> oTf
2) MeOTf (1 eq) NE NaH (1.5 eq)
E4,0,0°C Q Me DMF, rt
(1eq) (1eq)

F_F F_F F_F F_F
- Ph N.;X” e B
175, 99% yield 176, 99% yield 177, 95% yield 178, 97% yield

F.F F_F F.F
Q\NW O O o>§/ 52 W
= Ph
179, 95% yield 180, 73% yield 181, 99% yield

(d) Trifluoromethylalkene C—F carboxylation via defluoroborylation
M defluoroborylation forms intermediates for net C—F coupling to electrophiles

[Cu]L (cat) B(OR CO,CeH13
B2(OR), (1.5 eq) B F
AT CFs T koMe Beg) AT F
PMP
NMP, 50 °C F
(1eq) 182, 56% yield

Scheme 33.
Examples of net C—F substitution of a-perfluoroalkylalkenes.
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(a) Representative nucleophilic Sy2' reactions on a-trifluoromethylstyrenes

B modular routes to 1,1-difluoroalkenes that serve as carbonyl isosteres

P(OEt),
J\ RLi (1.1 eq) /(( /i; /</
~F
Ar™ "CF3  THF,-78°C

(1 eq) 183, 90% yield 184, 90% yield 185, 85% yield

(b) Cascade defluorinative addition and cyclization to 3-fluoropyrazoles
M facile nucleophilic processes via allylic and vinylic C—F functionalization

1) HoN-NHR' (1.8 eq) Ar! Ph F
/A\ﬂ THF, -78 °C 5 T/‘xr': NaH (2.2 eq) m
CF3  2)TsCl, pyridine NR' F DMF, rt N’
NHTs Boc
(1eq) [isolated] 186, 86% yield

(c) Acid-promoted Sy1' defluoroarylation of trifluoromethylalkenes

O Me MeB
;\ EtAICl, (1.2eq)| R IAIF | ArH (3 eq) r .
@ F > N
CF3 DCM, -65 °C [ J
F Me F
(1eq) 187, 73% yield
Scheme 34.

Representative anionic and cationic defluorinative reactions.
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Representative products accessible via metal-catalyzed defluorination

2
R2 [ML (catalyst) { R? M| » i -
1
R\/\CF3 (coupling partner){ \7)* \Y)\/
F

F [M]-F
Br - MeO OMe
N

Y CL v

OMe Et F OMe £
188, 81% yield (95% ee) 189, 90% yield (99% ee) 190, 76% yield
O BocN F

X
B. ~F ~F HO™ Y
H PhMe,Si F
Ph F Bpin F

191, 68% yield (98% ee) 192, 90% yield (88% ee) 193, 90% yield (88% ee)

Scheme 35.
Representative products accessible via metal-catalyzed defluorination reactions.
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{a) General steps for trifluoromethylalkene radical addition/defluorination

R R © 1%

o ' +e

R” ILCF3 Fz-'i S TT R”I\\T’ F
FF F

B C-F bonds promote addition and reduction R« =radical coupling partner

{b) General protocol for trifluoromethylalkene alkyl radical coupling
M facile coupling with alkyl radicals increases access to 1, 1-difluoroalkenes

(‘)Me BocN—
[Ru] (cat) Ak
L+ e —=- T T
R™ “CF4 blue LEDs R \\T \r
=BFKor DMSO.t “\,,/J F j F
silicate T [
OH Ph
(1 eq) (14 eq) 194, 76% yield 195, 90% yield

W applications in DNA-encoded library synthesis and peptide modification

{c) Photocatalyzed cascade defluorination route to gem-difluorooxetanes

R
Z T CF,q [Ir] (cat) s SiMe-Ph
(1eq) 4-NH--lutidine (2 eq) o) \H/ [2+2] Lo
+ M _F
X 5 blue LEDs \\[SI] N \.\.,,./ \R N K
HO\‘A“,SIMe-_Ph DCM. 1t L F
i 196, 78% yield

(2 eq) M intermediate undergoes photopromoted [2+2] cyclization (>99:1 d.r)

{d) Electrochemicalpromoted deaminative alkylation using Katritzky salts

Bl oy Pl Me” ¢ OH
oy (HZn / (NFE I
e ¥ ORZ_N__- —— AP
R' "CF3 TeY © I=5.0mA I T [
R? Ph BFy DMSO sprgs F
(1eq) (2 eq) 197, 59% yield

Scheme 36.
Representative radical coupling defluorinative reactions. NFE, nickel foamed electrode.
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(a) Propargylic fluoride rearrangement to valuable allylic gem-difluorides
M alternative propargylic halide starting materials provide lower yields

F F_F
NIS PhSPh (cat) ﬁx
+ S
R1J\ , HBFy-OF (15eq) o | o
R
(1eq) (1eq) CHGlgnt 198, 75% yield

(b) Direct access to 3-fluoroheteroarenes via cyclization/defluorination
W C-F bond polarization enhances rate [l alternative to aryl fluorination

catalytic F
Au, Ag or Cu F H F H
or Brgnsted base 1 ) 2 1/2/—§\ 2
R X R HF R X R

F H F H F I
DR ST 5 SR A €
Me™ g7 ~n-Oct Ph™ o7 ~Ph Ph o~ n-Hex
via ICl-cyclization
199, 57% yield 200, 78% yield 201, 80% yield 202, 66% yield
y! y Yl y!

RUF
R

\2\
XH R?
F. H
At
Ph—NN7 ~Ph

Ts

(c) Metal-catalyzed syntheses of chiral fluoroallenes and applications
W C-F bond polarization controls regioselectivity to produce fluoroallenes

F
@\ R .n-Hex
R >=-:\
>=_:\ E BH SiMe,Ph
t-Bu
n-Hex
204, 83% yield, 94% ee 205, 94% yield, 84% ee intermediate, 206
= from ArZnX = from Si-B = from C-H
(e}
207, 75% yield & Fouts o
- 96% ee N-OMe
N-OMe ° ox-isoindoles
(solvent-dependent
208, 52% yield roduct formation)
I-Pr 78% ee, 97:3 Z:E F > en P

Scheme 37.

Page 67

Selected uses of propargylic mono- and difluoride compounds. NIS, A-iodosuccinimide.
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Page 68

B «-F halogen required as «-Cl and -Br undergo undesired side reactions

o O

R I
~ LY OR~*

(1 eq each)

Scheme 38.

Use of a-monofluorocarbonyls in (hetero)arene synthesis.

Cs,CO5 (1 eq)

MeCN, 70°C ﬂ
Ph™

Cs;CO5 (1 eq)
NH;OAcC (2 eq)

-

MeCN, 60°C

OH
.__co,Et
7 ph
209
Ph

A COsE

.

o
ey

"N "Me

210
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{a) Example of a metal reduction route to form o,x-difluorosilyl enol ethers
B simple and inexpensive access to versatile «-fluoro enolate equivalents

o] Mg (2 eq) i)TMS LOO OTMS
R™CF;  TMSCI (4 eq) R” \\'l/ R7™CF; | |[RTECFy
(1eq) THF, 0°C reduced intermediates

Key steps: ] double reduction [l p-fluoride elimination [llelectrophilic capture

examples of accessible reductively-generated defluorosilylation scaffolds

OTMS
OTMS‘;: OTMS OTMS L * a difluorinated

S o - F o i
cy )\Y PhoN A \:I/ P |::hl)*-‘:1/cF3 j ad Danlshe;'sky diene
F F F Eto” F analogue

21 212 213 214

{b) Application of difluorosilylenol ethers for net '8F/'°F swapping
M defluorofunctionalization enables '°F labelling of trifluoromethylketones

o]
| H )
o 0 o.. N iep
L B AR
3 F/ \F TBD (1 Eq) CbZHN\/. ~N i
DMF, 75 °C [ 2l
Ph
(1eq) fisolated] 215, 15% radiochemical yield
{c) Electrochemical reduction of o -fluorocarbonyis!?!
ﬁ OSiMe;
(HPt 7 (-)Pt .
?L . : > N M R"L'\\T”F
R™SCF,  MesSiCl Et;NPF; o FF :
BuyNBr, MeCN, rt Me
via protonation of
(1eq) 216, 92% yield (0% with Mg) TMS enolate
{d) Photopromoted reductive carboxylation of o -fluorocarbonyls with CO,
Me -
photocatalyst (cat) - @
0 1 o9 cs
o, C5:C0s 2eqy [ L o i
A sco —=227F Ji Me
RE™ rep © ELSHQReq) oA COH RS
Me blue LEDs - me F F
DMSO, i e .
(1eq) (1 atm) 217, 80% yield via enolate

{e) Cu-catalyzed reductive coupling of trifluoromethylketones with carbonyls
[Cu]L (cat)

(0] OH
0 o (Bpin), (1.5 eq) 0] O[CulL
J'I\ + . J S - ™ Ph” "»h/'\‘ PMP )3.;\ _‘,F
R"SCF; R H NaO-t+Bu (1.5 eq) iy R
THF, 60 °C F
(1.5 eq) (1eq) 218, 56% yield via Cu enolate

Scheme 39.
Representative applications of reductively-generated difluorosilylenol ethers and

difluoroenolates. TBD, 1,5,7-triazabicyclo[4.4.0]dec-5-ene. [8] Abbreviated conditions are
shown, see ref [199] for full details.
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{a) Sequential C-F bond functionalization via radical coupling reactions
[l enables use of perfluoroacetates and amides as versatile reagents

DMAP+BH; (2 eq)
@] Rfi NaH2P04'2HQO

\ O[B
s . ) (1.2 eq) N i y ,.L[ ] i
LU  R° DTBP(1eq) HN™ 5 T RN™ ™y
= DS R’ PhSH (cat) Ph F F |
\ h | MeCN, 120 °C . via a-radical
(1eq) (2 eq) 219, 75% yield - ajkene addition
photocatalyst
ﬁ . 'T‘ ArSH (cat) T I ¢
HY“Rf, 7 R? HCONa@eq) — M s FBM IHYT oy
R' blue LED Ph F
(Y = O or NR) DMSO, tt _ _
via a-radical
(1 eq) (3 eq) 220, 95% yield alkene addition

B above methods also applicable to controlled hydrodefluorination reactions

{b) Representative expansion of coupling partner scope for ~-radical capture

R? ] PMPS)- (1 eq; AN
o . R (PMPS), (1 e9) o HN— )
N K;HPO, (2 eq) I | Y=
RO/“\ R A j J ] " B0 T Y
3 N blue LED F''F | NHBoc
R DMSO, rt i
(10 eq) (1eq) 221, 61% yield
Scheme 40.
Defluorinative coupling reactions via a-carbonyl radical species. DTBP, di-tert-butyl
peroxide.
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