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Abstract: The difluoromethyl functionality has proven useful in drug discovery, as it can modulate the properties of\
bioactive molecules. For PET imaging, this structural motif has been largely underexploited in (pre)clinical radiotracers
due to a lack of user-friendly radiosynthetic routes. This Minireview provides an overview of the challenges facing
radiochemists and summarises the efforts made to date to access '*F-difluoromethyl-containing radiotracers. Two distinct
approaches have prevailed, the first of which relies on '®F-fluorination. A second approach consists of a 'F-
difluoromethylation process, which uses '*F-labelled reagents capable of releasing key reactive intermediates such as the
['*F]CF,H radical or ["*F]difluorocarbene. Finally, we provide an outlook for future directions in the radiosynthesis of

\[wF]CFZH compounds and their application in tracer radiosynthesis. )

1. Introduction

Positron emission tomography (PET) is a powerful and
highly sensitive medical imaging technique that allows for in
vivo tracking of biological processes.!! As such, this technol-
ogy has found significant application in clinical medicine,
e.g. for diagnosis and staging, as well as in drug discovery,
where it facilitates biodistribution, receptor occupancy and
dosing studies.”’ PET requires molecules labelled with a
positron-emitting radionuclide, most commonly "F, '"C,
%Ga or ¥Zr.P! Fluorine-18 is a widely used PET radioisotope
due to its excellent decay properties (t;,=109.8 min, 97 %
B* decay, 0.63 MeV positron energy). Furthermore, fluori-
nated molecules have made a significant impact in medicinal
chemistry and pharmaceutical discovery.” Difluorinated
functionalities, such as the difluoromethyl (CF,H) and
difluoromethylene (CF,) groups, have attracted increased
interest from medicinal chemists, prompting synthetic
advances to facilitate their inclusion in bioactive molecules
(Scheme 1a).F!

1.1. Properties of the Difluoromethyl Group

The interest in difluoromethyl motifs in pharmaceuticals and
agrochemicals results from their unique set of favourable
properties (Scheme 1b).”°1 The CF,H group can act as a
moderate hydrogen bond donor and modulate the lip-
ophilicity of drug-like compounds.””’ In addition, it has been
considered as a bioisostere for alcohol, thiol and methyl
functionality and can also exert conformational effects.[®*7¢*]
Moreover, the difluoromethyl group can impart stability and
was found to be more chemically resistant to defluorination
under acidic and basic conditions than monofluorinated
groups, likely driven by increasing C—F bond dissociation
energy (BDE) with additional fluorine substitution.**")

As a result, several case studies exist where
difluoromethylation has been considered for the optimisa-
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tion of a drug candidate, resulting in a marked improvement
in its  pharmacokinetic  properties  (Scheme lc).
Difluoromethyl or difluoromethylene groups can be intro-
duced during structure-based optimisation of pharmaceut-
ical targets for drug potency and selectivity. This was shown
with the fibroblast activation protein inhibitor UAMC-1110
(1) and the PI3K inhibitor bimirasilib (2).l"""! Difluorometh-
ylation can also modulate the pK, of nearby functionalities
as observed for structurally related proton pump inhibitors
including the OCF,H compound pantoprazole (3).!” Cru-
cially, difluoromethylated compounds can have improved
metabolic profiles; in the development of DDD100097 (4) as
a Trypanosoma bruceiN-myristoyltransferase inhibitor, a
sulfonamide bearing an N-CF,H group had reduced clear-
ance relative to its N-methyl analogue.™™

1.2. The *F-Difluoromethyl Group

Based on these advantages, difluoromethyl-containing radio-
tracers are equally valuable for PET ligand discovery. This
Minireview distinguishes the radiosynthetic approaches to
the *F-difluoromethyl group mechanistically as either '“F-
fluorination, where the key step involves the formation of a
CF bond, or as "“F-difluoromethylation, where a
[F]CF,H or ["¥F]CF, unit is transferred to the substrate
(Scheme 2a). Both approaches are viable with distinct
advantages and challenges for each methodology (Sche-
me 2b). As with any chemical process, the method must
provide sufficient product (expressed by radiochemical
yield, RCY, or activity yield, AY) for the desired applica-
tion, and ideally be broad in scope.¥ To minimise bottle-
necks due to complex precursor synthesis, the use of
commercially available/prevalent substrates is highly pre-
ferred. Furthermore, due to the half-life of fluorine-18, the
number of post-labelling steps should be minimised. Espe-
cially pertinent to the synthesis of polyfluorinated molecules
is molar activity (A,,), which is an expression reflecting the
extent of isotopic dilution with non-radioactive product.
High A,, is typically preferred to avoid pharmacological
effects (e.g. toxicity) from carrier, for image quality or for
imaging of diffuse targets, e.g. in the central nervous
system.I' This presents a substantial challenge in the syn-
thesis of ["®F]CF,H radiotracers, due to the unavoidable
necessity for F-fluorine-containing substrates, which could
release ""F-fluoride, thereby lowering A,,.

This Minireview examines the methods that radiochem-
ists have developed to access *F-difluoromethyl motifs and

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Scheme 1. The difluoromethyl group. (a) Examples of CF,H/CF,-containing pharmaceuticals/agrochemicals. (b) Key CF,H properties. (c) Case-
studies of CF,H/CF,-containing bioactive molecules.

how they have addressed the challenges associated with  This disconnection demands the synthesis of a bespoke

their radiosynthesis. labelling precursor bearing an a-fluorine atom and a leaving
group, a hurdle for complex targets. Furthermore, the effect
of a-fluorine substitution has been demonstrated to hinder

2. The "F-Fluorination Approach the rate of nucleophilic substitution at carbon.' This has
required radiochemists to implement targeted activation

The availability of cyclotron-produced [*F]fluoride renders  strategies.

direct "F-fluorination an attractive solution (Scheme 3).

Despite its apparent simplicity, this approach to 'F-

difluoromethylated compounds presents severe challenges.
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Scheme 2. (a) Approaches to the "*F-difluoromethyl group. (b) Key
radiosynthetic considerations.

The '3F-fluorination approach to ['®F]CF,H
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Scheme 3. The "*F-fluorination approach to "¥F-difluoromethyl com-
pounds. LG =leaving group.

2.1. ‘“Halex' (Halogen exchange) "*F-fluorination

The reactivity of alkyl (pseudo)halides towards nucleophilic
BE_fluorination is well documented.'’’ However, the exten-
sion of this radiosynthetic disconnection to the synthesis of
F-difluoromethyl compounds has proven challenging. This
section documents the body of work made to date to apply
halex strategies to access the *F-difluoromethyl group.

A first example applying a halex approach was disclosed
by Gouverneur and co-workers in 2015, which described the
synthesis of aryl-[*F]JOCF,H, -["*F]OCF;, and -[*F]SCF,,
and this was further expanded to the synthesis of aryl-
[*F]CF; and aryl-["*F]CF,H in 2016."" Both reports hinge
on the same core strategy, whereby a fluorohalomethyl
precursor is reacted with [“*F]fluoride and a AgOTf
activator with the halophilic Ag(I) salt promoting the
substitution of the halogen with ["*F]KF.K,y; in the absence
of this additive, no desired radiofluorination occurs. The
multi-step preparation of the labelling precursor proceeds
from aryl acetic acids for aryl-['"*F]CF,H and from phenols
and ethyl bromofluoroacetate (5) for aryl-[*F]JOCF,H
(Scheme 4a). While effective for small molecule examples,
extension to complex [*F]CF,H targets was not demon-
strated. Electronically and sterically differentiated aryl-
["F]CF,H compounds were obtained in 17-39% RCY (8
examples, e.g. [®F]6-[*F]8) and aryl-[*F]OCF,H com-
pounds in 66-79% RCY (9 examples, e.g. [*F]9-[*F]11)
respectively (Scheme 4b). The methodology was amenable
to multi-GBq radiosynthesis; starting from 12, the isolation
of aryl-["*F]OCF,H compound [*F]13 (31 % RCY, A,,=0.17
GBg/umol) was possible, and from precursor 14, aryl-
[*F]CF,H compound [*F]6 (10% RCY, A,=0.03 GBgq/
pmol) could be prepared (Scheme 4c). While the A,, of the
isolated products was low, this method serves as a valuable
proof-of-concept for halex strategies.
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Scheme 4. Ag(1)-mediated halex "*F-fluorination for radiosynthesis of
aryl-["®F]CF,H and aryl-['®FJOCF,H. a) Summary. b) Representative
substrate scope. c) *F-Product isolation and A,, measurement.
n.d.c. =non-decay corrected.

Building on this study, Shen and Gouverneur reported in
2020 the radiosynthesis of aryl-[*F]SCF,H compounds with
a Ag(I)-halex strategy." Challenges associated with the
synthesis of a highly-prefunctionalised labelling precursor
were mitigated with a novel chlorofluoromethylthiolation
using reagent 15, allowing access to a wider scope of
substrates in a single step from aryl boronic acids (Sche-
me 5a). 14 examples of aryl-["*F]SCF,H compounds were
prepared in 10-81% RCY, including those derived from
heterocycles (['*F]16, 78 % RCY) and complex molecules,
such as the pharmaceutical clofibrate (["*F]17, 72% RCY)
(Scheme 5b). Isolation of ["*F]18 was also achieved (30 %
RCY, A,,=0.12 GBg/pmol) (Scheme 5c).

An alternative halex *F-fluorination strategy success-
fully applied to the radiosynthesis of *F-difluorometh-
ylarenes was reported by Ritter, Vasdev, Liang and co-
workers in 2016.2” Rather than a direct *F-fluorination, this
approach relied on the application of a benzoyl auxiliary
group, conveniently installed via a Pd-catalysed arylation of
commercial a-fluoroacetophenone (19) and readily available
aryl halide/triflate starting materials (Scheme 6a).”"! The
benzoyl group served to direct a C—H bromination with N-
bromophthalimide (20) of a-aryl-a-fluoroacetophenone (21)
to yield an a-bromo intermediate (22) that was reactive
towards ['*F]fluoride. As a carbonyl functionality, the
benzoyl group could also assist nucleophilic substitution at

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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the a-carbon, in contrast to the detrimental effects of a-
fluorine substitution.”? Cleavage of the auxiliary from
[*F]23 with aqueous KOH, gave the desired “F-
difluoromethylarene ([**F]24) in a one-pot protocol (Sche-
me 6b). 25 examples of aryl-[*F]CF,H compounds were
prepared, in up to 61 % RCY, including several heterocycles
(e.g. ["*F]25, ['®F]26), radiotracers and bioactive molecules
(e.g. ["*F]27, [**F]28) (Scheme 6¢). As tertiary amines could
engage in side reactivity with 20 by reacting at nitrogen
instead of the a-carbonyl position, the Li-enolate formed by
deprotonation with LiHMDS could be brominated sepa-
rately and the crude material subjected to *F-fluorination,
e.g. ['*F]29 (19 % RCY). Ritter and co-workers studied A,,
in detail, after [**F]30 was initially isolated in 43 % RCY and
in low A,, (0.02 GBg/umol) (Scheme 6d). In their study of
isotopic dilution, no isotopic exchange with [*F]fluoride was
observed for 21, 23 and 24, suggesting these intermediates
were unlikely to release “F-fluoride under the reaction
conditions. In a separate experiment, the a-bromo-a-fluoro
intermediate 22 was found to form the “F-fluorination
product 23 in 9 % yield in the presence of tetracthylammo-
nium hydrogencarbonate, likely via "F-fluoride release.
Employing tetrabutylammonium mesylate as an alternative
['*F]fluoride elution base with a diisopropylethylamine
activator, [*F]30 was obtained in 8% RCY and improved
A,, (3 GBg/umol).

Gouverneur and co-workers disclosed an approach to
¥F_difluoromethoxy derivatives exploiting the halex reactiv-
ity of a-bromo-carbonyl compounds in 2017 (Scheme 7a).[*’!
Ethyl o-bromo-a-fluoro(aryloxy)acetates were prepared
from the relevant phenol in two steps, and these materials
were radiofluorinated with [®F]JKF.Ky, at 50°C, in 12
examples (e.g. ["*F]31-[**F]33, 35-84 % RCY) (Scheme 7b).
The ["*Fla,a-difluoroaryloxy acetic acid ["*F]34 was isolated
in 36 % RCY and A,, of 0.37 GBqg/pmol (Scheme 7c). The
carboxy fragment could be cleaved using AgNO; and K,S,04
to give ["*FJOCF,H compound [*F]35 (22 % RCY, A,,=0.30
GBg/umol). Alternative post-labelling transformations were
also applicable, such as cyclisation of [**F]36 with diamine 37
to yield ["*F]38 (Scheme 7c).

A third halex strategy was disclosed by Liang and co-
workers in 2017 (Scheme 8a).**! Their method relies on the
favourable substitution reactivity of ["*F]fluoride with ben-
zylic (pseudo)halide substrates (e.g. 39) to yield intermedi-
ate "*F-monofluoro-methylarenes (e.g. ["*F]40, 9 examples,
up to 98% RCY). This approach avoids isotopic dilution
considering that the substrate is not fluorinated. This
product was then HPLC-purified in advance of a post-
labelling C-H “F-fluorination with Na,S,0 and Selectfluor,
proposed to proceed via a radical mechanism to yield the
®F-difluoromethylarene (e.g. [“F]41) (Scheme 8b). The
desired products were obtained in 0-50 % RCY (8 examples,
e.g. ['°F]42-['*F]44) (Scheme 8c). Starting from 1.7 GBq
['*F]fluoride, an automated 'F-fluorination of 39 gave
['®F]40, isolated in 61 % RCY in high A, of 51.8 GBg/umol
(Scheme 8d). The C—H fluorination was carried out man-
ually and furnished ["*F]41 in 38 % isolated RCY and in a
promising A, of 22.2 GBg/umol. The authors suggest that

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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HN S0O;NMe,
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F.C o HCI (6 M) F@@*O /N
18 %‘:COZH m 1"Fi_<N O S0;NMe,
['*F]36 [1;]38
16% + 9% (1 = 2)

F
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Scheme 7. Radiosynthesis of aryl-['®FJOCF,- compounds from ethyl
aryl(oxy) acetates. a) Summary. b) Representative substrate scope. c)
"®F-Product isolation, derivatisation and measurement of A,,.

n.d.c. =non-decay corrected, d.c. EOS =decay-corrected to end-of-
synthesis.

the good A,, indicates limited isotopic exchange processes of
['*F]40 with BF,-containing Selectfluor.

2.2. Decarboxylative *F-fluorination

Decarboxylative functionalisation is attractive to synthetic
chemists,™ and as described in the previous section,
carboxyl fragments are versatile synthetic handles, rendering
them well suited for '*F-radiochemistry.”® A seminal radio-
synthesis of aryl-["*F]CF,H compounds was disclosed in 2013
by Gouverneur, Solin and co-workers. Employing a previous
radiosynthesis of ["F]Selectfluor bistriflate,” a Ag-medi-
ated electrophilic decarboxylative fluorination of a-fluoro
aryl acetic acids could be applied to the radiosynthesis of
['*F]41, isolated in 8.6 % RCY and in moderate A,, of 2.5
GBg/umol (Scheme 9).”1 The wuse of [“F|F,-derived
[*F]Selectfluor could however limit this method’s applic-
ability.

In order to allow for the use of [*F]fluoride instead of
[**F]Selectfluor, Groves and co-workers developed a decar-
boxylative (radio)fluorination platform, which proceeded
via a radical mechanism with a manganese(Ill) tetramesi-
tylporphyrin catalyst (45) and an iodosylbenzene oxidant.*!
With this mode of reactivity in mind, Gouverneur and co-
workers devised a radiosynthesis of aryl-["*F]CF,H com-
pounds in 2019 (Scheme 10a).”’! A cross-coupling of aryl
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Scheme 8. Radiosynthesis of aryl-['*F]CF,H via aryl-['®F]CFH, intermedi-
ates. a) Summary. b) Proposed mechanism. c) Representative sub-
strate scope, RCY given for each step (step 1="2F-fluorination, step

2 ="F-fluorination). d) "®F-Product isolation and measurement of A,,.
n.d.c. =non-decay corrected, d.c. EOS =decay-corrected to end-of-
synthesis.

= Solin, Gouverneur (2013)

aryl-['*FICF,H '—

strategy:

1) Electrophilic decarboxylative '®F-fluorination
; > ["®FICF,H

with ['®F]Selectfluor

9F-fluorinated
labelling precursor

blueprint: prepared from {"*FIF, gas T
1!_ RCYsolsted =
["®F]Selectfluor F Wp  BE%L26% (n=3)
AgNO; )\
_ TERE o _
CO,H  acetone/H,0 Ar s Ph as +gm2(g;— FOS)‘ .
55°C,30 min  single example ['3F141 5+ 0.2 GBg/umol (n = 3)

Scheme 9. Radiosynthesis of aryl-["®F]CF,H with ['®F]Selectfluor bistri-
flate. d.c. EOS =decay-corrected to end-of-synthesis.

boronic acids and ethyl bromofluoroacetate (5) using a
Cu(I) and terpyridine (46) catalyst system was developed to
prepare the a-fluoro carboxylic acid labelling precursors in a
single step. The radiofluorination of such substrates (47)
then proceeded with prior formation of the iodine(III)
carboxylate intermediate (48) in MeCN, followed by a
solvent exchange to DMF, where [**F]fluoride and 45 were
added. A key *F-Mn complex is proposed to form, capable
of an 'F-atom transfer to alkyl radicals generated by
decarboxylation (Scheme 10b). This method yielded the
desired '*F-difluoromethylarenes (19 examples, up to 40 %
RCY) (Scheme 10c). Complex molecules, including those
derived from pharmaceuticals, such as [**F]28 and [**F]49,
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= |
F O)KITO Pr o 0
1EF 0 52 2
: ['®Fl28 ['°F149 841 MBq modified
18F ['3F]CF,H derivative of ['®FICFH derivative of starting elution
SC-58125 Fenofibrate activity protocol
15% + 2% (n = 3) 23% + 4% (n=4) with 45
1,2-DCE
MeO. N aryl["8F]OCF,H Me © 50°C
| 20 min E
=
F F /@»\ap
F *O PhO
[*FI60 [*F151 ['*F153
24% + 11% (n = 4) ['3F]CF,H derivative of Estrone RCYisqiatea = 12% (d.c.)
21% + 6% (n = 3) Ay = 3.0 GBg/umol

Scheme 10. Radiosynthesis of aryl-['!F]CF,H via a Mn-mediated decar-
boxylative "¥F-fluorination. a) Summary. b) Proposed mechanism. c)
Representative substrate scope. d) '®F-Product isolation and A,,
measurement. d.c. = decay-corrected.

could be prepared. The technology was also adapted to the
radiosynthesis of an aryl-["*FJOCF,H compound [*F]51,
prepared in 21% RCY. Applying a modified elution
protocol with the catalyst 45 and using the pre-formed
iodine(III) carboxylate 52, the "F-difluoromethylarene
['*F]53 was isolated in 12 % RCY, with A,, of 3 GBq/umol
(Scheme 10d).

2.3. Desulfurisation-"*F-fluorination

Desulfurisation has proven to be a viable strategy for the
synthesis of N-difluoromethyl compounds and this can also
be used for the carrier-added synthesis of ["F]CF,
compounds.® In an early report by Haufe and co-workers
in 2010, an o-fluorinated alkyl aryl thioether was trans-
formed to the "F-difluorinated compound in an oxidative
desulfurisation. However, despite the use of a pre-fluori-
nated substrate, the reaction only proceeded successfully
under carrier-added conditions in up to 9 % RCY.P" Britton,
Friesen and co-workers reported that sulfur-based function-
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alities, such as thionoesters and dithioles (obtained using a
reagent, 54), were amenable to silver-mediated desulfurisa-
tion-fluorination (Scheme 11a)."% The reaction successfully

—— Britton and Friesen (2019) (2023) 4‘ aryl-{'®F]CF,H Halky!-[‘“F]OCFzR }—

a) overview

strategy: 1) installation of S- thi ’ 2) desulfurative
esters functionalit ionoester 18E/195_Auorinati
aleaRols y or dithiole F/1®F-fluorination

H _
N-heterocycles fabelling precursor [carrier-added] 2

blueprint: [via thionoester]
)CL Lawesson's reagent i ['®F1AgF, AgF 18 E
—_—
OR OR MeCN, 80 °C )AOF{
. . 20 min F
@ BF;” {via dithiole] 3 examples
S OMe R o OMe g HN— 1
7
ey QUL BRI A
& T OMe S OMe  ["9F]AgF, AgF
; 2 OMe —MeCN, 80 °C F
H.Cl idi )
oH CH,Cly, pyridine g Ao /o%m
i 4 ] F
OMe 3 y
= alkyl, aryl examples
b) selected examples
NHAc
MeO. 18
A
N F
H
['8F)55 ['%Fis6 ['8F157
83% +4% (n=3) From testosterone From melatonin

58% + 2% (n=4)

32% + 4% (n = 4)

Scheme 11. Carrier-added radiosynthesis of ["*F]CF,-compounds via
desulfurisation. a) Summary. b) Representative scope molecule
examples.

furnishes '*F-difluorinated compounds (alkyl-["*F]OCF,R,
['°F]55; alkyl-["*F]OCF,H, [**F]56; and heteroaryl-["*F]CF,H,
['*F]57) with the addition of excess Ag"F, required as the
substrates are not fluorinated (Scheme 11b).

2.4. ®*F-Fluorination of onium salts

Onium (e.g. ammonium, phosphonium, sulfonium and
halonium) salts have attracted significant attention from
radiochemists, due to their favourable properties, including
their excellent reactivity in radiofluorination.” As such,
they can also be used to install '*F-difluoromethyl function-
alities.

Young and co-workers have recently developed a
solution to the synthesis of '*F-polyfluorinated motifs,
including several [**F]CF,H moieties.?™ Overall, the process
represents a formal isotopic exchange, achieved via an
intermediate onium salt synthesised directly from the “F-
compound. By applying their Frustrated Lewis Pair (FLP)-
mediated C—F activation technology, a single C—F bond
trifluoromethyl- or difluoromethylarene could be selectively
activated and subsequently trapped with either tri(o-
tolyl)phosphine  (P(o-Tol);) or 24.6-triphenylpyridine
(TPPy) to deliver an onium salt intermediate.” Previously,
Young and co-workers had demonstrated the reactivity of
these intermediates with various nucleophiles, and in 2022,
this was extended to ["F]fluoride (Scheme 12a). Various
classes of ["F]CF,H compounds are accessible, including
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F
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c) molar acfivity f
x*" 63

0]
B(CsFs)s 5%
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['8F]CF,H-Pantaprazole

— 19 fluoride release from X = not significant

fragment derivative F_F Any = 3 GBa/umel {n.d.c)
RCY isotated = 18 lower temperature
10% + 1% (n.d.c., n=3) lower substrate loading

['®Fle3 An =12 GBg/umoal (n.d.c)

Scheme 12. Radiosynthesis of ['®F]CF,H compounds via C—F activation-
derived onium salts. a) Summary. b) Representative substrate scope. c)
A,, optimisation and measurement. n.d.c. =non-decay corrected.

(hetero)aryl-[*F]CF,H ([**F]58, [*F]39), aryl-[*F]SCF,H
(["*F]60) and (hetero)aryl-[*F]OCF,H (['*F]61, [*F]62), in
RCY up to 93% (Scheme 12b). While A,, for an [*F]CF,H
compound was not measured, isolated ["*F]trifluorotoluene
(["*F163) had a promising A, of 12 GBq/umol, after
optimisation of both temperature and substrate (64) loading
(Scheme 12¢). Despite the use of a triflimide counterion, °F
NMR experiments suggested that the amount of “F-
fluorinated product formed in the presence of alternative
counterions was similar, implying this was not responsible
for “F-isotopic contamination.

In 2019, Tredwell and co-workers reported a radiosyn-
thesis of 1,1-®F-difluoroalkenes from iodonium triflate
precursors and ["*F]fluoride (Scheme 13a).**! A series of 16
molecules were prepared in up to 77% RCY (e.g. [°F]65-
['*F]68). The radiosynthesis of ['*F]68 was automated and
this was isolated in 33-47 % RCY and in modest A,, of 1.0
GBq/umol (Scheme 13b). These compounds, while them-
selves of interest as a difluorinated motif, can also act as
versatile synthetic intermediates to access [“*F]CF,-com-
pounds (Scheme 13c). 1,1-'®F-difluoroalkene [*F]68 could
be hydrogenated to the alkyl-["*F]CF,H compound [**F]69,
as well as reacted with radicals and nucleophiles to yield
['*F]SCF,-compound [®*F]70 and [“F]OCF,-compound
['®F]71, respectively. Reacting ['*F]68 in a 1,3-dipolar cyclo-
addition yielded ["*F]CF,-containing pyrrolidine [*F]72.
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Scheme 13. Radiosynthesis of 1,1-"*F-difluoroalkenes. a) Summary. b)
Representative substrate scope. c) Derivatisation. d.c. EOS =decay-
corrected to end-of-synthesis.

3. The "*F-Difluoromethylation Approach

A second approach to [®F]CF,H compounds is 'F-
difluoromethylation (Scheme 14). Radiochemists have

The '®F-difluoromethylation approach to ['**F]CF,H

HE y  versatile reactive intermediates

"®F-difluoromethylation ===/ — 3 S A

possible challenges: reagent radiosynthesis multi-step labelling procedures A,

possible advantages:  readily accessible substrates  well-established reactivity

Scheme 14. The "®F-difluoromethylation approach to *F-difluoromethyl
compounds.

drawn inspiration from the wealth of methods for
difluoromethylation, the preferred disconnection in “F
chemistry.”! This approach requires a difluoromethylating
reagent, which releases a reactive ["*F]CF,-intermediate (or
equivalent), e.g. difluoromethyl radical, cation, anion, or
difluorocarbene. The reagent must be easily accessible in
radiolabelled form in sufficient RCY and high A,

The preparation of a labelled reagent necessitates multi-
step radiosynthesis, but this can be offset by removing the
need for lengthy precursor synthesis. At least one step with
this labelled reagent is then necessary to obtain the desired
radiotracer.
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Scheme 15. "*F-Difluoromethylation of heteroarenes via [*F]CF,H radical. a) Summary. b) Proposed mechanism. c) Representative substrate scope.
r.r.=regioisomeric ratio of desired:undesired product(s), other reactive positions indicated (*). d) Automation. d.c. EOB =decay-corrected to end-

of-bombardment.

3.1. "®F-Difluoromethylation via "*F-difluoromethyl radical

The CF,H radical is a powerful intermediate for
difluoromethylation; it can be engaged in addition to alkenes
and heteroarenes, transition metal catalysed cross-coupling
and for bioconjugation. Harnessing this radical in 'F-
difluoromethylation therefore presents an attractive pros-
pect for radiochemists.”*"! In 2019, Lemaire, Luxen, Genicot
and co-workers disclosed the radiosynthesis and application
of a reagent that could be activated in a photoredox flow
process to generate a [*F]CF,H radical (Scheme 15a)."" A
F-difluoromethyl heteroaryl sulfone was chosen, as such
reagents are effective in radical difluoromethylation,* and
could be prepared applying a two-step, one-pot radiosyn-
thesis. Starting from a benzothiazole-derived
bromofluoromethyl heteroaryl sulfide (73), the “F-
difluoromethyl heteroaryl sulfone (['*F]74) was synthesised
in 13.4% RCY over 2 steps and in a high A,, of 81.4 GBq/
umol. The design of the sulfone reagent was further
investigated, and structural optimisation resulted in similarly
reactive reagents that were accessible in up to 8 % RCY and
A,, up to 139 GBq/umol."! The photocatalytic generation of
['*F]CF,H radicals under blue light irradiation is suggested
to proceed via reduction of the 'F-difluoromethyl hetero-
aryl sulfone by photoexcited Ir(ppy)s;, which triggers a

Angew. Chem. Int. Ed. 2024, 202404957 (9 of 13)

mesolytic cleavage of the radical anion to yield a sulfinate
anion and a ["*F]CF,H radical (Scheme 15b). In a photo-
chemical Minisci-type reaction, 27 [**F]CF,H-functionalised
heteroarenes were obtained in RCYs up to 75% (e.g.
['*F]75-81) (Scheme 15c). Diverse heteroarenes were ame-
nable to this transformation, including those derived from
biorelevant compounds, (e.g. [*F]78, [*F]79). An “F-
difluoromethylated analogue of the SV2A tracer
["C]JUCB-J (['®F]81) was also accessible. As this substrate
possessed multiple reactive sites, this led to a mixture of
regioisomeric products. [*F]81 was obtained in an isolated
RCY of 1.5% and found to have similar target binding
affinity to ['C]JUCB-J. In 2020, this method was fully
automated using a Trasis AlllnOne (AIO) radiosynthesiser
(Scheme 15d).“" The protocol included the radiosynthesis
and purification of the sulfone reagent (['*F]74), and the
photoredox flow C—H 'F-difluoromethylation of the anti-
herpetic drug acyclovir (82). *F-Difluoromethylated acyclo-
vir (["®F]80) was obtained in 1.4% RCY and in A,, of 35
GBg/umol, decay-corrected to the end of bombardment
(EOB). The procedure took 95 minutes. The development
of readily implementable, automated protocols for the
synthesis of heteroaryl-["*F]CF,H compounds is important
to enable PET imaging studies with novel "*F-difluorometh-
ylated radiotracers.
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Scheme 16. "*F-Difluoromethylation of O,S,N-nucleophiles and aryl boronic acids via ['*F]DFC. a) Summary. b) Reagent design i) Proposed
mechanism of ['*F|DFC release. ii) A,, optimisation. c) Reactivity of ['®F]DFC in i) heteroatom-hydrogen insertion, ii) Pd-mediated cross-coupling
and iii) tracer synthesis. n.d.c. =non-decay corrected, d.c. EOS =decay-corrected to end-of-synthesis.

3.2. *F-Difluoromethylation via [*F]difluorocarbene

Difluorocarbene (DFC) is another powerful synthetic inter-
mediate for the preparation of difluoromethylated
compounds.”#?! Tt possesses a singlet ground state and as an
electrophile, reacts efficiently with nucleophiles.*”! In addi-
tion, this reactive intermediate can be engaged in metal-
catalysed cross-coupling processes.*/ Tens of reagents have
been reported for its application in organic synthesis.*?

In 2022, Gouverneur and co-workers disclosed a
[*F]DFC-releasing reagent for radiosynthesis
(Scheme 16a).! BF-Difluoromethyl aryl sulfones were se-
lected as they could be readily prepared from [**F]fluoride
via a "F-fluorination-oxidation route from 83, purified
readily by HPLC and are non-volatile.’ A proof-of-concept
radiosynthesis and ‘*F-difluoromethylation was demon-
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strated with ["°F]difluoromethyl 4-fert-butylphenyl sulfone
(['*F]84a), which successfully reacted with 4-phenylphenol
(85) under basic conditions to give [*F]86 in 72% RCY
(Scheme 16bi). Computational studies suggested that this
O-H insertion takes place via a stepwise mechanism of
["*F]DFC release, with deprotonation followed by a-elimi-
nation of aryl sulfinate. Several analogues of 84 were
prepared, and their A,, and reactivity were compared.
[*F]Difluoromethyl 4-chlorophenyl sulfone (['*F]84b) was a
superior ["*F]DFC reagent to ['*F]84a, as it was accessible in
higher A,, (131 GBg/umol) and displayed higher reactivity
towards model substrate 85, (["*F]86, RCY =81 %). Optimi-
sation of A,, was guided by YF NMR experiments, which
suggested that "F-fluoride leaching from 83 caused the
formation of "F-difluoromethyl compound 87, inherently
leading to lower A,,. The amount of "’F-fluoride leaching

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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from 83 varied with the substituent at the 4-position, which
facilitated the discovery of [**F]84b that was accessible in
higher A, and less susceptible to isotopic dilution via this
pathway (Scheme 16bii).

¥F_Difluoromethylation reactivity extended to a range
of phenols, thiophenols and N-heterocycles (Scheme 16¢i).
47 examples of this reactivity were established in RCY up to
98% (e.g. ["*F]88-["*F]91). The reaction tolerated various
heterocycles and functional groups, as well as complex
molecules, and [®*F]CF,H analogues of drugs and radio-
tracers were also accessible. Notably, this method marks the
first non-carrier-added synthesis of ["*FINCF,H compounds.
It is suggested reactions with O,S,N- nucleophiles proceeded
via nucleophilic attack at ["*F]DFC, followed by protonation
from the H,O co-solvent. In D,0, the [?H,""F]CF,H product
was obtained, e.g. [*H,®F]90 was prepared with 94% D
incorporation. The "®F-difluoromethylation of phenols was
also applied in tandem with the oxidation of aryl boronic
acids, which serve as useful handles for derivatisation in
synthesis. For example, an [*F]JOCF,H analogue of fluox-
etine (['®F]91) was prepared in 86 % RCY.

A Pd-mediated "®*F-difluoromethylation of aryl boronic
acids was also developed, enabling access to aryl-["*F]CF,H
products from aryl boron precursors in a direct and
regioselective fashion (Scheme 16cii).*® The reaction is
suggested to proceed as described by Zhang and co-workers
via ["®!F]DFC capture at Pd(0). This was demonstrated in 14
examples in up to 55% RCY (e.g. [*F]92-[*F]94).

Finally, in a semi-automated radiosynthesis, 680 MBq of
['*F]95, a ["®F]CF,H analogue of the TSPO radiotracer
[*FIDPA-714, was prepared in A, of 40 GBg/umol
(Scheme 16ciii).*”! This was sufficient for proof-of-concept
PET imaging and in vivo studies, demonstrating the ability
of this method to provide radiotracers for preclinical work.

4. Summary and Outlook

This Minireview summarises the state-of-the-art methods to
access '*F-difluoromethylated compounds. '*F-Fluorination
is an appealing strategy, as it allows for the direct use of
['*F]fluoride, but it can be limited by reactivity and synthetic
challenges. For example, many of the 'F-fluorination
conditions described in this Minireview have not been
applied beyond activated benzylic or a-heteroatom posi-
tions. The advent of new solutions, either using new classes
of substrates or novel activation strategies will continue to
impact the field and emerging technologies, such as photo-
chemistry and electrochemistry, may also play a role in
future.® As F-fluorination plays an instrumental role in
the radiosynthesis of reagents for '®F-difluoromethylation,
further advances in this area have benefits across the field.
Meanwhile, *F-difluoromethylation offers radiochemists the
opportunity to exploit the large number of F-difluorometh-
ylation conditions reported in the literature. Based on the
two examples considered, we can expect this approach will
play a role in advancing the field, possibly with expansion of
['*F]CF,H reagents beyond "*F-difluoromethyl sulfones. To
date, as the radiosynthesis of '*F-difluoromethylarenes has
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been well explored, further expansion of the 'F-
difluoromethyl radiochemical space would be of interest.
For example, the general radiosynthesis of *F-difluorometh-
ylated alkyl scaffolds (e.g. alkyl-[*F]CF,H, alkyl-["*F]CF,R,
alkyl-[**F]OCF,H) and geminal-"*F-difluorides/**F-
difluoromethylene groups remains unsolved. A,, remains a
significant challenge in the radiosynthesis of [*F]CF,H
compounds. While several groups have been able to isolate
¥F-difluoromethylated products in high A,,, this will remain
central in the development of new methodologies. As
highlighted by several examples in this Minireview, experi-
ments that interrogate detrimental isotopic exchange and
dilution processes can be valuable in optimising A4,. A
complementary carbon-11 based radiolabelling strategy
could also provide a new solution to the A, challenge. Pike
and co-workers have demonstrated the value of this concept
in "C-trifluoromethylation with ["'C]fluoroform, which is
available in high A, starting from [''C]methane.*’ Given
the favourable properties of difluoromethyl functionality
and the role these moieties play in drug discovery, we
anticipate that the interest in ["*F]CF,H motifs will continue
with the discovery of a new generation of *F-difluorometh-
yl-containing preclinical radiotracers.
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