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Fluorine-containing organic molecules have been widely utilized in the fields of medicinal chemistry, syn-
thetic chemistry, agrochemistry and materials science, due to their higher lipophilicity, metabolic stability,
cell membrane permeability, bioactivity, and other advantageous properties. Among these, gem-difluor-

oalkenes have emerged as privileged carbonyl bioisosteres in drug design, exemplified by antimalarial
difluoroartemisinin derivatives. Recent breakthroughs in visible-light photocatalysis have enabled mild,
radical-mediated allylic defluorination of these substrates through single-electron transfer (SET) processes
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followed by pB-fluorine elimination. This review highlights cutting-edge photochemical strategies
(2022-2025) for constructing gem-difluoroalkenes, emphasizing mechanistic insights and functional
group compatibility. The development of these sustainable methods addresses critical challenges in fluor-
oorganic synthesis while expanding accessible molecular diversity for medicinal applications.

1 Introduction

Visible-light photoredox catalysis has emerged as a transfor-
mative synthetic platform, combining unique reactivity pat-
terns, exceptional selectivity, and mild operating conditions to
enable previously challenging transformations." Photoredox
catalysis has reshaped contemporary organic synthesis
through the rational development of various visible-light-
absorbing photocatalysts, including Ru/Ir complexes and
organic dyes. Mechanistically, photoexcitation of the catalyst
enables electron acceptance from a donor species, forming a
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strongly reducing one-electron-reduced intermediate capable
of single-electron transfer (SET) processes.

Fluorine-containing organic molecules have been widely
utilized in the fields of medicinal chemistry, synthetic chem-
istry, agrochemistry and materials science, due to their higher
lipophilicity, metabolic stability, cell membrane permeability,
bioactivity, and other advantageous properties compared to
their parent molecules.> Over 20% of pharmaceuticals include
at least one fluorine atom in their molecular structures.®
Specifically, gem-difluoroalkene units, which act as bioisos-
teres for the carbonyl group while offering improved biostabil-
ity, have attracted significant interest in drug design and med-
icinal chemistry.* For instance, isosterically modifying the car-
bonyl group in artemisinin with a gem-difluoroalkene moiety
to create a difluoroartemisinin significantly enhances antima-
larial activity, and a deoxyuridine analogue modified in this
manner exhibits antiherpetic activity (Scheme 1).” These devel-
opments not only expand the field of medicinal chemistry but
also pave the way for novel therapeutic strategies. gem-
Difluoroalkenes can serve as key precursors for a range of valu-
able fluoroorganic compounds, including monofluoroal-kenes,
difluoromethylenes, difluorocyclopropanes, and trifluoro-
methylated products.® Moreover, fluorine atom environmental
management differs notably between pharmaceuticals and
agrochemicals: pharmaceuticals release only trace C-F bypro-
ducts due to low dosages, while fluorinated agrochemicals
pose substantial contamination risks via large-scale, annual
use. Pesticide adjuvants, used in far greater quantities than
active ingredients, further worsen risks by facilitating fluori-
nated compounds’ migration and bioaccumulation. This high-
lights the urgent need for highly selective defluorinative strat-
egies to minimize byproducts and optimize environmental
degradation pathways.
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containing  gem-difluoroalkene

Many synthetic methodologies have been established to
synthesize gem-difluoroalkenes. Traditional methods for
synthesizing gem-difluoroalkenes include difluoroolefination
of carbonyl, diazo, or hydrazone compounds, and organo-
metallic- or strong base-mediated nucleophilic Sy2'-type
addition to o-trifluoromethyl alkenes, followed by f-F elimin-
ation.” The difluoroolefination of carbonyl compounds (via
Wittig, Julia-Kocienski, or Horner-Wadsworth-Emmons reac-
tion) is an effective synthetic strategy for constructing gem-
difluorovinyl ~ architectures ~ (Scheme  2a, left).”>¢/®
Nevertheless, these transformations typically necessitate
strongly basic reaction conditions. The reaction between diazo
compounds and difluorocarbene precursors also represents a
viable method for synthesizing gem-difluoroethylenes
(Scheme 2a, right).”»$"° The trifluoromethyl group in
a-trifluoromethyl alkenes serves as a widely utilized fluorine-
containing synthon. The electron-deficient trifluoromethyl
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group in o-trifluoromethyl alkenes readily undergoes nucleo-
philic Sy2' attack (Scheme 2b, left)®'° or Giese addition
(Scheme 2b, right),"* often followed by p-fluorine elimination
to form gem-difluoroalkenes. However, the nucleophilic Sx2'-
type reaction involving organometallic reagents (e.g., organo-
lithium or Grignard reagents) is air- and moisture-sensitive,
leading to lesser substrate scope and lower functional group
tolerance.” In contrast to harsh basic conditions required for
Sn2'-type methods, visible light-induced radical addition of
a-trifluoromethyl arylalkenes with various radical precursors
offers a milder and more versatile approach to gem-difluoro-
ethylene synthesis (Scheme 2¢).°“"'*%* In this scenario, devel-
oping efficient and mild approaches through allylic defluorina-
tion of a-trifluoromethyl arylalkenes for preparing structurally
diverse gem-difluoroalkenes with good group tolerability is
undoubtedly in high demand and has garnered special interest
in organic and medicinal chemistry.

Consequently, substantial advances have been made in
visible-light-driven allylic defluorination of a-trifluoromethyl
arylalkenes via SET-triggered radical pathways, providing a
general strategy for gem-difluoroalkene synthesis, in which the
B-F elimination of CF; is achieved by a photo-induced radical/
polar cross-cover (Scheme 2c). It is noted that alternative strat-
egies for defluorinative functionalization of o-trifluoromethyl
arylalkenes, such as transition-metal catalysis'* and
electrochemical*”** approaches have also been well summar-
ized, providing critical complementary insights into this field.
Although Sun et al. have discussed the recent advance in the
transformations of trifluoromethyl alkenes,"* we would
provide a more comprehensive focus on the recent advance in
visible-light-induced  defluorinative functionalization of
a-trifluoromethyl arylalkenes in this perspective review.

2 Metal-based photocatalysts
2.1 Ir-based photocatalysts

Alcohol-derived oxalate esters have emerged as versatile alkyl
radical precursors in recent years, enabling efficient construc-
tion of diverse carbon-carbon bonds through photoredox or
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thermal activation.'® In 2022, Fu’s group reported an effective
method for synthesizing the structural diversity of B-gem-
difluoroalkene esters through visible light-induced defluorina-
tive alkoxycarbonylation of o-trifluoromethyl arylalkenes 3b
with oxalates 3a (Scheme 3)."” Preliminary mechanistic studies
indicated the involvement of alkoxycarbonyl radicals in the
catalytic process. The long-lived excited state Ir(m)* could oxi-
dized the oxalates 3a via a SET process, producing reduced Ir
(1) species and the alkoxycarbonyl radicals 3d by releasing one
equivalent of CO,. 3e were then obtained by radical addition of
3d to the electron-deficient o-trifluoromethyl arylalkenes 3b.
3e were reduced by Ir(u) species to produce carbanions 3f,
which rapidly eliminated anionic f-F to form p-gem-difluor-
oalkene esters 3c. Notably, the success of this strategy relied
on intermolecular alkoxy-carbonyl radical addition to the elec-
tron-deficient a-trifluoromethyl arylalkene scaffold.

In 2022, Shen and co-workers introduced a general strategy
for the defluorinative alkylation of readily available
a-trifluoromethyl alkenes 4b using o-silyl alcohols 4a as the
radical precursors under irradiation of 6 W blue LEDs at room
temperature, in which [Ir(dF(CF;)ppy).(dtbbpy)]PFs was
employed as the photocatalyst, collidine was used as additive
in DCM (Scheme 4)."® A diverse array of a-trifluoromethyl
alkenes 4b were tolerated with electron-poor, electron-rich, or
neutral properties, successfully providing the desired difluoro
allylic cyclobutanols 4c. Notably, several alkyl-substituted
a-trifluoromethyl alkenes also proved suitable for this reaction,
offering a versatile and modular platform for the synthesis of
diverse gem-difluoroalkenes.

The gem-difluoroalkene structure serves as a critical phar-
macophoric element in numerous agricultural insecticides.
Syngenta’s research demonstrated that the insecticidal efficacy
of 1,1-difluorododec-1-ene derivatives is determined by this
structural parameters: the pharmacophore configuration, the
tail groups modifications, and the chain length of the bridging
carbon chain." In 2022, Zhou et al. synthesized gem-difluor-
oalkenes 5c¢ containing a distal carbonyl group through a
defluorinative ring-opening gem-difluoroallylation of cycloalka-

o Ir[dF(CF3)ppy)2(dtbbpy)]PFg (1.5 mol%)

o CF3 KoHPO, (1.5 equiv.) Fjl/\/?}\
w +
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o)
3a 3b ) -
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Scheme 3 Defluorinative alkoxycarbonylation of a-trifluoromethyl ary-
lalkenes with oxalates.
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Scheme 4 Defluorinative alkylation of a-trifluoromethyl alkenes with
a-silyl alcohols.

nols 5a with a-trifluoromethyl alkenes 5b in the presence of Ir
(dFCF;ppy).(dCFsbpy)(PFs) and collidine in MeCN under blue
LEDs irradiation at room temperature (Scheme 5).>° The ring
size and substituent on the alkyl chain of cycloalkanols can
easily change the bridge between C—=CF, and the carbonyl
group. Therefore, the strategy allows modification of three
structural elements in a single reaction for synthesizing more
effective insecticides.

In 2022, Hu and colleagues successfully developed a mild
photocatalytic protocol for the coupling of xanthate salts 6a
with o-trifluoromethyl arylalkenes 6b to produce the gem-
difluoroallylation products 6¢ (Scheme 6).>' A proposed
mechanism was suggested as follows. Initially, the xanthate
anions 6a were oxidized by the photoexcited Ir(m)* to generate
sulfur-centered radicals 6d. Subsequently, radicals 6d under-
went rapid coupling with Ph;P to produce the crucial phos-
phoranyl radicals 6e, which then underwent f-scission to form
radical intermediates 6f. The fragmentation of 6f led to the for-
mation of alkyl radicals 6g through the release of carbonyl
sulfide. Addition of radicals 6g to the a-trifluoromethyl arylalk-
enes 6b generated new radical intermediates 6h. Subsequent
reduction and f-fluoride elimination afforded the corres-
ponding gem-difluoroalkene products 6c. This protocol dis-
closed a visible-light photocatalytic strategy for the highly
efficient deoxygenative gem-difluorovinylation of aliphatic alco-
hols mediated by phosphoranyl radicals.

Since Otto Roelen’s pioneering work on the Fischer-
Tropsch reaction documented transition-metal-catalyzed
carbonylation in 1938, carbonylation has become an indis-

Ar OH
CFs
+
R&

I[dF(CF3)ppyl2(dCF 3bpy)(PFg) (2.5 mol%)
Collidine (3 equiv.), MeCN, r.t., 5 W Blue LEDs

5a 5b 5c
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\ I |
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Scheme 5 Defluorinative ring-opening gem-difluoroallylation  of
cycloalkanols with a-trifluoromethyl alkenes.
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Scheme 6 Deoxygenative gem-difluorovinylation of aliphatic alcohols
with a-trifluoromethyl arylalkenes.

pensable tool for synthesizing carbonyl-containing compounds
in both academic and industrial.>* In 2022, Wu’s group
described a visible-light-mediated defluorinative
carbonylation procedure that involves the cross-coupling of
alkyl iodides 7a and a-trifluoromethyl arylalkenes 7b to access
gem-difluoroalkenes 7c¢ under mild reaction conditions
(Scheme 7).>* This work employs (Ir[dF(CF;)ppy].(dtbpy))PF
as the photocatalyst under visible light to generate acyl radicals
in the presence of carbon monoxide.

Alkyl radicals derived from organoboron species have been
extensively utilized due to their readily available from both
commercial and synthetic sources. In 2022, Wang et al.
reported an Ir[dF(CF3)ppyl,(dtbbpy)PF, catalyzed defluorina-
tive alkylation of a series of a-trifluoromethyl arylalkenes 8b
using various alkylboronic acids 8a as radical precursors,
assisted by K3PO, in ethyl acetate (EA), under the irradiation of
a 36 W blue LED at room temperature (Scheme 8).>* The
pivotal progress in the proposed mechanism was the complex
A, composed of alkylboronic acids and K;PO,, that were oxi-
dized by the excited state of photocatalyst to generate alkyl rad-
icals, which subsequently underwent similar processes to give
the desired gem-difluoroethylenes 8c. In this study, the
authors disclosed that the pre-activation of alkylboronic acids
by an organophosphorus reagent was crucial to reduce their
oxidation potentials.

The [1,2]-Brook rearrangement reaction, which has been
widely used in anion relay chemistry, is a reversible mecha-
nism that converts a-silyl oxyanions into a-silyloxy carbanions

novel

(Ir[dF(CF3)ppylo(dtbpy))PFg (1 mol%) O

CF i
Rel + o s 3 EtsN (3 equiv.) )_->:<F
Ar MeCN/H,0, tt, 20 h, Blue light R
7a 7b AT 7e F
Scheme 7 Defluorinative carbonylation of alkyl iodides with

a-trifluoromethyl arylalkenes.
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Scheme 8 Defluorinative alkylation of a-trifluoromethyl arylalkenes
with alkylboronic acids.

via a pentacoordinate silicon intermediate.”> Nevertheless,
radical Brook rearrangements mediated by SET process remain
underexplored, primarily owing to the challenging generation
of alkoxy radical intermediates.”® In 2023, Zhang and co-
workers reported the facile construction of gem-difluoro homo-
allylic alcohol derivatives 9c through radical [1,2]-Brook
rearrangement by reacting a-trifluoromethyl arylalkenes 9b
with aryl substituted silyl alcohols 9a (Scheme 9).>” Based on
the control experiments and previous reports, a possible
mechanism was suggested. The excited Ir(m)* was reductively
quenched by intermediates 9d to form the carbon centered
radicals 9e. Subsequently, intermediates 9e added to the
o-trifluoromethyl arylalkenes 9b, then the radical intermedi-
ates 9f were reduced to form the anions 9g through a single
electron-transfer step. Finally, a consecutive f-fluoride elimin-
ation of carbanions 9g, followed by a fluoride-promoted desily-
lation of intermediates 9h, afforded the expected products 9c.
Notably, this work introduced a complementary defluorinative
strategy for probing the reactivity and synthetic utility of gem-
difluoroalkenes and trifluoromethyl alkenes.

In contemporary drug design, bicyclo[1.1.1]pentanes (BCPs)
represent a significant class of compounds frequently
employed as linear spacer units to improve pharmacokinetic

properties. Fluorine-containing BCPs are critical building
IrfdF (CF 3)ppyla(dtbpy)PFg (1 mol%) FoF
OH GF: ) KOAZC (2 equiv.)6 Hj.\j[
Ar'” TS Art DCE, Ny, rit,, 24 h, 40 W Blue LEDs Arl Ar?
9a 9b then NH4F, rt., 0.5 h 9c
------------------------------- proposed Mechanism — =--=----ecemcmmmmaeaeaeaaan,
JO\H base O\_
AN TMS Ar'/LSIMea Ir(lily*
9a 9d ) (\3\
oTMS SEL \
1 / photoredox E
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CFs Ir(II)

2& SET :
NH{F/MeOH TMS OMe ;

CFs3 —>
Lo, _ P-fluoride elimination
Arl J\/kArZ Arl J\)‘\Arz A ’

of 99 9h

Scheme 9 Defluorinated alkylation of «-trifluoromethyl arylalkenes
with aryl substituted silyl alcohols.
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Scheme 10 Defluorinative gem-difluoroallylation of [1.1.1]propellane to
access gem-difluoroallylic bicyclo[1.1.1]pentanes.

blocks in pharmaceutical research.?”?”?% In 2023, Jiang and
co-workers reported a multicomponent reaction to construct
gem-difluoroallylic bicyclo[1.1.1]pentanes 10c by defluorinative
gem-difluoroallylation of [1.1.1] propellane 10b under blue
LED irradiation at 30 °C in the presence of [Ir(ppy).(dtbbpy)]
PFg in NMP: H,O = 10: 1 (Scheme 10).*° This methodology uti-
lizes commercially accessible arylsulfinates 10a to generate
radical precursors and showed good functional group compat-
ibility under mild reaction conditions.

Oxygen radicals play important roles in organic synthesis
and biological processes.’® In 2023, Rueping et al. reported a
study on the O-H bond activation of f,y-unsaturated oximes
using 3-acetoxyquinuclidine as the hydrogen atom transfer
(HAT) reagent and Ir[dF(CF;)ppy].(dtbbpy)PFs as the photo-
redox catalyst (Scheme 11).>' Leveraging this strategy, a range
of B,y-unsaturated oximes 11a with diverse functional groups

IF[dF (CF3)ppyl(dtbbpy)PFg (1 mol%) N0
HO., 3-acetoxyquinuclidine (20 mol%) r—
N CF3 2,6-lutidine (2 equiv.) Ar
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Scheme 11 Defluorinative gem-difluoroallylation of f,y-unsaturated
oximes with a-trifluoromethyl arylalkenes.
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and different radical acceptors—particularly o-trifluoromethyl
arylalkenes 11b, were investigated. Moreover, this transform-
ation was substrate-dependent, proceeding efficiently only
with o-trifluoromethyl arylalkenes bearing electron-donating
or weakly electron-withdrawing substituents on the aryl ring.

The proposed mechanism was shown in Scheme 11. First,
the 3-acetoxyquinuclidine 11d was oxidized by the excited state
Ir(m)* to give amine radical cation 11le. Then, the
B,y-unsaturated oximes 11a donated a hydrogen atom to 11e to
form the iminoxyl radicals 11f, which subsequently underwent
a 5-exo-trig radical cyclization to produce the carbon-centered
isoxazoline alkyl radicals 11g. The radical intermediates 11g
afterwards added to the o-trifluoromethyl arylalkenes 11b to
form the radical intermediates 11h, which were reduced to
form the anions 11i through a single electron-transfer step.
Finally, defluorination of 11i delivered the desired products
11c. The strategy efficiently tackles the high redox potential of
oximes, complements the activation of the O-H bond by qui-
nuclidine, and provides a general pathway for the formation of
iminoxyl radicals.

In 2023, Wang’ group developed a defluorinative alkylation
method for o-trifluoromethyl arylalkenes 12b using sodium
tetraphenylborate 12a as the aryl radical precursor under the Ir
[dF(CF;)ppy].(dtbbpy)PF, catalysis, with irradiation from a 36
W blue LEDs at room temperature (Scheme 12).** Crucially,
bond a-scission and efficiently generate aryl radicals 12e. The
DMSO served not only as a solvent but also as an activation
reagent, enabling diarylboron radicals 12d to underwent C-B
addition of these aryl radicals to o-trifluoromethyl arylalkenes
12b gave the carbon-centered radicals 12f, which were further
reduced by Ir(u) to generate the carbanion intermediates 12g
while regenerating the photocatalyst Ir(m). Finally, B-fluoride
elimination afforded the gem-difluoroalkene products 12c.
This method employed tetraarylborate salts as unconventional
aryl radical precursors, which underwent visible-light-induced

CF3 I(dF (CF3)ppy)(dtbbpy)JPFg (2 mol%) B
NaBAry  + |
A DMSO, Ar, r.t., 24 h, 36 W Blue LED Art Ar
12a 12b E 12¢
------------------------------- proposed mechanism — -------=----=--=-=---------
a-scission of C-B bond
A i | 7% :
: r~,° _S :
: \B PN 0 N A 42 H
' 12d p e :
' r SBy !
! Ar”—"Ar CF3 i
5 r(ll) *& 120
i CF3 ;
1 Ar 12f H
; SET / ;
E / photoredox SET E
1 catalytic :
NaBAr, cycle AT Ar 12¢g E
H B-fluoride :
H Ir(III) elimination 1
H F. F H
: r(liny* . -, | 12¢
' @ 1 Ar
] = Ar

Scheme 12 Defluorinative gem-difluoroallylation of sodium tetra-

phenylborate with a-trifluoromethyl arylalkenes.
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homolysis to generate aryl radicals in the presence of DMSO as
an activating agent.

Benzylic C-H bonds are prevalent in natural products, phar-
maceuticals, agrochemicals, and functional materials.*?
Significant attention has been devoted to developing various
approaches for the direct functionalization of benzylic C-H
bonds.** In 2023, Ji and colleagues realized a photoredox-cata-
lyzed approach for the defluorinative benzylation of
a-trifluoromethyl arylalkenes 13b with alkylarenes 13a
(Scheme 13).** The reaction, conducted in acetone solvent
using 1 mol% Ir[dF(CF;)ppyl,(dtbbpy)PFs as catalyst, 1.0 equi-
valent of NaBr and 3.0 equivalent of K,HPO, under argon
atmosphere, smoothly produced various structurally valuable
benzylated gem-difluoroalkenes 13c in moderate to good yields
(34-80%). Especially, several substrates bearing drug moieties
were effectively converted into the desired products with good
efficiencies. In the substrate scope, diverse functional groups
were tolerated, enabling late-stage functionalization of structu-
rally complex and functionalized molecules.

The radical-mediated 1,n-hydrogen atom transfer (1,n-HAT)
strategy has proven effective for site-selective modification of
C(sp®)-H bonds over the past decade.’® For instance,
N-directed y-C(sp®)-H functionalization of sulfamate esters
through unique 1,6-HAT processes has opened new avenues in
chemical synthesis. However, methods involving coupling
partners remain in their infancy.’” In 2024, Qin et al. discov-
ered a protocol for photoredox-catalyzed N-directed defluorina-
tive y-C(sp®)-H allylation of sulfamate esters 14a with
a-trifluoromethyl arylalkenes 14b to give the target products
14c in the presence of Ir[(dFCH;ppy),(dtbbpy)]PF as catalyst.*®
A proposed mechanism for this transformation was described
in Scheme 14. First, a PCET-based N-radicals 14d formed
through the combined action of Brgnsted base and photoredox
catalysis. Second, the N-radicals 14d underwent favorable
N-directed 1,6-HAT to generate alkyl radical precursors 14e,
which subsequently followed analogous steps to yield the
target gem-difluoroalkene products 14c. Moreover, water served
as an environmentally benign co-solvent in this transform-
ation. Notably, this work offered a straightforward and practi-

R CE Ir[dF(CF 3)ppy]2(dtbbpy)PF (1 mol%) FaF
)\ . 3 NaBr (1 equiv.), K;HPO, (3 equiv.) I)R\
H Ar! Ar? acetone, Ar, r.t., 72 h, 35 W Blue LEDs Ar2 Ar!
13a 13b 13c

PMP = 4- OMeC5H4

B . F FF
e |
S
Oha® (=
Ph Ph

= p-Ph, 78% . R2 = p-F, 41%
1 ° 2=
R = p-Br, 80% R® = m,m-2Me, 70%

@N*OI” Prot

45%, from Gemfibrozil F3

representative examples --------s=---ss-ssssssssssoooe-

68%, from Niflumic acid

Scheme 13 Defluorinative benzylation of a-trifluoromethyl arylalkenes
with alkylarenes.
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Scheme 14 N-directed defluorinative y-C(sp®)—H allylation of sulfa-
mate esters with a-trifluoromethyl arylalkenes.

cal strategy for the divergent synthesis of gem-difluoroalkene-
containing sulfamate esters.

As a proficient approach for initiating long-range inert C-H
bond, the 1,5-HAT process is also a commonly method for gen-
erating alkyl radicals.**>*° In the same year, Wang and col-
leagues subsequently discovered a 1,5-HAT process for synthe-
sizing gem-difluoroalkenes in photoredox-catalyzed reactions
(Scheme  15). In  this transformation, various
N-alkoxyphthalimides 15a served as radical precursors to gene-
rate alkyl radicals. These radicals then reacted with diverse
a-trifluoromethyl arylalkenes 15b to afford numerous syntheti-
cally attractive gem-difluoroalkenes 15¢ in moderate to excel-
lent yields under optimal conditions. Compared with conven-
tional methods, the reactions proceeded under mild con-
ditions with broad functional group tolerance, including com-
patibility with a wide range of sensitive and functionalized
moieties.

In 2024, Sun’ group developed new strategies for synthesiz-
ing §,5-difluoroallylic ketones and vy,y-difluoroallylic ketones
through a desulfurative/defluorinative alkylation procedure
(Scheme 16).*" They successfully prepared a variety of
v,y-difluoroallylic ketones 16b in moderate to high yields via

Conditions A:
PC (1 mol%) Ir(ppy)s, HE (1.5 equiv.),
Reductant MA

5 FR1 R? DI
Solvent, Ar, r.t. ‘ ~_OH Conditions B:
6 W Blue LEDs, 24 h Ar X [Ir(dtbpy)(ppy)2lPFs,
DIPEA (3.0 equiv.), DCM

RL_X
N "ophin |, /CQ
2
R X=0,8 Ar’
15a 15b 15¢
---------------------------------- represemat«ve examples

IMe Me |Me Me
o ~OH o ~OH o ~OH
7%

91% 67% (Conditions B) 84%
Cl
"y ‘Me Me
\ Me e " A~_OH
S/\/OH /\M
Ph Me Me
90% 78%, from Gemfibrozil

Scheme 15 Photoredox catalyzed synthesis of gem-difluoroalkenes via
1,5-hydrogen atom transfer.
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Scheme 16 Photocatalytic synthesis of y,y-difluoroallylic ketones and
8,8-difluoroallylic ketones via a desulfurative/defluorinative alkylation
process.

the desulfurative gem-difluoroallylation of various a-thiol
esters 16a, utilizing [Ir(ppy).(bpy)]PFs as the photocatalyst,
DABCO as the base, and PPh; as the sulfur scavenger in DCM.
Particularly, the gem-difluoroallylation modification of natural
products was also successful. Additionally, they unexpectedly
disclosed that thioic acids 16¢ and a-trifluoromethyl arylalk-
enes 16d were also compatible with these strategies.
Furthermore, §,5-difluoroallylic ketones 16e were smoothly
synthesized under similar conditions, employing [Ir(dF(CFj)
ppy).(dtbbpy)]PFs as the photocatalyst, Cs,CO; as the base,
and PPh; as the sulfur scavenger in a mixed solvent of DCM
and H,O.

2.2 Ru-based photocatalysts

The regioselective cross-coupling of gem-difluoroalkene motifs
with the C-H bonds of simple arenes remains a challenge.

In 2022, Patureau and co-workers reported a photoredox-
catalyzed late-stage defluorinative gem-difluoroallylation of
(hetero)aryl frameworks using aryl sulfonium salts (17a) as
radical precursors. The transformation proceeds under visible-
light irradiation via site-selective direct C(sp®)-H functionali-
zation, enabling the efficient installation of gem-difluoroallyl
groups onto structurally complex molecules at a late stage
(Scheme 17).** They explored a diverse array of substrates,
including aryl sulfonium salts 17a and o-trifluoromethyl ary-
lalkenes 17b, with particular emphasis on derivatives of two
important drugs: flurbiprofen and pyriproxyfen. This process
was performed under mild and sustainable conditions using
the [Ru(bpy);](PFs),/TMEDA system in acetonitrile solvent.
This discovery pretty supplemented the existing synthetic
technology of fluorine-containing drugs.

There are only few reports on using an S-centered radical
route to prepare gem-difluoroallylsulfones. In 2023, Lei and co-
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Scheme 17 Late-stage defluorinative gem-difluoroallylation of aryl
sulfonium salts with a-trifluoromethyl arylalkenes.

workers developed a study for synthesizing a range of gem-
difluoroallylsulfones 18¢ with moderate to good yields through
a photo/Ni dual-catalyzed radical defluorinative sulfonylation
of a-trifluoromethyl arylalkenes 18b.'** They selected aryl
sulfonium salts 18a as sulfonyl radical precursors for this
transformation employing a dual catalytic system comprising
photocatalyst Ru(bpy);(PFs), and nickel catalyst Ni(bpy);Cl, in
MeCN at room temperature under blue LEDs irradiation. A
proposed reaction mechanism was depicted in Scheme 18
based on previous reports.'?"***> First, the Ru(u)* preferen-
tially oxidized sodium sulfinates 18a, generating the sulfonyl
radicals 18e and Ru(r). The sulfonyl radicals 18e then added to
a-trifluoromethyl arylalkenes 18b to form benzyl carbon rad-
icals 18f. This radicals subsequently reacted with Ni(u) to
produce alkyl-Ni(u) intermediates 18g, which further under-
went p-fluoride elimination to produce the target products 18c.
The catalytic cycle was ultimately completed through SET-
mediated regeneration of both the Ru(u) and Ni(u). To be
noted, this dual-catalytic system effectively suppressed the
rapid oxygen-mediated side reactions triggered by trace

Ru(bpy)s(PFe), (1.5 mol%) (o]
i . /CQ Ni(bpy)sCl, (10 mol%) R S\R
R77 0 Na* Ar MeCN, Ny, r.t., 6 h, Blue LEDs ¢ Nr
18a 18b 18¢c
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Scheme 18 gem-Difluoroallylation of aryl sulfonium salts with

a-trifluoromethyl arylalkenes.
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amount of air, preventing the formation of a-trifluoromethyl-
pB-sulfonyl tertiary alcohol by-product.

The o-CF; amine motif serves as an effective surrogate for
the natural peptide bond [CONH] in peptide mimics, signifi-
cantly altering physical and biological properties such as cell
membrane permeability, lipophilicity, and metabolic stabi-
lity.** In 2023, Chen and colleagues introduced an innovative
defluorinative o-C(sp®)-H alkylation for the synthesis of gem-
difluoroallylated a-trifluoromethylamines 19¢ in good to excel-
lent yields.*” The reaction employed various N-trifluoroethyl
hydroxylamine reagents 19a and diverse a-trifluoromethyl
alkenes 19b in the presence of Ru(phen);(PF¢), as photo-
catalyst, Hantzsch ester (HE) as the reductant, and Cs,CO; as
the base in CH3;CN under the irradiation of 24 W purple LEDs
(Scheme 19). Furthermore, this protocol was also successfully
applied to the late-stage functionalization of complexes, such
as bioactive compounds and natural products.

Incorporating fluoroalkenes into the structural framework
of trialkylamines is an appealing but uncharted
transformation."*”*>%° In 2024, Yang et al. developed a photo-
catalytic multicomponent reductive aminoalkylation process
for synthesizing fluorinated tertiary aliphatic homoallylamines
20d that integrated naturally occurring secondary alkylamines
20a, carbonyl compounds 20b, and readily available fluor-
oalkyl-substituted alkenes, such as o-trifluoromethyl alkenes
20c, using Ru(bpy);(PF), as the photocatalyst, Hantzsch ester
(HE) as the reductant, and propionic acid along with 4 A MS as
the additive in DMSO under irradiation with a 456 nm Kessil
lamp at room temperature (Scheme 20).*” The utility of this
method is demonstrated through its broad functional group
tolerance, successful derivatization of complex alkylamines,
and applications in the synthesis of drug analogues.

3 Organo-photocatalysts

There has been rising attention in the challenging and essen-
tial construction of all-carbon quaternary centers. Photoredox-
catalyzed gem-difluoroallylation of cesium tertiary alkyl oxa-
lates 21a using 4CzIPN as the photocatalyst in MeCN without
requiring base was disclosed by Yuan and colleagues in 2022
(Scheme 21).*® In this method, oxalates served as activating

Ru(phen);(PFg)2 (2 mol%)

Ar__O0 ~ HE (2 equiv.), F _F PG
N TR CFs Cs,C0;3 (1.2 equiv.) [ HN
+
o PG R MeCN, Ny, rt., 24 h, 24 W purple LEDs R CF3
19a 19b 19¢
AZACRCH representative examples --------s-c-cscssssscosoooe-
NHBoc
FeF
‘ NHBoc
CF3
RW
R'=Ph, 80%
R'=TMS, 68% 70%, from Naproxen 46%

'=CN, 80%

Scheme 19 Defluorinative a-C(sp®)—H alkylation for the synthesis of
gem-difluoroallylated a-trifluoromethylamines.
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Scheme 20 Photocatalytic multicomponent reductive aminoalkylation
process for synthesizing group-rich fluorinated tertiary aliphatic
homoallylamines.

R? CF. 9 R!
CsO o)< RGOV y M Cr: CNZ ngo(fcm:: - LED l R
Ar et N, »blue Ar R3
L.Q9.2a LN eerrmpe N 2c |
FF FF
| \
N
| 7
R MeO” N
R = CHj, 80%,
R =Ph, 89%, 75% 82%
R = SO,Me, 97%
FF F_F H
| |
/O /O
o 86% o) 88% o 70%, from Cedrol

derivative

Scheme 21 gem-Difluoroallylation of cesium tertiary alkyl oxalates to
construct all-carbon quaternary centers.

groups for tertiary alcohols to generate tertiary alkyl radicals,
enabling the construction of all-carbon quaternary centers.
The transformation demonstrated great functional group toler-
ability for both cesium tertiary alkyl oxalates 21a and
a-trifluoromethyl arylalkenes 21b, which has also been suc-
cessfully applied to late-stage modifications of bioactive
molecules.

Organosilicon compounds have numerous applications in
organic synthesis,*® material science,”® medicinal chemistry.>*
Among them, gem-difluoroallylsilanes have recently emerged
as a privileged motif, garnering growing attention in chemical
research. In 2022, Jing’s group presented an environmentally
friendly and simple method for photoredox metal-free allylic
defluorinative silylation of o-trifluoromethyl arylalkenes 22b
with hydrosilanes 22a by combining 4CzIPN as a photocatalyst
and quinuclidine as the HAT reagent under 20 W blue LED
irradiation in CH3CN (Scheme 22).>> This method provided an
alternative approach to prepare gem-difluoroallylsilanes, which
showed good functional group compatibility in moderate to
excellent yields. Notably, the required hydrosilanes - serving

2186 | Org. Chem. Front., 2026, 13, 2178-2200

View Article Online

Organic Chemistry Frontiers

4CzIPN (2 mol%)
quinuclidine (30 mol%)

1 R!
3 CFs pyridine (1.2 equiv.) | 1 R?
R2-Si-H + SURY Sil 3
,'?3 Ar CHsCN, Ar, r.t,, 24 h Ar R
20 W Blue LED R4
22a 22b 22¢
----------------------------- representative examples FF
! Si'BuMe,
Si'BuMe,
R =Ph, 93%,
R = CFj, 66%,
F_F Fe_F
l SiPry SiMe,Ph l Si(TMS),
CO,Et
76% 75% 2%
PR R REREEEEEEETEEEEERPEE proposed mechanism - ommcciiaaaanos
' 1 1 '
Al’)'\rSI‘Rf' Ar)\fska‘
; 22f e PyH" [N 4CzIPN R* 22f |
L cr \/ SET o Ree
: Ar)\/ R* organocatalytic Pt‘;;g;’e‘dw Ar S'~R3 H
! N cycle ytic " :
: 22b o cycle R :
: 4 4CZ'PN p-fluoride | :
) Fﬁ HAT @ zIPN' elimination
R*'Si*
R @ F_F
: 22d R' , 1
R? s. H | &R
R3 22a Ar “R?
R4 22¢

Scheme 22 Allylic defluorinative silylation of a-trifluoromethyl arylalk-
enes with hydrosilanes.

as silyl radical precursors — are commercially available and
relatively inexpensive. Furthermore, this technique was suit-
able for individual o-trifluoromethyl arylalkenes with a double
bond in the middle position. A feasible mechanism was pro-
posed in Scheme 22. Stern-Volmer analysis revealed that the
4CzIPN* was primarily quenched by quinuclidine. The silyl
radical intermediates 22d were formed when radical cation 22e
abstracted a hydrogen atom from hydrosilanes 22a. 22d then
added to o-trifluoromethyl arylalkenes 22b, forming radical
intermediates 22f, which subsequently underwent another SET
process and f-fluoride elimination to obtain the target pro-
ducts 22c.

A simple and versatile photocatalytic method enables the
synthesis of unsaturated ketones bearing valuable gem-difluor-
oalkene moieties, which could benefit the pharmaceutical,
agrochemical, and material industries. In 2022, Wu and co-
workers developed a method to synthesize distal gem-difluor-
oalkenyl ketones 23c in moderate to excellent yields via orga-
nophotoredox-catalyzed ring-opening gem-difluoroallylation of
nonstrained cycloalkanols 23a with a broad scope of
a-trifluoromethyl arylalkenes 23b, utilizing Mes-2,7-Me,-Acr-
Me'ClO,~ as organophotocatalyst, 2,4,6-collidine and
[C,MPr]'PFs~ in DCM under the irradiation of 30 W blue LEDs
lamp (Scheme 23).>° Notably, this strategy enabled precise
control over product chain length through the use of cyclic
alcohols with defined ring sizes, providing an efficient and
regioselective route to distal gem-difluoroalkenyl ketones.
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Scheme 23 Ring-opening gem-difluoroallylation of nonstrained

cycloalkanols with a-trifluoromethyl arylalkenes.

The direct and site-selective a-C(sp®)-H activation of THF
remains challenging owing to its inherent inertness. In 2023,
Zhong and colleagues introduced a metal-free and site-selec-
tive o-C-H gem-difluoroallylation of tetrahydrofuran 24a
(Scheme 24).°* In this work, various a-trifluoromethyl arylalk-
enes 24b were investigated in the presence of 4-CzIPN as a
photocatalyst and "Bu,NBr as a HAT catalyst in THF, under
450 nm LEDs irradiation in an air atmosphere. Overall, sub-
strates containing electron-donating groups showed superior
performance compared to those with electron-withdrawing
groups. Furthermore, this methodology was practical and also
applicable for the Ilate-stage functionalization of several
a-trifluoromethyl arylalkenes derived from natural products
and pharmaceuticals. Based on the control experiments and
mechanistic studies, the photocatalytic production of bromine
radicals was critical to the success of the process, as indicated.
Moreover, the feature of transition-metal-free aligned with
green chemistry principles by avoiding metal contaminant and
minimizing environmental impact.

In 2023, Yuan’s group depicted a 4CzIPN-catalyzed gem-
difluoroallylation = of  carboxylic  acids 25a  with
o-trifluoromethyl alkenes 25b via 1,5-HAT using Cs,CO; as
base, in MeCN at room temperature under 15 W blue LEDs
irradiated (Scheme 25).>®> The resulting gem-difluoroalkene

4-CzIPN (2 mol%)
"BuyNBr (20 mol%)

THF, air, rt., 12 h, 450 nm LEDs

fepresenfativelexalpb/aEgll~ - === -==r=rmmneensmns

R' = p-Ph, 90%
R' = m,m-2CH3,76%
R'=p-F, 61% 3
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Scheme 24 Site-selective a-C—H gem-difluoroallyslation of tetra-
hydrofuran with a-trifluoromethyl arylalkenes.
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Scheme 25 gem-Difluoroallylation of  carboxylic acid with

a-trifluoromethyl alkenes.

derivatives 25¢ were obtained with good functional group com-
patibility in moderate to excellent yields. Moreover, this
method enabled the visible-light photocatalyzed gem-difluor-
oallylation of unactivated C(sp’)-H bonds, providing a site-
selective approach to introduce gem-difluoroallyl groups into
aliphatic frameworks.

In 2023, Zhou et al. reported a simple and mild strategy for
the photocatalytic mono-gem-difuoroallylation of 1,3-benzo-
dioxoles 26a with various a-trifluoromethyl arylalkenes 26b in
the presence of 4CzIPN and 2,4,6-collidine in MeCN under the
irradiation of 5 W blue LED.>® A proposed mechanism of this
transformation was depicted in Scheme 26. The 4CzIPN* oxi-
dized 1,3-benzodioxoles 26a to produce radical cations 26d,
which subsequently underwent deprotonation to generate the
1,3-benzodioxol-2-yl radicals 26e. These radicals added to the
a-trifluoromethyl arylalkenes 26b to give intermediate radicals
26f. Reduction of 26f by 4CzIPN"~ yielded the a-CF; carbanions
26g while regenerating the 4CzIPN catalyst. Finally, f-fluoride
elimination of 26g afforded the target products 26c. To be
noted, in this work the crucial 1,3-benzodioxol-2-yl radicals
were formed via direct single-electron oxidation of the precur-
sors, rather than through hydrogen atom abstraction pathway.

Fluorinated amino acids (FAAs) are crucial components in
organic synthesis and have numerous applications in medic-

o 4CzIPN (3 mol%) o .
X CF 2,4,6-collidine (3 equiv. X
R y o+ /< 8 equiv) Ry >—/k
= o Ar MeCN, r.t., 5 W Blue LED Z~0 Yir
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: o / o :
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' — Z~d g
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4CzIPN ‘// :
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Scheme 26 Mono-gem-difuoroallylation of 1,3-benzodioxoles with
a-trifluoromethyl arylalkenes.
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inal and bio-organic chemistry.*”®” In 2023, Guo and col-
leagues disclosed a 4CzIPN-catalyzed, 2 W blue LEDs-driven
o-C(sp’)-H gem-difluoroallylation of glycine derivatives and
dipeptides 27a with a-trifluoromethyl alkenes 27b without any
additives in DMSO (Scheme 27).>® This method exhibited a
broad substrate scope and excellent functional group toler-
ance, allowing the synthesis of diverse fluorine-containing
amino acids and dipeptides 27¢ in good to excellent yields.
Notably, the methodology demonstrated remarkable compat-
ibility with biomolecules, highlighting its potential for biologi-
cal applications. Additionally, a series of 2-trifluoromethyl 1,3-
enynes also exhibited compatibility with this transformation.

In 2023, Zhu and co-workers reported an intriguing mono-
defluorocarboxylation of diverse o-trifluoromethyl arylalkenes
28b with lithium formate 28a to access gem-difluorovinylacetic
acids 28c (Scheme 28).>° This transformation employed a cata-
lytic system consisting of 4CzIPN as the photocatalyst, DABCO
as the HAT catalyst, and K,HPO, as the base, with 20 equiva-
lents of H,O in DMSO, under irradiation with a 3 W blue LEDs
at room temperature. The reaction demonstrated excellent tol-
erance for sterically demanding functional groups, including
TMS and vinyl moieties, ortho-substituted hindered substrates,
and trisubstituted alkenes, as well as complex substrates
derived from liquid crystals and natural products. A propose
mechanism for the defluorocarboxylation was described in
Scheme 28. The CO,~ radical, generated via HAT by the
DABCO radical cation, underwent Giese radical addition to the
a-trifluoromethyl arylalkenes 28b to form radicalintermediates
28d. The target products 28c were obtained through sequential
steps, including: (1) a SET process with 4CzIPN"~ to regenerate
4CzIPN, and (2) p-fluoride elimination to afford the final pro-
ducts 28c. They speculated that although H,O participated in
the reaction, no side products 28c’ was detected. This obser-
vation suggests that both the reduction of 28d and the
B-fluoride elimination occurred rapidly. In this work, the reac-
tivity of CO,’~ radical anion plays a key role in driving the
defluorinative transformation.

Shortly later, Fu’s group reported a similar defluorinative
carboxylation of a-trifluoromethyl arylalkenes 29b that demon-
strated good functional group compatibility (Scheme 29).%°

(o} F
H o] 1 . ’CQ 4CzIPN (1 mol%) RLX e
Ar’N x’R R? DMSO, Ny, rt., 24 h NH o R?
27a 27b 2 W Blue LEDs Ar” 27¢
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(o} F o)
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o F EtO T, F N F
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NH ) ©/ ° C
|_ Me NH
1 Om
Me
R = p-Br, 86% o Me Ph
R = p-OPh, 63% 51%, from Ibuprofen 84%

R =m-COMe, 60%

Scheme 27 «-C(sp®)-H gem-difluoroallylation of glycine derivatives
with a-trifluoromethyl alkenes.
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a-trifluoromethyl arylalkenes with lithium formate to access gem-
difluorovinylacetic acids.
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5 &8 2-methoxybenzenethiol (10 mol%)
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Scheme 29 Defluorinative carboxylation of a-trifluoromethyl arylalk-
enes with potassium formate.

The reaction employed potassium formate 29a as the CO,™™
precursor under a 34 W LEDs irradiation, with catalytic
4DPAIPN as the photocatalyst, 2-methoxybenzenethiol as the
HAT catalyst, and DBU as the base in DMSO at 30 °C. This
strategy required only 2 h, providing an efficient alternative
approach to synthesize structurally diverse gem-difluorovinyla-
cetic acids 29c.

Current cross-coupling protocols can efficiently create gem-
difluoroalkenes. However, the construction of multi-fluori-
nated compounds, such as gem-difluoroalkene difluoroacetates
found in some pharmaceuticals, under mild conditions
remains challenging. In 2023, Chen and co-workers reported a
defluorinative difluoroalkylation of a-trifluoromethyl arylalk-
enes 30b with bromodifluoro precursors 30a, which gave a
range of difluoromethylene-containing gem-difluoroalkenes
30c mediated by the photoredox catalyst 4CzIPN in DMF under
the irradiation of purple LEDs (Scheme 30).°" Notably,
2-bromo-2,2-difluoroacetamides 30a could serve as effective
difluoroalkylating reagents only when they lacked an N-H
bond or when the N-H bond was sterically hindered. Under
these conditions, they could be converted into the corres-
ponding gem-difluoroalkenes with excellent tolerance of func-
tional groups.
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Scheme 30 Defluorinative difluoroalkylation of a-trifluoromethyl ary-
lalkenes with 2-bromo-2,2-difluoroacetates derivatives.

In 2023, Chen and colleagues presented a study on the
monomasked formylation of o-trifluoromethyl alkenes 31b
(Scheme 31).°*> They utilized low-priced 1,3-dioxolane 31a as a
masked formyl radical equivalent to provide significant
amounts of masked formylated gem-difluoroalkenes 31c in
moderate to high yields, through the synergistic combination
of 4CzIPN as a catalyst and catalytic quinuclidine as a HAT
reagent in MeCN. Moreover, this study disclosed a solvent-
dependent switch between mono- and dimasked formylation
of o-trifluoromethyl alkenes, enabling by organophotoredox-
catalyzed C-F bond activation.

The conversion of glycine into nonproteinogenic amino
acids and the modification of glycine-containing peptides can
significantly enhance their activity, pharmacokinetics, and
pharmacological properties of these compounds compared to
their natural counterparts.®® In 2024, Chen et al. described a
method for the 4CzIPN-catalyzed defluorinative gem-difluoroal-
lylation of glycine derivatives 32a with o-trifluoromethyl
alkenes 32b. This protocol used NaHCO; as base and blue LED
as a light source, delivering a broad scope of gem-difluoroalk-
enes 32c in moderate to excellent yields (Scheme 32).°*
Additionally, this transformation utilized readily available
starting materials, mild conditions, good functional group
compatibility, providing an alternative procedure for the syn-
thesis of alkylated gem-difluoroalkenes.

While the 1,5-HAT of N-centered radicals is well-estab-
lished, the 1,2-HAT process has found far fewer synthetic
applications, primarily due to its higher energy barrier and the
geometric constraints of the three-membered transition state.
In 2024, Yuan’ group discovered a mild C(sp*)-H gem-difluor-
oallylation of amides 33a with a-trifluoromethyl alkenes 33b,
facilitated by a base-assisted formal 1,2-HAT of amidyl radicals
(Scheme 33).°> The proposed mechanism was illustrated in
Scheme 33. Upon irradiation with 40 W Kessil 390 nm PR160
LEDs, the 4CzIPN* oxidized 33a to generate amidyl radicals
33d. Assisted by Na,CO;, an intramolecular formal 1,2-HAT

4CzIPN (1 mol%)
quinuclidine (20 mol%)

o/_\o . CF3 NaHCO; (1.5 equiv.) F ‘ F 0’>
N2 R MeCN, r.t., 12 h, 40 W Blue LED = .
3a 31b 31c

Scheme 31 Monomasked formylation of a-trifluoromethyl alkenes
with 1,3-dioxolane.
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Scheme 32 Defluorinative gem-difluoroallylation of glycine derivatives
with a-trifluoromethyl alkenes.
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gem-difluoroallylation of amides  with

process preferentially occurred, yielding a-amino alkyl radicals
33e, which then added to a-trifluoromethyl alkenes 33b,
forming the o-trifluoromethyl radical intermediates 33f.
Subsequent reductive quenching of the photocatalyst and
B-fluoride elimination gave the desired products 33c. However,
an intermolecular HAT process cannot be entirely excluded.
Enantioselective construction of the target products through
radical addition remains a formidable challenge. Nevertheless,
the reaction manifold may be biased by chiral copper or iron
complexes that serve as stereo-directing Lewis-acid catalysts. In
addition, this method introduced a novel strategy for generat-
ing a-aminoalkyl radicals via the reductive quenching cycle of
the photocatalyst.

Quinazolin-4(3H)-ones constitute a significant class of
N-heterocyclic compounds, demonstrating diverse pharmaco-
logical activities such as antibacterial, anti-inflammatory, anti-
cancer, and antihypertensive properties.®® In 2024, Guo et al.
reported a 4CzIPN-photocatalyzed gem-difluoroallylation of
spiro-dihydroquinazolinones 34a using a-trifluoromethyl ary-
lalkenes 34b (Scheme 34).°” Notably, o-trifluoromethyl arylalk-
enes bearing electron-donating groups (EDGs) or weak elec-
tron-withdrawing groups (WEWGs) at the para-position of the
phenyl ring both exhibited excellent reactivity in this gem-
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spiro-dihydroquinazolinones

difluoroallylation reaction, affording the desired products in
moderate to good yields. This protocol enables the introduc-
tion of a fluorine-containing group at the designated position
of quinazolin-4(3H)-ones. Additionally, it features mild, redox-
neutral conditions, excellent atom economy, and good func-
tional group compatibility, highlighting its considerable
potential for organic synthesis applications.

Polychloroalkyl motifs are prevalent in pharmaceuticals,
agrochemicals, and natural products, and their unique
physicochemical properties have driven growing interest in the
selective and efficient synthesis of these structural units.®® In
2025, Hw group described a 30 W blue LEDs-driven selective
defluorinative alkylation of a-trifluoromethyl arylalkenes 35b
with readily available and inexpensive polychloroalkane feed-
stocks 35a as alkyl radical precursors, provided efficient access
to a variety of polychloroalkylated gem-difluoroalkenes 35c at
room temperature (Scheme 35).° When using 1 mol% of
4CzIPN and 1.2 equivalents of TMP in polyhaloalkanes 35a-1,
the reaction enabled selective functionalization of C-H bonds
in polychloroalkanes through HAT processes. Alternatively,
when using 2 mol% of 4CzIPN and 4 equivalents of ‘PrCyNH
in polyhaloalkanes 35a-1, the reaction enabled selective acti-
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Scheme 35 Defluorinative alkylation of o-trifluoromethyl arylalkenes
with polychloroalkanes.
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vation of C-X bonds in polychloroalkanes 35a-2 through XAT
processes. It is worth noting that the selective functionali-
zation of C-H or C-X bonds in polychloroalkanes was con-
trolled by the addition of an amine, without the need for toxic
reagents and oxidants.

Eosin Y is an attractive organic photocatalyst due to its low
cost and easy preparation, combined with high photoredox
efficiency and strong absorption throughout the visible-light
region, enabling effective utilization of a broad range of
irradiation wavelengths.”” Chen and co-workers developed a
defluorinative alkylation of a-trifluoromethyl arylalkenes 36b with
N-alkoxyphthalimides 36a using Eosin Y as photocatalyst,
Hantzsch ester (HE) as reductant, K;PO, as base under irradiation
of blue LEDs in MeCN in 2025 (Scheme 36).”" This method
exhibited excellent chemoselectivity, favoring defluorinative alkyl-
ation over competing hydroalkylation pathways, delivered high
product yields, and tolerated a broad range of functional groups,
establishing a highly effective platform for the synthesis of struc-
turally diverse and bioactive fluorinated compounds.

In 2025, Keyume et al reported a visible-light-induced
defluorinative acylation of o-trifluoromethyl arylalkenes 37b
with aromatic carboxylic anhydrides 37a, providing various
v,y-difluoropropenyl ketones 37¢ under irradiation with a 10 W
blue LED at room temperature (Scheme 37).”% In this reaction,
4CzIPN was employed as the photocatalyst, PPh; served as the
reductant, and Cs,CO; was used as the base in DMF. When
anhydride 37d bears an electron-withdrawing substituent (e.g.,
para-Cl) on one aryl ring and an electron-donating substituent
(e.g., para-OMe) on the other, the reaction proceeded exclu-
sively through allylic defluoroacylation, affording product 37e
as the sole product and possible 4-methoxybenzoylation
product 37f was not detected. However, when aryl anhydride
37g bearing one meta-methyl substituent was used as the sub-
strate, a mixture of benzoylation product 37h and meta-methyl-
benzoylation product 37i was obtained in a 54:46 ratio.
Mechanistic studies suggested that reaction selectivity may be
influenced by both electronic and steric effects of substituents
on unsymmetrical anhydrides, with electron-withdrawing
groups tending to facilitate C-O bond cleavage and steric bulk
appearing to control regioselective acyl transfer.

Eosin Y (1 mol%), HE (1.2 equiv.) F F
K3POy (1.2 equiv.)
MeCN, r.t., 12 h, Blue LEDs
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oy ey
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Scheme 36 Defluorinative alkylation of a-trifluoromethyl arylalkenes
with N-alkoxyphthalimides.
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Scheme 37 Defluorinative acylation of o-trifluoromethyl arylalkenes
with aromatic carboxylic anhydrides.

4 Reactions with other
photoinduced systems
4.1 Photocatalysts-free conditions

Since the groundbreaking research reported by Watson’s group
in 2017,” great interests have focused on the reactions of
Katritzky salts, which can be easily synthesized through a one-
step condensation of primary alkylamines with pyrylium salts
and efficiently generate alkyl radicals.”* In 2022, Zhang and
colleagues reported a photoinduced, EDA-complex-mediated
defluorinative alkylation of a-trifluoromethyl arylalkenes 38b
with katritzky salts 38a under catalyst- and metal-free conditions
(Scheme 38).”> This approach afforded a sustainable strategy for
synthesis of gem-difluoroalkenes with a broade substrate scope
and excellent functional group compatibility, and suitability for
late-stage bioactive molecules and drug derivatives. In this reac-
tion, the electron donor-acceptor (EDA) complex formed
between inexpensive organic reductants (electron donor) and
Katritzky salts (strong electron acceptor) drives the transform-
ation. When N-secondary alkyl Katritzky salts 38a-1 were
employed, the reaction typically utilized Hantzsch ester (HE) or
DIPEA as the reductant in DMA under blue LEDs irradiation at
room temperature. Notably, switching to the more economical
reductant Et;N in DMSO under blue LEDs irradiation at 100 °C,
the researchers made a significant observation: N-primary alkyl
Katritzky salts 38a-2 could successfully participate in this reac-
tion. This method is distinguished by using cheap and easily
accessible organic reductants (Hantszch ester or Et;N), thus
enabling catalyst- and metal-free conditions.
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Scheme 38 Defluorinative alkylation of «-trifluoromethyl arylalkenes
with Katritzky salts.

More recently, transient EDA complexes have played a
crucial role in photoinduced organic synthesis by generating
radicals without requiring external transition metals or
organic dye-based photoredox catalysts. In 2024, Fu’s group
described a general photoinduced reductive defluorinative dec-
arboxylative alkylation of o-trifluoromethyl arylalkenes 39b via
an EDA complex formed between iodide salts and
N-hydroxyphthalimide esters (redox-active esters, RAEs) 39a
(Scheme 39).7° These esters were stable and can be easily pre-
pared from the corresponding carboxylic acids.”” The reaction
afforded a variety of gem-difluoroalkenes 39c with broad func-
tional group compatibility.

Aryl and alkyl thianthrenium salts have emerged as signifi-
cant electrophiles or radical precursors for various reactions
mediated by metal or photoredox catalysts. In 2024, Fan and
colleagues disclosed a visible-light-promoted defluoroallyla-
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_NPRth A |
Alkyl” O Ar DMA, rt, 24 h, Blue LEDs i Alkyl
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Scheme 39 Defluorinative decarboxylative alkylation of
a-trifluoromethyl arylalkenes with N-hydroxyphthalimide esters (redox-
active esters, RAEs).
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tion procedure involving a-trifluoromethyl arylalkenes 40a and
aryl/alkyl thianthrenium salts, using DABCO as the initiator
under 36 W blue LEDs irradiation, providing gem-difluoroalk-
enes with excellent functional group tolerance in moderate to
excellent yields.”® Interestingly, when aryl-substituted thian-
threnium salts were used, the desired products 40b could be
obtained in DMSO without adding the photocatalyst 4CzIPN.
In contrast, reactions involving alkyl-substituted salts with
5 mol% of the organic photocatalyst 4CzIPN in CH3;CN to
obtain the corresponding products 40c. The proposed mecha-
nism is shown in Scheme 40. Aryl or alkyl thianthrenium salts
40d interacted with DABCO to form an EDA complex, resulting
in the generation of the alkyl or aryl radicals 40e through a
SET triggered by blue LEDs. For alkyl thianthrenium salts, the
4CzIPN photocatalyst could enhanced the efficiency of SET
and facilitated the generation of alkyl radicals 40e. The rad-
icals then underwent a series of similar processes, including
addition reaction, single-electron reduction, and p-fluoride
elimination, to afford the desired products and furnish the
photoredox cycle. This method is notable for employing the in-
expensive organic reductant DABCO to generate EDA com-
plexes that facilitate radical formation without the need for an
external photocatalyst.

4.2 TBADT as photocatalyst

The direct functionalization of unactivated C(sp*)-H bonds in
alkanes remains a significant challenge in modern synthetic
chemistry. In 2024, Martinez-Balart and co-workers developed
a photoredox-catalyzed HAT protocol that directly cleaves
C(sp®-H bond, enabling the defluorinative alkylation of
o-trifluoromethyl arylalkenes 41b using unfunctionalized
alkanes 41a as radical precursors (Scheme 41).”° Notably, when
using o-trifluoromethyl arylalkenes 41b bearing an electron-
poor ring, a stronger basic system comprising LiOH (3 equiv.)
and K3PO, (1.5 equiv.) selectively afforded the gem-difluoroalk-
enes over the hydroalkylation products. Based on mechanistic

Aryl-TT*~OTf (2 equiv.) Alkyl-TT* ~ OTF (2 equiv.)

FoF DABCO (2 equiv.) CF, DABCO (2 equiv.) FF
I,Aryl DMSO, Ar, rit,, 24 h A,/& 4CzIPN (5 mol%) LAIkyI
A 36 W Blue LEDs CHiCN, Ar rt, 24h  Ar
40b 40a 36 W blue LEDs 40c
-------------------------------- proposed mechanism — -------=--=-=---cccocomooooonny
CF,
Ar/& CF;
Sl )\/AlkyVAryl ;
: ‘ - LN I
) 4CzIPN_ Alkyl/Aryl* 4CzIPN \|/’ ® :
: s e S e |
ET :
.\ o acaipn <= :
photoredox ‘ ’
i ‘ 4CzIPN calaI)I/tlc SET AIkyI OH CF, E
N / \ T .'N . /]\,AIKVVAW'
&
4CzIPN Alkyl— TT AryI/AIky[ TT* Iiiflufnrid.e
OHTf OHTf elimination

EDA complex E E

| Alkyl/Aryl
ArI, ylAry

Scheme 40 Defluorinative alkylation/arylation of a-trifluoromethyl ary-
lalkenes with thianthrenium salts.
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Method 2
Method 1 TBADT (5 mol%)
EF TBADT (3 mol%) LiOH (3 equiv.) Fo UF

K3POy4 (1.5 equiv.)

dry MeCN, rt., 24 h
370 nm lamp 41c

LIOH (1.5 equiv.) CF3
| ~————— R-H + /J\
i R MeCN,rt,24h e

4c 870 nm lamp #1a 41b
Ar = Electron-Rich Ring

representative examples ----------s-ssssssssscssooooooo

FF FF FaF FF
| | | 5 P
=
‘/
Ph NC N

81% (Method 1) 70% (Method 1) 48% (Method 2) 66% (Method 2)

------------------------------- proposed mechanisnigll- - ------------=-==============~
CF3
41b R
AN
R- af
41e Ar” T CF,
W10l H* [W1gOgl*H*
R-H
41aN SET B
o

Decatungstate (SET Electron SET
relay /
\ HB* Ar= Electron-Rich
and Electron-Poor

[W10032]6'2H+ (hetero)Aromatic Ring

W, 0032]4 catalytic cycle /

41d \
\@\ [WigOgol*

¥ 41g R pfluoride N
elimination ‘ R
A~ ~CF, Ar

Scheme 41 Defluorinative alkylation of o-trifluoromethyl arylalkenes
with unfunctionalized alkanes.

investigations and previous studies of TBADT photocatalysis,*
the authors proposed the following reaction mechanism: the
excited-state decatungstate 41d facilitated hydrogen atom
abstraction from the alkanes 41a, generating an alkyl radicals
41e. This radical then added to the o-trifluoromethyl arylalkenes
41b, forming radical intermediates 41f. Subsequently, the inter-
mediates 41f underwent single-electron reduction by the doubly
reduced decatungstate 41g, facilitated by the base, yielding car-
banions 41h, which underwent p-fluoride elimination to
produce the gem-difluoroalkene products 41c. Moreover, satu-
rated hydrocarbons, such as gaseous alkanes, were directly
employed as alkylating agents without the need for pre-activated
radical precursors, enhancing both the step economy and atom
economy of this strategy.

4.3 Semiconductors as photocatalysts

In 2023, Dai’s group reported a heterogeneous photocatalyzed
defluorinative gem-difluoroallylation of 1,3-dimethylimidazol-
2-ylidene borane 42a, which served as the boryl radical precur-
sor, with several a-trifluoromethyl arylalkenes 42b using stable
CdS nanosheets as catalyst in CH;CN under the irradiation of
a 10 W blue LED (Scheme 42).%" In this work, the use of ultra-
thin CdS nanosheets as recoverable heterogeneous photo-
catalyst with high surface area and efficient light absorption
facilitated the photoinduced defluorinative transformation
while allowing easy catalyst recovery and reuse.

FF

Ty
Ar =

|
X2

Scheme 42 Defluorinative gem-difluoroallylation of 1,3-dimethyl-
imidazol-2-ylidene borane with a-trifluoromethyl arylalkenes.

/

NS CF, CdS nanosheets
8w+~ IO

N Ar CH3CN, Ny, r.t., 10 W Blue LED
\ 42a 42b
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5 Conclusions

In summary, we have summarized recent advances in visible-
light-induced defluorinative functionalization of
a-trifluoromethyl arylalkenes, enabling streamlined access to
diversified fluorinated molecules. By harnessing the power of
visible-light photocatalysis, these methods enable mild and
efficient radical-mediated allylic defluorination through single-
electron transfer (SET) processes, followed by f-fluorine elim-
ination. This strategy provides a sustainable and robust plat-
form for constructing privileged gem-difluoroalkene motifs,
which are highly valuable as carbonyl bioisosteres in drug dis-
covery. The ongoing development of these photochemical
approaches, coupled with deeper mechanistic insights and
improved functional group compatibility, has successfully
addressed key synthetic challenges. Consequently, it substan-
tially expands the toolbox for accessing diverse and complex
fluorinated molecules, thereby opening new avenues for the
application of such compounds in medicinal chemistry and
related fields.
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