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State of Knowledge in Photoredox-Catalysed Direct
Difluoromethylation

Jiaxu Feng,*? Xiaodong Jia,* Shuyue Zhang,® Kui Lu,*™* and Dominique Cahard®*

The direct introduction of diverse fluorinated motifs into feedstock molecules and
advanced intermediates is widely studied in pharmaceutical research and drug
development. Among the emerging motifs, the difluoromethyl CF,H is isosteric and
isopolar to hydroxy and thiol, while acting as lipophilic hydrogen donor. These properties
prompted the recent remarkable progress made in direct difluoromethylation. In this
context, photoredox catalysis serving difluoromethylation is a powerful strategy for the
construction of CF,H-containing organic compounds. This review describes the recent
developments in visible-light-mediated radical difluoromethylation by means of easily

accessible sources of CF,H radical donors with emphasis for mechanistic considerations.

1. Introduction

Organofluorine compounds are widely distributed in the
pharmaceutical, agricultural and functional materials
sectors given their beneficial biological, physical, and
chemical properties." Among the significant fluorinated
structural motifs nowadays regularly encountered, the

difluoromethyl group (CF,H) occupies a place of choice.

Several reasons motivate the installation of the CF,H
motif into a wide variety of target compounds; indeed,
its steric and electrostatic parameters match very well
with those of hydroxy and thiol functions, hydrogen
bonding donor capacity is preserved albeit weaker than
the more polar hydroxy and thiol functions, lipophilicity
is increased as well as the metabolic stability.” With this
in mind, it is not surprising that selective positioning of
the CF,H group into complex molecules has become a
flourishing research area in organic synthesis, medicinal
chemistry and also materials science. Within recent
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decades, outstanding progress in difluoromethylation
has been made using direct and indirect approaches
through electrophilic,  nucleophilic, or  radical
processes.> Seminal works on direct radical
difluoromethylation of alkenes was reported using
HCF,l as the difluoromethylating agent as early as 1975
by Tedder’s group and by Chen’s group in 1994.* To
date, radical-based difluoromethylation remains an
advantageous synthetic method for the preparation of
CF;H-containing organic molecules. In the presence of
a light-absorbing metal complex or a metal-free organic
dye (Figure 1), visible-light serves as an ideal external
photonic energy source that is converted into chemical
energy to generate highly reactive intermediate species
in a predictable way under extremely mild conditions
and leaving no waste.> Upon photonic activation, the
light-absorbing catalyst either donate or abstract an
electron to an organic substrate in a single electron
transfer (SET) event to form a highly reactive radical
species. The photoredox approach adheres to the
principles of green chemistry and environmental
remediation and have attracted a great deal of attention
in chemical and pharmaceutical industries.® This
burgeoning technology has been utilised in numerous
SET reactions that include considerable efforts devoted
to the visible-light-mediated fluoroalkylation. Methods
developed for the trifluoromethylation often require
adjustments when extended to difluoromethylation.
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Indeed, a simple change of the number of fluorine atoms
from CF; to CF,H causes modified electronic properties
and redox performance
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Figure 1 Chemical structures of photocatalysts featured in this review.” References® ’;  References™ ¢
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Figure 2 Sources of difluoromethyl radicals. Values of redox potentials are available in references.®"®
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with the use of CF,H radical sources requiring a
stronger reductant compared with CF; radical sources.
In this review, we showcase the application of different
difluoromethylating  agents  under  visible-light
photochemical catalysis for the construction of complex
organofluorine compounds. Further to the publication of
two review articles on photocatalytic
difluoromethylation reactions dated 2019, this vibrant
field has grown considerably as evidenced by circa 45%
of new articles that appeared since then.”® In addition,

This journal is © The Royal Society of Chemistry 20xx

general reviews on difluoroalkylation appeared in the
literature but none of them specifically deal with the
photocatalysed direct difluoromethylation.® °
Therefore, this review is timely to update this rapidly
growing field and is intended to provide the readers
with an overview of photocatalysed direct
difluoromethylation reactions that include applications
and mechanistic details. The development of direct
difluoromethylation reactions was made possible thanks
to the availability of a variety of CF,H donor sources
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(Figure 2); the synthesis of these difluoromethylating
reagents is out of the scope of this review. Indirect
multi-step procedures that require introduction of a
CF,R group (R=CO,R', PO(OR"),, SO;R', SiR';) and
further cleavage for conversion into CF,H are also not
documented hereafter. This review is organized by type
of substrates and sub-divided further by source of
difluoromethyl radical:

1. Introduction
2. Difluoromethylation of alkenes
2.1. By means of HF,CSO,Cl
2.2. By means of [PhsPCF,X]'Br (X = Br, H) or
PhsP*CF,CO,"
By means of (Het)ArSO,CF,H
By means of N-tosyl-S-difluoromethyl-S-
phenylsulfoximine (Hu’s reagent)
By means of diaryl(difluoromethyl)sulfonium
salts
2.6. By means of PhI(OCOCHF,),
2.7. By means of HF,CSO,Na
Difluoromethylation of enol acetates and silyl enol
ethers
Difluoromethylation of alkynes
Difluoromethylation of (het)arenes
Difluoromethylation at C(sp®)-H
Difluoromethylation of isocyanides
Difluoromethylation of (thio)phenols
. ®F Radiodifluoromethylation
0 Conclusion

2.3.
2.4,

2.5.

w

HO@NP’P"P

2. Difluoromethylation of alkenes
2.1 By means of HF,CSO,CI

In 2014, Dolbier and co-workers reported the visible-
light-catalysed difluoromethylation of N-
arylacrylamides toward the synthesis of CF,H-
containing 3,3-disubstituted 2-oxindoles in moderate to
good yields (Scheme 1).* In this radical reaction,
HF,CSO,CI was effectively exploited as difluoromethyl
radical source in the presence of the well-defined
iridium cyclometalated complex fac-I"'(ppy); as
photocatalyst and a compact fluorescent lamp (CFL)
26W, 1600 lumens. A radical addition / cyclisation
mechanism was proposed in which the photochemically
generated CF,H radical reacted at the C=C bond to form
the intermediate radical A that spontaneously cyclised
into B followed by oxidation to give carbocation C and
the subsequent rearomatisation gave the oxindole
(Scheme 1). Worthy of note, other fluorinated 3,3-
disubstituted 2-oxindole systems could be synthesised
through this methodology in the presence of various

4| J. Name., 2012, 00, 1-3

fluorinated sulfonyl chlorides R{SO,Cl provided
Ru"(phen)sCl, (E,""™" = —0.87 V vs SCE in MeCN) is
used in place of fac-Ir'"(ppy)s (Ey,"V"™ = —1.73 V vs

SCE in MeCN). This is attributable to the fact that the
reduction potential of HF,CSO,CI is more negative than
that of perfluoro R{SO,CI.

R3 CFoH
fac-Ir"'(ppy)s (1 mol%) Rl
K,HPO, (2 equiv) o
N
MeCN, tt, 12 h L
R

26W CFL 7 examples
54-829

+ HF,CSO,CI
(2 equiv)

O
N (e}
RZ

Proposed

CFH CF,H
HF,CSO,CI X “Mppy)s 2o 1M (ppy)s @f\/g Ej\/i
o

“CF, ZH 1™V (ppy)s™
CFH

@f @i

CFoH
o
\

B

Scheme 1 Photoredox-catalysed radical difluoromethylation /
cyclisation of N-arylacrylamides. Note: In all Schemes, new
bonds formed are shown in bold.

The same CF,H radical precursor and the same
photocatalyst were used for the direct photoredox-
catalysed  hydrodifluoromethylation of electron-
deficient alkenes under neutral conditions, providing an

efficient strategy for the introduction of the
difluoromethyl group at sites B to electron-withdrawing
groups e.g. amide, Kketone, ester, sulfone and

phosphonate (Scheme 2).** Experimental and DFT
computational data gave evidence that CF,H radical is
nucleophilic in nature and well suited to react with
electron-deficient  alkenes. In  this  reaction,
tris(trimethylsilyl)silane acted both as hydrogen atom
donor and electron donor in the radical process.

fac-Ir''(ppy)3 (0.5 mol%)

H
(TMS)3SiH (2 equiv)
HF,CSO,Cl  + Z EWG HFzC\)\ EWG
MeCN, rt 20 examples
26W CFL 22-99%
Proposed
HF,CSO,CI Al =
(TMS),Si*
j cr
‘CF,H v (TMS);SiCl
EWG (TMS);Si*
=/
7 HESITMS)y

H
\/ HF;C\)\EWG

HFQC\/'\EWG

Scheme 2 Photoredox-catalysed reductive

difluoromethylation of electron-deficient alkenes.

Later, Dolbier’s group described photoredox-catalysed
intramolecular amino- and oxy-difluoromethylation
reactions with sulfonamides and esters, respectively,

This journal is © The Royal Society of Chemistry 20xx



featuring a remote unactivated olefin moiety. Here,
Cu'(dap),Cl (E1,""" = —1.43 V vs SCE in MeCN) was
selected as catalyst; upon photoexcitation, Cu'(dap),*
generates a long-lived excited species *Cu'(dap),” (t =
270 ns). This strong reductant, yet weaker than fac-
Ir'"'(ppy)s, donates an electron to HF,CSO,CI to afford
the required CF,H radical. The overall process is a
cascade addition / oxidation / cyclisation either with the
nitrogen nucleophile to end up with CF,H-containing
pyrrolidines or with the oxygen nucleophile to give
lactones in moderate to good vyields with great
functional group compatibility (Scheme 3).** Note that
when both sulfonamide and ester moieties are present in
the reactant, the lactone was obtained as unique product.
Mechanistic investigations demonstrated that copper
catalyst and silver carbonate are essential for this
cyclisation reaction in order to suppress the formation of
chlorodifluoromethylated byproducts.

from sulfonamides

R R Cul(dap),Cl (1 mol %) R CFH
Ag,CO3 (2.0 equiv,
K NHTos HF,CS0,CI ;€03 (2.0 equiv) R .
. o \ 12 examples
(2 equiv) DCE,JV\CI) C}C:,L18 h Tos 20-95%
Proposed
¥
CF,H
HF,CSO,Cl ol == el O —H* )Ewcsz
R NHTos N
AgCl -CI, - S0, R Tos
~___
Ag*
‘CFH cu'
~ .
X CF,H
R NHTos R NHTos
R R
from esters f 2
Rl R? Cul'(dap),Cl (1 mol %) R CFH
Ag,CO3 (2.0 equiv; 1
/\)S(OME + HF,CSOCI 92C03 (: quiv) Rj;(}_/
o (2 equiv) DCE, 70 °C,18 h o
visible light 3 examples

50-90%

Scheme 3 Photoredox-catalysed intramolecular
difluoromethylation / cyclisation of sulfonamides and esters.

Another example of photoredox-catalysed
intramolecular difluoromethylation employed
unactivated alkenes that feature a remote aromatic
group. This mild method provided a new strategy for the
construction of carbocycle rings, essentially CF,H-
substituted tetralin derivatives through a 6-exo radical
cyclisation (Scheme 4).° Crucial to get good to
excellent yields was the use of a monochromatic blue
LED and the presence of the gem-diester motif
responsible for the Thorpe-Ingold effect (yield was only
8% without this motif). Two examples of indan-cored
derivatives were also presented by varying the number
of methylene spacers in substrates.

This journal is © The Royal Society of Chemistry 20xx

R\ N fac-Ir''(ppy)s (2 mol%) CFaH
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S~ + HRCSOL ——————— ‘\ N
@ equiv) MeCN, 1t, 18 h _ COzEt
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EtO,C  CO,Et 15 examples
49-87%
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’ CF,H CF,H
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"CFH IM(ppy)s™

> CFoH CFoH

[~ H
~
CO,Et CO,Et O‘ COEt

CO,Et CO,Et CO,Et

other examples

CFoH CFoH
(:(5 8% @é 64%

Et0,C~ "COLEt
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7@{

R=H, 48%

R = CO,Me, 98%
£, COZEt 2

Scheme 4 Photoredox-catalysed intramolecular
difluoromethylation / cyclisation of unactivated alkenes with
a remote aromatic group.

In 2016, Dolbier and co-workers extended their

pioneering work to the visible-light-induced
difluoromethylation of N-benzylacrylamides with
HF,CSO,CI affording a  broad range  of

difluoromethylated 2-azaspiro[4,5]deca-6,9-diene-3,8-
diones through a cascade cyclisation / dearomatisation
process (Scheme 5).° As was the case with N-
arylacrylamides, fac-Ir'"'(ppy); was the appropriate
photocatalyst for efficient generation of the
difluoromethyl radical along with the formation of an
oxidative Ir'Y species through single electron transfer.
This Ir'Y subsequently oxidised radical species B
regenerating the Ir'"' catalyst. The substrate scope was
large with great functional group tolerance.
Difluoromethylated azaspiro ring system bearing two
adjacent quaternary stereocenters were obtained in
moderate to good yields under mild conditions. This
piece of work is part of a larger study exploring various
fluorosulfonyl chloride toward the access to various
fluorinated spirocyclohexadienones. The proposed
mechanism revealed that added water might stabilise
carbocation C and thus promote the desired catalytic
cycle.

J. Name., 2013, 00, 1-3 | 5
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Scheme 5 Photoredox-catalysed radical difluoromethylation /
cyclisation of N-benzylacrylamides.

Very recently, in 2022, Dolbier, Zhang, Zhou and co-
workers developed a photocatalytic difluoromethylation
of a, B-unsaturated arylsulfonylated amides by means of
HF,CSO,Cl, affording selectively  either  B-
difluoromethyl amides or CF,H-containing heterocyclic
compounds depending on reaction conditions. On
exposure to irradiation by means of a blue light, CF,H-
containing heterocyclic products were obtained in
moderate to good yields through a cascade radical

addition, ipso-cyclisation and Smile-type rearrangement.

Conversely, the chemoselectivity was changed and f-
difluoromethylated amides were formed by adding H,O
and changing the light source to visible light (Scheme
6).17

O  CFH

visible light RZ
ont N 12 examples

1 909
CFH | HO R 52-90%

O)’ﬁ( *N-g2 Ar. O
|
blue LEDs O N
= A PR
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-S0, CX >
“CFH 1™V (ppy)s**

b

CFoH
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| il
O _y+ P R o L
R H O er MRS R H /5;\

Scheme 6 Photocatalytic difluoromethyl(aryl)ation of o,f-
unsaturated amides.
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Chemists in the private industry hypothesised that the
photocatalysed oxidative difluoromethylation could be
extended to N-arylvinylsulfonamides. The reaction
indeed was successfully applied to afford
difluoromethylated 1,3-dihydrobenzo[c]isothiazole 2,2-
dioxides in good yields on three examples (Scheme 7)."®

CF,H
[I{dFCF3PPy},(dtbpy)]PFg (5 moloe) R ?
15 W blue LEDs _0
+ HF,CSO,CI N/S‘:o

. K,HPO, (2.0 equiv)
(2 equiv) DCM, rt, 18-24 h \

R
Tk
e

R =H; 86%
R = Me; 82%
R =Ac; 80%

*NCRH
Qe
7"\\0
/ e
H d\y\(

‘rm v
r t‘/ o CFH
N~ 0
|
’ oCFH STCRoH
Il /
N’

HF,CS0,CI substrate

- so2

Scheme 7 Visible-light-promoted radical cyclisation of N-
arylvinylsulfonamides.

2.2. By means of [PhsPCF,X]'Br~ (X = Br, H) or
Ph;P"CF,CO,"

Using readily available solid
bromodifluoromethyltriphenyl phosphonium bromide in
place of the volatile dibromodifluoromethane motivated
Qing and co-workers to generate CF,H radical under
visible-light irradiation for the direct introduction of the
CFH group onto alkenes leading to
hydrodifluoromethylated products (Scheme 8).* The
source of hydrogen was either water or THF. A wide
range of sp-difluoromethylated compounds were
prepared that include analogues of biologically active
compounds such as Allethrin, Rotenone, and
Vinclozolin clearly demonstrating the potential of the
method and its great functional group tolerance. Apart
from one case of a gem-disubstituted olefin (Rotenone-
CF;H), all substrates were monosubstituted olefins.
Mechanistic investigation indicated that deconstruction
of the reagent [PhsPCF,Br]'Br gave the
difluorocarbene that combined with hydrogen bromide

and triphenylphosphine to form the
difluoromethyltriphenyl phosphonium bromide
responsible of CF,H radical transfer. Addition of

sodium iodide was also beneficial to the reaction yield
as it offered another path to [PhsPCF,H]'Br  via
iododifluoromethane. The oxidative quenching cycle
was best performed with fac-Ir"'(ppy)s as the catalyst
and blue LEDs as light source (Scheme 8).

This journal is © The Royal Society of Chemistry 20xx
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blue LEDs
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il ' i patha
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propagatlon I
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CFoH
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MeO

Vmclozolm -CFH

R
[Ph3P CFoH] X T eRH
H

R
~NCRH

OMe
Rotenone-CF,H

Allethrin-CF,H

Scheme 8 Visible-light-induced hydrodifluoromethylation of
alkenes.

Qing group further synthesised the putative reagent
[PhsPCF,H]'Br for its direct application in a new
visible-light-promoted  oxydifluoromethylation  of
styrenes allowing the preparation of CF,H-containing
alcohols and ethers in moderate to good yields under
mild conditions (Scheme 9).% While mono- and
disubstituted olefins in styrene derivatives gave the
desired products, trisubstituted ones failed to react
because of greater steric hindrance. Of several
photocatalysts evaluated, fac-Ir"'(ppy)s, which is a
stronger reductant than Ru- and Ir-polypyridyl
complexes and the organic dye Eosin Y, was the only
one to promote the oxydifluoromethylation reaction.
The main points of the proposed mechanism are the
reduction of [PhsPCF,H]"Br to deliver the CF,H radical
that adds to the styrene, a subsequent oxidation of the
intermediate to give a benzylic carbocation and
concomitant regeneration of the photocatalyst, finally a
nucleophilic attack of carbocation by alcohols or water
to afford the desired products. Importantly, no
brominated product was observed albeit bromide anions
are inherently present.

This journal is © The Royal Society of Chemistry 20xx
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H,0 or ROH, rt
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i

fac-IrV(ppy)s fac-Ir"'(ppy)s
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roH A

A _cFH
Ar/\/CFZH /

Br + ‘CF,H

Ar/\

Ar/\,CFZH

Scheme 9 Visible-light-promoted oxydifluoromethylation of
styrenes.

In order to develop a bromodifluoromethylation reaction
under photoredox catalysis, Qing and co-workers found
that the addition of a copper Il salt, Cu(OAc),, CuBr,, or
CuSQ,4.5H,0, favored the bromide incorporation at the
expense of the hydrodifluoromethylation, in particular
CuBr, was very efficient provided that it is used

catalytically (Scheme 10).% Using
difluoromethyltriphenyl phosphonium bromide as the
CF,H radical source, the photoredox

bromodifluoromethylation was performed on a broad
alkene scope in good to high yields. Additionally,
bromodifluoromethyl  alkenes  easily  underwent
dehydrobromination by quenching the reaction with
DBU. Mechanistic investigation revealed that CuBr,
could promote this reaction via an alkylcopper species
(path c¢) but the exact role of the copper salt was not
clearly demonstrated.

1M(ppy)s (3 mol %) IM(ppy)s (3 mol %)

Br blue LEDs [Ph3PCF,H]"Br~ blue LEDs
o A _cron CuBr, (0.2 equiv) . Cubr, (02equy) N\ CFaH
21 examples DMF, 1t, 10 h A DMF, rt, 10 h 4 examples
71-94% yields R then DBU. 10 h 75-83% yields
' 3.5:1-97:3 E/Z
Proposed
[PthCFzH]BX *fac-Ir''(ppy)s >
Br+'CFH fac-IrV(ppy)s fac-Ir"'(ppy)s
R/\
path a
N CFH RN CFH )\,CFZH

CuBr, path b Br
path ¢ [ji/

CF,H
R 2!

Scheme 10 Visible-light-promoted bromodifluoromethylation
of alkenes.

The more substituted is the olefin the more difficult is
the radical difluoromethylation. Nevertheless,
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tetrasubstituted alkenes such as those in 3-alkylidene
indoles were successfully reacted with [PhsPCF,H]'Br-
under photoredox catalysis. This method provided a
new strategy for the direct introduction of CF,H into
oxindole scaffold, which commonly exists in natural
compounds, biologically active compounds and
valuable synthetic intermediates (Scheme 11).* This
reaction is apparently a hydrodifluoromethylation of the
C=C bond but going into the details, the authors
proposed that radical intermediate A, formed by
addition of CF,H radical, was reduced by iodide anion
to form enolate B that was protonated by trace of water
present in the reaction system. This way, novel
difluoromethylated oxindoles featuring a C-CF,H
quaternary center were constructed.

R4 R4R®
5 CFoH
R I (ppy)s (3 moloe) 2
S blue LED: S
R 0 + [PhPCRH!Br _ S | gl o
& N ) (3 equiv) KI (2 equiv) # N "
R CH4CN, 11, 10 h R

15 examples
44-91% yields

Proposed

PhyPCF,H]*Br il 2 R3
[PhgPCFH] (Ppy)s \' cEH
—PhgP, —Br- I (ppy)s RIS °
=
"CFH IMV(ppy)s /&‘ I .
-
R; RS
L r2R®

R o CFoH

= N A

\ B
4 d
R RI-- o
¥z

Y
;UZ%\‘
S

Scheme 11 Visible-light-promoted hydrodifluoromethylation
of 3-vinylidene indoles.

Olefin moiety found in enamides were also subjected to
studies of the photoredox-catalysed difluoromethylation.
Indeed, enamides are privileged scaffolds for a large
range of chemical transformations. In this context, Zhao,

Loh and co-workers reported the regio- and
stereoselective photoredox-catalysed
difluoromethylation of enamides using

difluoromethyltriphenylphosphonium bromide (Scheme
12)”* A broad range of E-configured p-
difluoromethylated enamides were synthesised under
very mild conditions using blue LEDs and a catalytic
amount of fac-Ir'"'(ppy)s. Based on literature precedence,
the proposed reaction mechanism involves carbocation
A in equilibrium with iminium B and a further
deprotonation via the preferential conformer | having
less steric constraints than 11 and ending up to the E-
configured enamides. These enamides were further
transformed into relevant difluoromethyl-containing
isoquinolines, reduced into amines and hydrolysed to a-
difluoromethylated ketone.
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IM(ppy)s (2.5 mol%) O
15W blue LEDs AN'RZ

R*J\

CFH

o
A, w
BN

+ [PhyPCF,H]'Br

26 examples
35-91% yields
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Scheme 12 Stereoselective difluoromethylation of enamides.

Kim and co-worker developed a visible-light mediated
difluoromethylation of  1-(1-arylvinyl)cyclobutanol
derivatives followed by a 1,2-carbon migration causing
ring expansion. The optimised reaction conditions
required [PhsPCF,H]*Br, fac-Ir"'(ppy); and blue LEDs
in the presence of 20 mol% of copper acetate (Scheme
13).24 In this example, CF,H donors such as 2-
((difluoromethyl)sulfonyl)benzo[d]thiazole and N-tosyl-
S-difluoromethyl-S-phenylsulfoximine did not deliver
the expected reaction product nor the use of Ru-based
and organic photocatalysts. The role of Cu(OAc), was
to facilitate the oxidation of radical intermediate A into
carbocation B, which is subject of ring expansion.
Various 1-(1-arylvinyl)cyclobutanols bearing electron-
neutral, -withdrawing and -donating aryl groups were
engaged in this transformation to access a class of
difluoromethyl-substituted cyclopentanone derivatives
in moderate to good yields under mild conditions.

OH
ArJZ;

Proposed

fac-Ir"(ppy)s (3 mol%)
5W blue LEDs (455 nm) o

Ar
+  [PhsPCR,H]*Br _CU(OAC), (20 mol%) CFH

(3 equiv) DMSO, rt
9 examples
45-89% vyields

[PhgPCF,H]*Br

*fac-IM"(ppy)s

“CF,
' H fac-IrV(ppy)s
fac-Ir'l(p,

HF,C
pPH OH
PY)3 Ar”e Ar
A
I
HF,C /2' Cu
H o
D cu'l Ar
ArT Y CF,H
B

Scheme 13 Cascade photoredox difluoromethylation / ring
expansion.
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Another type of ring expansion was reported by Wu,
Wang, Li and co-workers who developed a visible-light-
induced radical difluoromethylation of
methylenecyclopropanes to synthesise
difluoromethylated 1,2-dihydronaphthalenes (Scheme
14).%> In this approach, [PhsPCF,H]'Br served as the
CF,H source under photoredox catalysis with the aid of
fac-1Ir"'(ppy)s. Several aryl substituents were tolerated
except the nitro group that was not compatible under the
reaction conditions. A radical mechanism was
evidenced through radical trapping experiments with
detection of aryl-TEMPO adducts. The blue LEDs
photoexcited fac-Ir"'(ppy)s* allowed to generate the
CF,H radical that reacted with the substrate to form the
cyclopropylcarbinyl radical A and further ring-opening
into radical B. Next, B cyclised into C and C was
oxidised by fac-Ir'V(ppy); into the cationic species D
with release of fac-Ir'"'(ppy)s. In a final step, a
deprotonation afforded the difluoromethylated 1,2-
dihydronaphthalene  scaffold. =~ When  diphenyl
methylenecyclopropane was used as substrate, the
dihydronaphthalene was not observed but instead the
linear product corresponding to the capture of bromide
anion was produced in 67% yield (Scheme 14).

fac-Ir"(ppy)3 (3 mol%)
KH,PO, (1 equiv)

+ [PhsPCFH'Brm  — .
(3 equiv) 5-15W blue LEDs, Ar

DMF, 1t, 24h

R
N CF,H
04

11 examples
33-60% yields

ring-opening

Proposed
: N radical addition : P (CFZH/_$©/)/CF7H
fac- Ir'V(ppy)s

HF,C. J
oxidation
HF,C. HF,C,
- H

*fac-| Ir"'(ppy}3 fac-Ir'(ppy)s

a special case
O fac-Ir(ppy)s (3 mol%) O
KH,PO, (1 equiv) 67%
y [PhgPCFHI'BF =~ |
X blue LEDs, Ar X Br
(1.5 equiv)
O \/ DMF, 1t, 24h .

Scheme 14 Visible-light-promoted functionalisation of
methylenecyclopropanes.

In 2021, Wu’s group developed a cascade visible-light-
mediated radical difluoromethylation / cyclisation to
synthesise variously decorated quinazolinones featuring
a fused six-membered ring from N-alkenyl starting
quinazolinones and
difluoromethyltriphenylphosphonium bromide (Scheme
15).® Here again, the photocatalyst fac-Ir'"(ppy)s
proved to be superior to Ru(bpy)s;Cl,.6H,0, [Mes-
Acr’]CIO,, and eosin Y that are inefficient in this

This journal is © The Royal Society of Chemistry 20xx

transformation. This protocol could be used in the
preparation of pharmaceutically valuable
difluoromethylated  tricyclic  quinazolinones by
formation of a new five- to nine-membered fused-ring
and even tetracyclic derivatives from substrates
possessing an additional ortho substituted phenyl on the
lateral chain. Mechanistic insights were obtained in
reactions run in the presence of TEMPO and 1,1-
diphenylethylene that led to considerably lower yields
or absence of desired reactivity, respectively. The
characterisation of radical trapping products was done
by GC-MS. Moreover, On-Off  experiments
demonstrated that the products were formed only under
visible-light irradiation. The photoexcited fac-
I (ppy)s* reduced [PhsPCF,H]*Br to form the CF,H
radical together with the oxidant fac-Ir'(ppy)s by single
electron transfer. Next, attack of the CF,H radical onto
the terminal C=C bond of the substrate gave radical A
that cyclised into intermediate B and rearranged into the
carbon radical C by 1,2-hydrogen shift. Then, oxidation
of C by fac-Ir'V(ppy); gave carbocation D and the final
product after deprotonation.

fac-I'"(ppy)3 (2 mol%) H h
3Wblue LEDs (470 nm) X NE e
R

R~ + [PhgPCFH]'BrF —————————> R—
A DMA, 1t, 12 h ' )
(2 equiv)

28 examples CF,H
36-76% yields

@éw

_phap e \cycnmon
@ﬁ? Cﬁ@
T ENve ke

CFZH

[PhSPCFzH] Br "CF,H

addmon

il v
Photoredox
Cata\yss
I

Scheme 15 Photoredox radical
unactivated alkenes / cyclisation.

1,2-H shift

D

difluoromethylation of

Difluoromethylene  phosphobetaine  (PhsP*CF,CO, ",
PDFA), which was previously developed for Wittig
difluoroolefination could also deliver the CF,H radical
upon decarboxylation. In 2019, Xiao and co-workers
reported the photocatalysed cyanodifluoromethylation
of alkenes with PhsP"CF,CO, in the presence of
NaNH, or NH; (Scheme 16).” In this methodology,
Ph;P*CF,CO, served not only as the CF,H source but
also as CN carbon source. As shown in Scheme 16, the
cyanide anion was generated in situ under mild
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conditions, providing an eco-friendly and efficient
procedure for the preparation of CF,H/CN-containing
molecules. A copper source was crucial to allow the
reaction to proceed and Cu(l) iodide was selected after
screening various salts. It has been suggested that a
Cu(ll) cyanide was formed by oxidation with fac-
r'V(ppy)s and it further reacts with radical intermediate
A leading to the Cu(lll) complex B. Reductive
elimination offered the desired cyanodifluoromethylated
product while regenerating Cu(l). Path (a) was preferred
to path (b) (Scheme 16) because no nucleophilic
trapping of carbocation C was observed despite the
presence of a good nucleophile (NaNH) in the reaction
mixture.

fac-1r''(ppy)3 (2 mol%)

Cul (10 mol%) CN
NaNH,
RN + PhP'CRCOy + o blue LEDs (ARt
N .\ DMAc or DMF, it, 12h 29 examples
@sequy) (375 equi) o 30-79% yields
Proposed
- e ~H
PhgP*CF,CO,~ :cF, NaNH CN'\ P 'N’) £ -F Hi=
Y HXS .
—HF -H* HF
T N=cH ZHL on-
PhgP*CF,H X~ PhsP*CF,CO5~
PhgP + "CF,H \
I I™V(ppy)s 1" (ppy)s
A _crH
R ~
A R on-
i CN-, Cul
1 cul'eN cul oN
1V .
RANSCFH PP AR Ao
c path b A
pathay_ cytien
s A CFH

B

Scheme 16 Photoredox radical cyanodifluoromethylation of
alkenes.

In 2020, Dilman group proposed an elegant visible-
light-induced iododifluoromethylation of terminal
alkenes by means of iododifluoromethylphosphonium
triflate. Activation of the C-I bond was accomplished
by peri-xanthenoxanthene (PXX) under blue-light
irradiation (Scheme 17).*® Standard Ir- and Ru-
photocatalysts gave 33% yield at the best whereas
organic photocatalysts 1,2,3,5-tetrakis(carbazol-9-yl)-
4,6-dicyanobenzene (4CzIPN) and N-Ph-phenothiazine
gave 46 and 19% yields, respectively. The reaction is
large in scope as soon as the alkene is terminal and
isolated from functional groups. Alkenes bearing
nitrogen heterocycles and internal alkenes were
ineffective in this approach under standard conditions.
As showed in the proposed mechanism, the
phosphonium-substituted radical A was formed via
reductive cleavage of the C-I bond. Next, the key
phosphonium B was generated through sequential
addition on the double bond and acceptance of the

10 | J. Name., 2012, 00, 1-3

iodine radical formed concomitantly with the
regeneration of PXX. Finally, the desired product was
obtained under protodephosphorylative treatment of B
with collidine and water.

PXX (0.5 mol%)

visible PPhj3 (0.25 equiv) |

+ \F light + 9. blue LEDs, rt, 24 h F
Ph3P/K . Ph3P/Q‘|:F TS — ;/\)\R
¥ then, collidine
MeCN, H,0 16 examples

AR 80°C,1.5h 40-78% yields
Proposed

|

+ F
Phap—F PheP—Y 4
F

E

PXX A

o
QLI
98e LA )7
o @ ™ exx r
b3

B A

Scheme 17 Visible-light-promoted iododifluoromethylation
of alkenes.

2.3. By means of (Het)ArSO,CF,H

Fluorinated sulfones have been developed as
fluoroalkylating agents in several new constructions of
highly valuable fluorine containing molecules. Although
challenging, the radical difluoromethylation by HF,C—
SO,R cleavage was tamed notably under visible-light
photoredox catalysis. In 2016, Fu and co-workers
developed a photocatalysed radical
oxydifluoromethylation of substrates bearing both an
olefin and an amide function delivering a number of

CF;H-containing  heterocycles,  which  include
benzoxazines and oxazolines (Scheme 18).% By testing
various CFH transfer reagents (e.g.

difluoromethylsulfones and Hu’s reagent (N-tosyl-S-
difluoromethyl-S-phenylsulfoximine), it was found that
2-[(difluoromethyl)sulfonyl]benzothiazole best
performed as CF,H radical source. The appropriate
photocatalyst was here again fac-Ir'"'(ppy)s for its high
reduction capacity in the excited state. Under blue LEDs
irradiation, the excited state [fac-Ir"'(ppy)s]* was
oxidised by the difluoromethyl sulfone to generate a
[fac-Ir"V(ppy)s] " complex and the desired CF,H radical.
In this cascade radical addition and cyclisation process,
the role of the sodium carbonate was to assist the final
deprotonation toward difluoromethylated heterocycles
(Scheme 18).
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Scheme 18  Visible-light-promoted
difluoromethylation / cyclisation.

19 examples
56-93% yields

or CFH
5 examples
I>[/>_R 85-93% yields

CFH

substrate
—

CFH

radical cascade

For another type of cascade difluoromethylation /
cyclisation under identical conditions, Fun and co-
workers in 2019 started from B, y-unsaturated oximes
and 2-[(difluoromethyl)sulfonyl]benzothiazole, which
under blue LEDs irradiation furnished the
corresponding isoxazoline derivatives in moderate to
excellent yields (Scheme 19).** A radical mechanism
was suggested based on literature precedence and
authors’ own observations.

fac-Ir'(ppy)3 (2 mol%) o)

5W Blue LEDs T\\)(\CFZH
RZ

1
14 examples
55-84% yields

CRH
C[E}—SOZCFZH *mu/—i\\"n, ﬂ\):
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Rl R+ @[S\%sochzH

Proposed

NaHCO3, CHyCN

base, - H* lcyclisation

MCFQH

‘CF,H
CF,H

w NOH
RY R? RY ’ R?

Scheme 19 Visible-light-induced difluoromethylation of B, y-
unsaturated oximes.

In 2019, Liu and co-workers utilised difluoromethyl 2-
pyridyl sulfone as CF,H radical source in the tandem
radical  addition/cyclisation of  N-arylacrylamides
(Scheme 20).* With assistance of visible light, two
libraries of difluoromethylated 2-oxindoles (Scheme
20a) and quinoline-2,4-diones (Scheme 20b) featuring a
range of functional groups were prepared in moderate to
good vyields under mild conditions. In the former case
the radical intermediate cyclised on the aryl ring while
in the latter case the cyclisation occurred at the nitrile
substituent. For quinoline-2,4-dione synthesis, water
realised the final imine hydrolysis as demonstrated in an

This journal is © The Royal Society of Chemistry 20xx

COMMUNICATION

experiment with H,*®0 and incorporation of *®0 into the
final product. Sodium bicarbonate was the appropriate
base and tetra-butyl ammonium fluoride (TBAF) was
suggested to act as phase-transfer catalyst.

CFH
17'\
R o
Z N

R2
16 examples

(@)
fac-Ir'(ppy)s (1 mol%)
AS 3
Rl{)\ f . @/SOZCFZH 6W blue LEDs
NS0 N =
R2 Z DMSO, Na,COj, air, 1t

R? = Me, Ph, Bn, CH,CO,Me

34-80% yields
® o
fac-Ir'(ppy)3 (1 mol%)
C{ N OSOZCFZH 6W blue LEDs (\:\HYCFZH
R R
NaHCOj3 (2 equiv) Z N [e]
TBAF (2 equiv) |
THF/H,0 1:1, rt 11 examples
43-75% yields

7 TN

*ll Tl

O/SOZCFZH

Irv
‘CF,H

S @v
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Scheme 20 Visible-light-promoted tandem radical cyclisation
of N-arylacrylamides.

CFZH

0

A few months later, Zhu and co-workers employed 2-
[(difluoromethyl)sulfonyl]benzothiazole  instead  of
difluoromethyl 2-pyridyl sulfone for basically the same
radical difluoromethylation and cyclisation of N-
arylacrylamides (Scheme 21).3 Under photoredox
catalysis, a set of CF,H-containing heterocycles was
prepared from mainly N-arylacrylamides (Scheme 21a)
but also from two methacryloyl benzamides (Scheme
21b) and one ortho-cyano arylacrylamide (Scheme 21c).
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Scheme 21 Synthesis of CF,H-containing heterocycles
starting from N-arylacrylamides.

In fact, the reaction of N-methacryloyl benzamides was
introduced earlier in 2017 by Zou group. A visible-
light-promoted difluoromethylation / cyclisation was
developed to access CF,H-containing isoquinoline-
1,3(2H,4H)-diones through a mild radical process
(Scheme 22).% Optimisation of the reaction conditions
led to the selection of 2-
[(difluoromethyl)sulfonyl]benzothiazole as  CF,H
radical precursor and fac-Ir'"'(ppy); as photocatalyst.
The reaction accommodated both electron-withdrawing
and electron-donating substituents regardless of their
position on the phenyl ring. However, an unprotected
methacryloyl benzamide was not suitable in this
synthetic approach. In the proposed mechanism, the
intermediate B was generated through intramolecular

cyclisation on the aromatic ring of intermediate A. Then,

B was oxidised by [fac-Ir"(ppy)s] " to afford the key
cyclohexadienyl cation C and regenerating the
photocatalyst. Finally, the heterocyclic product was
formed through deprotonation of cation C with the
assistance of sodium carbonate.
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Scheme 22 Synthesis of CF,H-containing isoquinolinediones.

In 2020, Sheng group described an interesting general
three-component tandem reaction from aryl allylamines,
2-[(difluoromethyl)sulfonyl] benzothiazole and
isocyanates affording various difluoromethylated
oxazolidin-2-imines under mild conditions (Scheme
23).3* The oxazolidine-2-imine skeleton exists in
biologically active compounds as well as in several
useful synthetic intermediates. It is noteworthy that
Ru"(bpy)sCl,.6H,0 was superior to fac-Ir'"(ppy)s; for
which a 28% lower yield was measured. With regard to
the base, DABCO in DMF gave better yields. A radical
reaction mechanism was proposed; it was argued by
experiments and quantum chemical calculations. The
photo excited Ru"* was reduced by DABCO into Ru'
that triggered 2-[(difluoromethyl)sulfonyl]
benzothiazole to deliver CF,H radical. In parallel, the
condensation of allylamine with isocyanate gave
intermediate A, which reacted with the CF,H radical to
give radical B. B is further oxidised by Ru'* (path a)
and/or  react with  2-[(difluoromethyl)sulfonyl]
benzothiazole through a single electron transfer reaction
to generate the carbocation C (path b). Finally, the
cyclisation of C ended up with the desired
difluoromethylated oxazolidin-2-imines (Scheme 23).
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Scheme 23 Visible-light-promoted three-component tandem
reaction.

24. By means of N-tosyl-S-difluoromethyl-S-
phenylsulfoximine (Hu’s reagent)

N-tosyl-S-difluoromethyl-S-phenylsulfoximine  (Hu’s
reagent) was initially developed as a useful source of
difluorocarbene for the difluoromethylation of diverse
nucleophiles. Akita, Koike and co-workers employed
Hu’s reagent as CF,H radical precursor under visible-
light conditions in the regioselective
oxydifluoromethylation of alkenes in order to access
various CF,H-substituted alcohols, ethers and esters
(Scheme 24).*° The optimised protocol exhibited great
functional group compatibility in the presence of
photocatalyst fac-Ir'"'(ppy)s. Other photocatalysts such
as  [Ru'"(bpy)sl[PFel. and [Ir"'(ppy).(dtbbpy)][PFe]
failed to produce the desired CF,H radical. The reaction
did not work in the dark nor in the absence of
photocatalyst. The reactions were carried out in acetone
and water to provide CF,H-substituted alcohols and in
DCM / alcool or AcOH to end up with CF,H-substituted
ethers or esters, respectively. Mechanistic insights were
obtained allowing to propose a reaction mechanism
(Scheme 24). First, the photocatalyst fac-Ir'"'(ppy); was
excited by the blue LEDs to give the excited species
[fac-I"'(ppy)s]* that served as strong one-electron
reductant to undergo single-electron transfer to Hu’s
reagent concomitantly to the generation of the oxidised
species  [fac-Ir'V(ppy)s]". Reduced Hu’s reagent
fragmentised into the CF,H radical and sulfinamide A.
Then, CF,H radical reacted with the alkene substrate in
a regioselective fashion to give the stabilised radical
intermediate B, which was then oxidised by [fac-
rV(ppy)s]” to generate the CF,H carbocationic
intermediate C together with regeneration of the ground

This journal is © The Royal Society of Chemistry 20xx

state photocatalyst. In a final operation, the
carbocationic intermediate C underwent solvolysis by
ROH to afford oxydifluoromethylated products.

o NTs fac-IM"(ppy)s (2.5 mol%) OR

1 FoH
R NRY S gy 2X3Wblue LEDS (425 nm) RZJ\(C X
acetone/H,0 or DCM, 1t, 24 h R
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Ph”” NHTs ¢
A

Scheme 24 Synthesis of CF,H-containing alcohols, ethers and
esters.

The same year, the same group reported a photoredox
catalysed difluoromethylation of aryl-fused
cycloalkenylalkanols allowing highly diastereoselective
access to anti-CF,H-containing spiroethers using Hu’s
reagent as CF,H radical source (Scheme 25).%° As
showed in the plausible reaction mechanism, an anti-
fashion intramolecular nucleophilic attack of the key
carbocation intermediate by alcohol afforded anti-
fluoromethylated spiroethers presumably because the
nucleophilic attack is favored through the opposite side
of the electronegative fluoromethyl group.

fac-Ir'\(ppy)s (5 mol %)
o, NTs

HO. ~CF3l
‘ . .
< 2x3W blue LEDs (470 & 425 nm)
+
Ph” > CF,H
2,6-lutidine (1.1 equiv) R = H: 54%, 94:6 dr

R CHaClp, 78 °C, 24 h R R=0Cl;38%, 92.8 dr
R = OMe; 56%, 93:7 dr

; CFQH

photoredox
SET process
%

Scheme 25 Diastereoselective visible-light-promoted radical
synthesis of CF,H-substituted spiroethers.

o, NTs
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Ph” 7 CF,H

/

"CF,H

Akita, Koike and co-workers further reported in flow
blue LEDs-induced keto-difluoromethylation of readily
available alkenes delivering a wide range of a-CF,H-
substituted ketones in good yields in a residence time of
30 min (Scheme 26).* A combination of Hu’s reagent

J. Name., 2013, 00, 1-3 | 13



(source of ‘CF,H), DMSO (source of oxygen) and fac-

I'"(ppy)s (source of strong oxidant Ir'V(ppy)s]™) was
found optimal under blue LEDs irradiation. Base-free
conditions are fine in most cases; however, added
sodium benzoate improved the yields in tougher cases
though a Kornblum oxidation. Electrochemical analysis,
laser flash photolysis and DFT calculations
demonstrated that Hu’s reagent was the best
difluoromethylation reagent by comparison with other
sulfone-based CF,H reagents. Mechanistic studies
suggested the key alkoxysulfonium intermediate B was
generated through nucleophilic attack of intermediate A
by DMSO rather than a deprotonation. Then, the desired
product was reached from intermediate B through two
possible pathways: via Kornblum-type oxidation or via
a second single electron transfer photoredox process
(Scheme 26).

fac-Ir''(ppy)s (5 mol%)

o
blue LEDs*
Rl o NTs - : CF.H
A in flow, tg = 30 min A 2!
r/\(z e A o W
R DMSO. 1t 16 examples
(0.83 equiv) ! 15-69% vyields

Proposed

photoredox
catalysis

homolytic cleavage
of F,HC-S bond

o, NTs

o, NTs
P S CrH

57 Ar
Ph” > CF,H

CFoH

‘CFoH

+ le’

photoredox | _ 4¢
catalysis
@

cle
_s®O
o 0”7 CH, O-SMe; 4
— SMe, HY PhCO,Na )\ A’/\I A
- Ar
CFH

Ar
Ar ®
H CFH
B ‘_ "

Ar/\N\CFzH

DMSO
-

CFH CF,H o
Qx\‘)‘ \\&"’6
o + le’
— SMe,
—H* CFH

* The photoreactor was irradiated with LED lamps (405 nm (3.85 mW x 20), 450 nm (20 mW x 20), 470 nm (20 mW x 20)).

Scheme 26 Visible-light-induced keto-difluoromethylation of
alkenes.

2.5. By means of diaryl(difluoromethyl)sulfonium
salts

In 2017, Akita, Koike and co-workers designed the
novel S-(difluoromethyl)-S-di(p-xylyl)sulfonium
reagent that was engaged in a visible-light-mediated
metal-free  amino-difluoromethylation of styrenic
alkenes. With this objective in mind, perylene as
organic photocatalyst was explored under blue LEDs
irradiation. In the studied reaction, perylene exhibited
high efficiency owing to its high excited state energies
while noble metal Ir catalyst gave only 29% vyield. In
this approach, S-difluoromethyl-S-di(p-xylyl)sulfonium
tetrafluoroborate, as CF,H radical source, was perfectly
compatible with the perylene photocatalysis. A Ritter
amination by means of acetonitrile afforded a variety of
B-CF,H  substituted  amines  with  excellent
regioselectivity under mild conditions (Scheme 27a).*’
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Conversely, CF,H-containing alkenes were generated
when o-substituted styrenes were used as substrates.
Styrenic substrates, regardless of electron-withdrawing,
-neutral, -donating groups in the aromatic rings, are
good substrates as well as an estrone derivative albeit
giving a lower yield.

A year after, the same group gave one example using
9,10-bis(di(p-tert-butylphenyl)amino)anthracene as a
photocatalyst for the amino-difluoromethylation of
styrene  (Scheme 27b).® This newly designed
photocatalyst features high reducing power and efficient
absorption capability of visible light, giving an expand
dimension of photocatalyst design and exploration in
many reactions.

(@)
BF,~ perylene (5 mol%) NHAc
R 2x3W blue LEDs (425 nm R
AR, ( ) Af)\(
& CH4CN (1 equiv. of H,0), 1t, 6 h CF,H
]

CFH 15 examples
30-76% yields

(2 equiv)

Pmposed

BF( NHAc
R
+ R
CFzH
CFZH *perylene
reductant Ritter CH3CN
! O ami nauon H,0
erylene
pery R/\l/
CF,H
‘CFH Pery‘ene]
oxldant
R
R R
RN~ CFH

4~ (Diarylamino)anthracene (3 mol%) NHAc

blue LEDs (470

ue s (470 nm) Ph
H,0 (1.5 equiv ) CFoH

CH,Cl,/MeCN, rt, 3h 66% yield

(b)
BF,
s
+
g

CFH

t-Bu, t-Bu
Diarylamino)anthracene
(Diarylamino) :NN;
t-Bu t-Bu

Scheme 27 Perylene-catalysed amino-difluoromethylation of
alkenes.

In 2021, Liu and co-workers described the
oxydifluoromethylation of N-allyl amides with S-
(difluoromethyl)sulfonium  salt under photoredox
catalysis with the aid of 3 mol% of fac-Ir'"'(ppy)s
(Scheme 28).* Under the optimum conditions, a variety
of CF;H-p-amino alcohols were obtained in good to

excellent yields. Mechanistic investigations
demonstrated that a sequential process of
difluoromethyl radical addition, oxidation,

intramolecular carbocation trapping and rearrangement
reaction was involved. The carbocation species A
underwent cascade intramolecular trapping by the

This journal is © The Royal Society of Chemistry 20xx



carbonyl group, addition reaction of hydroxide ion and
ring-opening rearrangement to afford intermediate B.
Finally, the desired product was formed through
intramolecular transesterification process (Scheme 28).

MeO. OMe o
fac-Ir'(ppy) (3 mol%)
Rz\fo HFZC\SJQ/ 4X3W blue LEDs (450 nm)* OJ\RZ

1M LiOH Rz\f oH
N . + OMe LiOH (2.0 equiv) N /H\A\/CF y (20equiv) chzH
r r - Ar — A
BF4 ACOEL, Ar Ar MeOH, 1t, 2 h - Ar |
. rt, overnight examples
(2.0 equiv) g 36-87% yields
Proposed
X-*CF,H !
2!
’ \/\X\CFQH HO- J(\CF,H
SET
Photoredox
“CEH calalyllc
2 cycle o
i\ " 0 CFH _)U\o &
2 H
N CFoH
pLle A e,
Ph” Ar Ar
\)J\ ) Ho” i
pn N Ar 0 _CRM

Ph™ N Ar pnh-N CF2

* the tube was placed at a distance of ~2 mm away from 3 W blue LED lamps

Scheme 28 Oxydifluoromethylation of N-allylamides.

In 2021, Guo, Qiu and co-workers developed the
visible-light-triggered difluoromethylation cyclisation
of indole derivatives for the construction of various
decorated CF,H-containing indole[2,1-a]isoquinoline
derivatives. The reaction was conducted in continuous
flow under blue LEDs irradiation in the presence of the
organic photocatalyst (4s,6s)-2,4,5,6-tetra(9H-carbazol-
9-yl)isophthalonitrile (4CzIPN). All other conditions
being equal, fac-Ir"'(ppy); provided lower yields. As
CF,H radical precursor, Akita’s S-difluoromethyl-S-
di(p-xylyDsulfonium salt was employed. This metal-free
photocatalysis in continuous flow has shown great
functional group compatibility and is amenable for
scale-up reactions (Scheme 29).%

R? BF4™ 4CzIPN (1.0 mol%) RZ
X 10W blue LEDs (455 nm)* I
le—@/\ - flow rate of 100 n./min (T NN TR
g N)\/ ) T = ek

Cp H acelone air, rt

G ke o R
(1.1 equiv) 16 examples
34-66% yield
Proposed
\ O v
O { e
o \c: H \CFZH
pholoredox
cycle
‘CFH
O N\ [PC]*
N
o Ar\+ Ar X-
CFH

z 0 ‘CFH

* The material of the irradiation vessel was perfluoro alkoxy (PFA) in flow system while borosilicate glass in batch system.
The distance from the Blue LEDs to the irradiation vessel should be 10 cm.
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Scheme 29 Organo-photocatalysed carbodifluoromethylation
of a,B-unsaturated amides.

2.6. By means of PhI(OCOCHF,),

Encouraged by pioneering Maruoka’s efficient
photolytically ~ induced  difluoromethylation  of
heteroarenes by means of hypervalent iodine(lll)
reagents (see Scheme 38), Gouverneur and co-workers
further described the visible-light-induced
hydrodifluoromethylation of alkenes by difluoroacetic
acid in the presence of phenyliodine(lll) diacetate
(PIDA) (Scheme 30).*' A major feature is that this
reaction proceeds without photocatalyst. Mechanistic
investigations suggested a radical-based reaction. The
reaction starts with an exchange of acetate groups on
PIDA with difluorocetic acid. Then, exposure to the
blue LEDs releases Phl and radical A that move towards
the CF,H radical through decarboxylation. The radical
adds regioselectively to the alkene substrate to generate
radical B intermediate, which abstracts a hydrogen atom
from THF to afford the hydrodifluoromethylated
product. Then, THF radical C possibly undergoes SET
with [bis(difluoroacetoxy)iodo]benzene with release of
radical A, for further alkene functionalisation, and side-
products Phl, oxonium ion D and difluoroacetate
(Scheme 30).

j>\ PhI(OAc), (6 equiv)
18W blue LED (450 nm)*
R + HO” “CFH 4(.)

H
R)\/CFZH

25 examples
42-89% yield

(6 equiv) THF, 50 °C, 14 h

Proposed

1(OAc); HO

o

D CF,
HF,CTO\I/OYCF, \
’ ©

8 A

R)H\/CF H ’X /\
/g\/cpw

* Reactions were performed in 7 mL vials in a EvoluChemW PhotoRedOx Box

Scheme 30  Photocatalyst-free
hydrodifluoromethylation of alkenes.

visible-light-induced

Following the same procedure, He and co-workers
synthesised a set of difluoromethylated oxindoles from
N-arylacrylamides (Scheme 31a).* The authors
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succeeded in using just a stoichiometric amount of
PIDA and difluoroacetic acid. This eco-friendly
procedure was promoted under very mild conditions by
visible light in the absence of any additive, base, metal
or external photosensitiser. A radical mechanism was
established after control experiments with radical
scavengers (TEMPO and BHT) have been carried out.
On-Off experiments demonstrated that the products
were formed only under light irradiation. Here, the
solvant 2-MeTHF did not seem to participate in a SET
operation, the radical intermediate B being oxidised by
the iodine radical A (Scheme 31). Simultaneously to
this work, the group of Lu presented an approach
directly  using [bis(difluoroacetoxy)iodo]benzene
instead of the combination of the two components that
are PIDA and difluoroacetic acid. A thorough study of
the light source and solvent resulted in the choice of
24\W blue LEDs in 1,4-dioxane. Under these conditions,
a wide range of difluoromethyl substituted oxindoles
was prepared (Scheme 31b).*?

©\ 1/ HO CFQH

(2 equiv)

Phi(OAc); (1 equiv)
10W LED (440 nm)

CFH
o
N
\

26 examples
80-97% yields

2-MeTHF, N, r.t

Proposed

Phi(OAC
HF,CCOH %)2, PhI(CO;CHFo)y —<= HF2CCOy' —= "CFH

: ?QCFZH
Phl + HF,CCO,~

CF?H HF. cco2
N
HFQCCOZH
®) o
N R?  HF,CL O\ O\ ~CFoH 24w blue LEDs" N CFH
QLY P
SN0 o o 1,4-dioxane Z~N
R 40 °C R3
(1.4-1.8 equiv)

26 examples
20-97% yields

HOAc Ph-I-CO,CF,H CO,

CFoH

Proposed

HF,C.__O.,_O._CFH !

o

X, ,
I CF,H

o N i I ?;CFZH

HF,C” YO -CO, CFH | N

4-©
CFZH _H CFH
— o
N
\

* The light-promoted reactions were done using standard LED lamp with twenty-four light emitting diodes
(12-28 V, 24W, 465-470 nm). The distance from the light source to the irradiation vessel is 3 cm.

CFZH

Scheme 31 Photocatalyst-free visible-light-induced synthesis
of difluoromethylated oxindoles.

The same year, in 2021, Wu and co-workers reported a
photoredox-induced direct difluoromethylation of
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enamides and  heterocycles by means of
[bis(difluoroacetoxy)iodo]benzene as the CF,H source
and [Ru(bpy)z][PFe¢]. as the optimum photocatalyst.
Unlike previous examples, with these substrate types the
reaction failed in absence of photocatalyst or in the dark.
With enamides, the reaction was regio- and
stereoselective leading to a number of (E)-B-
difluoromethylated enamides in moderate to excellent
yields (Scheme 32a).** This convenient and practical
radical difluoromethylation protocol was extended to
some heterocycles (Scheme 32b) and was applied for
the gram-scale synthesis of a precursor of the non-
steroidal anti-inflammatory drug piroxicam. The author

speculated that the stereoselectivity of this
transformation could be explained by the
conformational analysis of the key iminium ion

intermediate A. Product E-isomer was the preferential
one because conformer 1 was more favorable in contrast
to conformer 2 in view of steric repulsion. A reductive
guenching cycle was proposed in which the Ru' [Ey,
(Ru"/Ru") = —1.33 V vs SCE in MeCN] was re-oxidised
by Phl(O,CCF,H), (=1.01 V vs SCE in MeCN).

@ 5

[Ru'(bpy)s](PFg)z (2 mol %) o
2 30W blue LEDs "
)LN‘R +  PhiOCOCFH), )J\N’R 21 examples
38-72% yields
R! DMF (0.5 M), 1t, 12 h N
CFH
® [Ru'(bpY)I(PFs)z (2 mol %)
2 X < CFH
)+ PRIOCOCEH), 30W blue LEDs Y 7 examples
 examp
X=C,N DMF (0.5 M), 1t, 12 h 35-81% yields
Proposed
2 + D2 o "
Ac\N,R _ HF,C. H AC\N,R Ac. N R
+ = { —_— .
RIS R N\AfR R .
C
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P Ru'
v
H CF,H
>O<2 steric ' AC\N,R2
repulsion
R N R R14\|
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H CFH
Ru'
A - 2
C N R
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1
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-1.33V

-CO,
OCOCFH —Phl

Ph—I,
OCOCF,H

HCF,COp + "CFoH
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—CO;| initiation
OCOCF,H

Ph—I,
OCOCF,H

Ereg=- 1,01V

Scheme 32 Visible-light-induced difluoromethylation of
enamides and heterocycles.

Very recently, in 2022, He and co-workers presented a
visible-light-induced cascade difluoromethylation and
cyclisation reaction of alkenyl-substituted
quinazolinones for the preparation of a set of CF,H-
containing ring-fused quinazolinones, a scaffold widely
present in biologically and pharmaceutically active
molecules. Using difluoroacetic acid combined with
PIDA as the CF,H radical precursor, this eco-friendly
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approach carried out in dimethyl carbonate (DMC) as
the sole solvent exhibited great functional group
tolerance under mild conditions without external
photosensitiser (Scheme 33).%

o PhI(OAC), (1 equiv) Q

o
AN~ J 10W LED (365-440 nm)*
N N
+ HO” CFH —m
N/) . DMC, N, 1t NG

(2 equiv)

CF,H
31 examples
63-96% yields

o
LY
T CFH —— H);g
co,

CF,H

Proposed
HF,CCOLH

PhI(OAC),

hn (405nm) .
PhI(CO,CHF>), CHF,CO3

Ph-I-CO,CF,H

o

SET
LY
Phl + Hacco2 N
o H
CF,H
N 2
+
N
HaccozH H
CF,H

Scheme 33 Photoredox synthesis of CF,H-substituted ring-
fused quinazolinones.

* Quartz tube

2.7. By means of HF,CSO,Na

Sodium difluoromethanesulfinate was synthesised for
the first time in 2015. In 2021, Deng and co-workers

reported a visible-light-induced radical
difluoromethylation / cyclisation reaction of N-
benzamides using now commercially available

HF,CSO,Na as difluoromethylation reagent (Scheme
34).%® Several CF,H-containing isoquinoline-1,3-diones
were prepared and limitations of the method were
provided from seven substrates that failed to give
significant amounts of the desired products. It is a
metal-free air-promoted process in which Eosin B plays
the role of photocatalyst. When the reaction was
catalysed by Eosin Y or fac-Ir'"'(ppy)s, lower isolated
yields of product were observed. In this reaction, the
electron-rich HF,CSO,Na is the HF,Ce donor and
allows an oxidative quenching cycle of Eosin B.
Mechanistic studies provided information on the role of
air as oxidant in the reaction system. The reduced Eosin
B was oxidised by O, into Eosin B allowing the
photocatalytic cycle while O, served to convert radical
intermediate A into the carbocation B, which after
deprotonation released the product. The oxidation of A
resulted in the formation of O,% and finally H,O, after
proton capture.

This journal is © The Royal Society of Chemistry 20xx
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Proposed

Eosin B (5 mol%) o
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Scheme 34 Visible-light-induced difluoromethylation /
cyclisation of N-benzamides.

3. Difluoromethylation of enol acetates
and silyl enol ethers

The C=C double bond in enol derivatives has a
distinctive reactivity in radical additions and it allows to
target a-substituted carbonyl compounds. Based on the
application of difluoromethyltriphenyl phosphonium
bromide as a radical precursor, Wang’s group reported
in 2021 a novel visible-light-induced radical
difluoromethylation reaction of aromatic enol acetates
using fac-Ir'"'(ppy); photocatalyst (Scheme 35).%
Various a-CF,H-substituted ketones were obtained in
moderate to high yields under mild conditions. As
shown earlier in the text (section 2.2), excited fac-
I (ppy)s* is able to reduce [PhsPCF,H]*Br to a CF,H
radical with formation of radical A and fac-Ir"(ppy)s. A
was then oxidised into carbocation B with regeneration
of fac-Ir'"'(ppy)s. The desired products were obtained
through a nucleophilic attack of key intermediate B by
nucleophilic species.
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Scheme 35 Photoredox radical difluoromethylation of
enol acetates.

The same year, Arseniyadis and co-workers applied the
visible-light-catalysed difluoromethylation on easily
available silyl enol ethers using Hu’s reagent as CF,H
radical precursor and fac-Ir'"'(ppy); photocatalyst
(Scheme 36).” The protocol is practical and readily
scalable under continuous flow conditions; it offers
various o-CF,H substituted arylketones in good to
excellent yields. Alas, extension to alkyl ketones could
not be applied. Mechanistic investigations done with
radical scavengers, fluorescence guenching experiments
and DFT calculations led the authors to propose the
mechanism detailed in Scheme 36. In particular, the
ketyl radical A was oxidised by Ir'V(ppy); to give the
silyloxonium B, which was converted into the desired
ketone either through desilylation assisted by the base as
proton acceptor or via o-deprotonation of the
silyloxonium species B giving silyl enol ether C, which
was observed and quenched with TFA.

fac-I'"(ppy)s (2 mol%)
8W blue LEDs (460 nm)*
2,6-di-tert-butylpyridine (1 equiv) 9 R2

H,0 (2 equiv) RY R3
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23 examples
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- H*
Ph)\; c
CFH

Photoredox CF H
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5 v Ph)J\l
Ph FoH
CFEH TIPsoH  CFH
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o, NTs Ph
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* Irradiation of reaction vessels (distance = 1 cm) was accomplished using a 8W blue LED strip
(hn = 460 nm, 60 LED/m (14.4 watt / m) with a fan above to maintain a constant temperature.

Scheme 36 Photoredox radical difluoromethylation of silyl
enol ethers.
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4. Difluoromethylation of alkynes

In the last decade, much efforts have been devoted to
the direct difluoromethylation of alkenes under
photocatalysis to afford an array of novel CF;H-
containing compounds. However, the direct introduction
of CF,;H group into alkynes remains scarce. In 2017,
Zhu and co-workers developed an efficient visible-light-
induced direct difluoromethylation of alkynoates, giving
3-difluoromethylated coumarins in moderate to
excellent yields (Scheme 37a).* The method employs
difluoromethyl sulfone as easily accessible CF,H radical
precursor in a photoredox catalytic system. One more
time fac-1r'"'(ppy); photocatalyst proved to be superior
to Ru-based ones. The overall process is a three-step
cascade difluoromethylation / 5-exo cyclisation / ester
migration ending up with the difluoromethylated
heterocyclic scaffold. Coumarins are pivotal structural
motifs widely present in biologically active and natural
products. In 2021, Lu and co-workers reported an
alternative synthesis of difluoromethylated coumarins
from alkynoates under visible light irradiation without
photocatalyst thanks to the use of
[bis(difluoroacetoxy)iodo]benzene as  source  of
spontaneously formed CF,H radical (see also section 2.6)
(Scheme 37b).° This approach is an eco-friendly
alternative for the generation of fluorine-containing
coumarins under mild and catalyst-free conditions.
Apart the generation of CF,H radical that is different,
the subsequent steps of the mechanism are identical to
the one outlined by Zhu (Scheme 37a).
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22 examples
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*The light-promoted reactions were done using LED lamp with eighteen light emitting diodes (12-28 V, 18W, 465-470
nm). The distance from the light source to the irradiation vessel is 3 cm.
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Scheme 37 Visible-light-mediated difluoromethylation of
alkynoates.

5. Difluoromethylation of (het)arenes

The pioneering work by Baran group in 2012 described
the first direct radical difluoromethylation of nitrogen-
containing heteroarenes employing zinc
bis(difluoromethanesulfinate) and oxidising agent tert-
butyl hydroperoxide.® It is only in 2017 that a
photocatalytic difluoromethylation of heteroarenes was
developed by Maruoka and co-workers by means of the
hypervalent iodine(l11) reagent
[bis(difluoroacetoxy)iodo]benzene under visible-light
irradiation without any additional catalyst. The method
was successfully applied to get difluoromethylated
pyrimidines, pyridazines, pyrazines, triazines, and
pyrazoles in moderate to good yields (Scheme 38).% In
this radical process, CF,H radical was generated from
the photodecomposition of hypervalent iodine(lll)
reagent featuring difluoroacetoxy ligands in the absence
of additional reagent via radical B and iodanyl radical C
followed by decarboxylation. The difluoromethyl
radical subsequently reacted with heteroarenes to
generate a radical intermediate D. The oxidation of D by
A or iodanyl radical C gave the carbocation
intermediate E, which furnished the desired product
after proton elimination.

HF,C o\ ,o CFoH

!

R= AHBu 3,5-di-t-Bu

LED Iamp (400 nm) CFH

14 examples
22-77% yield

~ cpo,
1,14 h
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O_CFH
I(OCOCF,H), g 2

o
HF,CCO,' + © — = HF,CCOy
B C B
A CO,

N "CF,H AorB -
[j B D LI Y
N N CF,H N CF,H
D E

+ Phi

CF,H

Scheme 38 Catalyst-free
difluoromethylation of heteroarenes.

visible-light-promoted

MacMillan and co-workers were the first to report on a

metallaphotoredox difluoromethylation of aryl and
heteroaryl ~ bromides  giving  the  respective
difluoromethylated  products. ~The  method is

characterised by moderate to high yields with a great
functional group compatibility (Scheme 39).*

particular interest, the late stage difluoromethylation of
four pharmaceutical agents was reported. The
metallaphotoredox process consisted of two catalytic

This journal is © The Royal Society of Chemistry 20xx

cycles in a dual nickel / photoredox-catalysed coupling
procedure. Visible-light excitation of
[Ir(dF(CF3)ppy)2(dtbbpy)][PFG] photocatalyst generated
the excited-state *Ir'"' complex, which readily oxidised
bromide anion into bromine radical. Then, Br
abstracted a hydrogen atom on (TMS);SiH to yield the
nucleophilic silyl radical responsible for bromine
abstraction ~ from bromodifluoromethane  with
concomitant formation of the key difluoromethyl radical.
At the same time, insertion of Ni° catalyst in the C-Br
bond of the aryl bromide substrate gave Ni'"-aryl
intermediate A, which trapped the difluoromethyl
radical and generated the corresponding aryl-Ni'"'-

CF,H complex B. A further reductive elimination
afforded the expected difluoromethyl hetarene product
and Ni' species. Finally, a single electron transfer
between the Ni' species and reduced photocatalyst Ir'"
regenerated Ni° catalyst and ground-state Ir'"
photocatalyst. Later in 2021, Zhang and co-workers
corroborated the mechanism of this dual catalysis
process through density functional theory-based
computational study. The reductive guenching cycle
ar"'=ie"1e" 1"y and the Ni-initiated catalytic cycle
were confirmed.>

[Ir(dF(CF 3)ppy),(dtbbpy)]PFg (1 mol%)
N Br NiBr,-dtbbpy (5 mol%)

i 34-40W blue LEDs*
RT J . BrcrH ue LEDs
X

O

X

(TMS)ES’\;'HE%.S}I]uudlne 40 examples
! 45-85% yield

Proposed

Br (TMShSIH BrCFzH

(TMS),Si* “CFoH

- HBr

CFH
N N.‘” Ar
\@/CFZHJ N B

N

* Lamp at 5 cm distance from vial, with fans and/or a water bath to keep temperature at 30 °C.

Scheme 39 Metallaphotoredox difluoromethylation of aryl
bromides.

Electron-deficient heterocyclic N-oxides as redox
auxiliaries could activate carboxylic acid derivatives
such as anhydrides or acyl chlorides by inducing
reductive decarboxylation and radical formation. This
approach was applied in 2018 by Stephenson and co-
workers with commercially available difluoroacetic
anhydride for the visible-light-promoted intramolecular
fragment-coupling decarboxylative difluoromethylation
of biologically relevant heterocyclic scaffolds (Scheme
40).>* Depending on the substitution patterns of the
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heterocycle, 2- or 4-CF,H regioisomers were obtained.
Although applied to only three examples of
difluoromethylated products, this approach was
primarily developed as a general alkylation method
taking advantage of readily available carboxylic acid
derivatives as alkylating agents.

T«*
N7 O P MERRbmIPs (1. molo) RN
o )k+N\jR 3x4.4W blue LED strips* '\ 2 2
"o o HF,C” 07 7> c 2h
/U\ )J\ HF,CCO,~ MeCN, rt, 1 3 examples
HF,C” ~0” ~CF,H Electron Sink 13-32% yield
2 2 Weak N-O Bond
Proposed
o S
o] Z
S A v RE
HR,C” o NS ‘0 CFgH N
_co,
n | v
o r CFZH
g \
R
\N/
? R
|rH| kN
Rt :\\
N7 CFH BT N CFH

* The light apparatuses used to iradiate the reactions were constructed from test tube racks and wrapped with three 4.4W blue LED
strips. Reaction distances from the light source (~2.5 cm). At this distance the temperature of the reactions did not exceed 35 °C.

Scheme 40 Visible-light-induced decarboxylative fragment-
coupling difluoromethylation of heterocyclic N-oxides.

Coumarin and its derivatives are naturally occuring
molecules used in medicine, in laser dyes and in the
perfume industry. Their structural modification with
fluorine moieties was reported. With respect to
difluoromethylation, Deng, Zhang and co-workers
carried out Csp~H radical difluoromethylation of
coumarins  with  sodium  difluoromethanesulfinate
HF,CSO,Na promoted by visible-light and 5 mol % of
Eosin Y (Scheme 41).° Under the optimised reaction
conditions, a broad range of 3-difluoromethylcoumarins
were obtained in good yields with great functional
group compatibility. Mechanistic studies indicated that
0,, serving as oxidant, was essential for this reaction to
proceed. Promising antifungal activity was identified for
one representative example.
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H Eosin Y (5 mol%)
12W blue LEDs
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21 examples
33-82% yields
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Scheme 41  Visible-light-
difluoromethylation of coumarins.

and  oxygen-promoted

Indoles are important heterocycles commonly
encountered in bioactive natural products and
pharmaceuticals. The regioselective functionalisation of
indoles by fluorinated motifs is of great interest. In 2019,
Dolbier and co-workers developed an efficient visible-
light-promoted difluoromethylation of 3- and 3,5-
substituted indoles affording regiospecifically various 2-
difluoromethyl indoles in low to moderate yields
(Scheme 42).** In this protocol, easily accessed
[PhsPCF,H]'Br was employed as CF,H radical
precursor under mild conditions. Experimental studies
revealed that photocatalyst and visible light were
essential in this radical process. Of several Ir-, Ru- and
Cu-based photocatalysts fac-Ir"'(ppy); was determined
to give the better reaction yields. With respect to the
CF,H radical donor, HF,CSO,Cl and difluoromethyl
sulfonyl benzothiazole gave lower yield or trace amount
of product, respectively.

R?

TN
R + [PhgPCF,H]*Br
N

H (2 equiv)

IM"(ppy)s (2 mol%s)
16W blue LEDs

14 examples
15-47% yields

NaHC03 acetone
, 24 h

Proposed

[Ph3PCF,H]"Br- ‘CF,H
+ PPhy
+Br-

IV(ppy)s"
oxidant

1" (ppy)3*
reductant

Oxidative
quenching
cycle

? SET

Ir"(ppy)s
ground state

:
N —-H* N
H H

Scheme 42 Photoredox
difluoromethyl indoles.

N
H

catalysed synthesis of 2-
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Konig, Antonietti and co-workers accomplished the
photocatalytic  difluoromethylation of heteroarenes
using zinc bis(difluoromethanesulfinate) as CF,H

radical precursor in 2019 (Scheme 43).%" In this reaction,

an organic semiconductor mesoporous graphitic carbon
nitride (mpg-CN) acted as efficient heterogeneous
photoredox catalyst, which could be easily recovered
from reaction mixture with retained activity. Exclusion
of light, oxygen, or mpg-CN resulted in much lower
yields. The related CF,H-containing caffeine,
theophylline, pentoxifylline derivatives were obtained
through this method in moderate yields.

mpg-CN,DMSO

single blue LED (455 nm)
+  Zn(OSOCFH), ——————————
air, rt,24+20h

(2 + 1.5 equiv)

selected examples

A\)t >—CFaH A)t >—CFaH )\)K/E P—CFaH

Caffelne -CFH Theophyll\ne CF,H Pentoxifylline-CF,H
54% 64% 54%

CF,H
‘ o>
ene,

Proposed

. H
‘@ ‘% CFoH l ,CFZH
“CFoH \\/—\
Zn?* + SO, -

PC o HO,~

CFoH

Zn(OSOCF,H), e
Pc*\\—_{ 02 H,0;

Scheme 43 Organic semiconductor photocatalyst in the
difluoromethylation of heteroarenes.

In 2020, Li, Meng and co-workers described the direct
C-H difluoromethylation of a wide range of
heterocycles under organic photoredox catalysis
(Scheme 44).® In this method, Rose Bengal
outperformed light-absorbing metal complexes and
other organic photocatalysts such as Eosin Y and
acridinium salts. Sodium difluoromethanesulfinate was
chosen as CF,H source and O, as a green oxidant. This
approach provides an efficient alternative strategy to

access nitrogen-containing biologically active molecules.

Note that the reaction of 1-methyl quinoxolin-2-one
with HF,CSO,Na can also be conducted under sunlight
instead of green LEDs. Light On / light Off experiment
ruled out a radical chain propagation mechanism. Upon
photoexcitation of Rose Bengal, one electron was
transferred from sodium difluoromethanesulfinate to
form the radical anion RB™™ and the CF,H radical, which
reacted with the substrate and afforded intermediate A.
Then, molecular oxygen oxidised RB™ to complete the
photoredox cycle releasing RB and O, . Nitrogen
radical A underwent a 1,2-hydrogen shift to form

This journal is © The Royal Society of Chemistry 20xx

carbon radical intermediate B that eliminated a
hydrogen atom to afford the desired product.

+  NaSO,CFH

48 examples
Proposed

Cpn T GO Oy, o

*CFH
—Na* - S0,
Hz0,
NaSO,CF,H

RB = Rose Bengal

Rose bengal (2-5 mol%)

2x3W green LEDs CFH

DMSO, air, rt

Scheme 44 Organic photocatalyst in difluoromethylation of
heteroarenes.

In 2021, Lu and co-workers also reported the visible-
light-promoted difluoromethylation of quinoxalin-
2(1H)-ones affording a set of C3-difluoromethylated
guinoxaline-2(1H)-ones in moderate to good yields. The
reactions were carried out with
[bis(difluoroacetoxy)iodo]benzene under catalysis-free
conditions (Scheme 45).*° The eco-friendly reaction
conditions and the excellent functional group tolerance
make this route a practical strategy in the formation of
CF;H-containing heterocycles. The reaction starts with
the photolysis of [bis(difluoroacetoxy)iodo]benzene to
generate difluoromethyl carboxyl radical A and iodanyl
radical B, which liberates A and iodobenzene. Next, A
eliminates CO, to release the difluoromethyl radical,
that reacts with the substrate to give nitrogen-centered
radical intermediate C. This intermediate C was
oxidised by A or B to give nitrogen cation D and the
desired product after deprotonation.

HFZC CFzH

@L ©

24 W blue LEDs* N M
T Ry _
DCE, 40 °C,12h N o
2
19 examples
41-79% yield

hEERE o YT |
o o o] '
Hcm o+ A 4+
B
@ 1, :
N__CFH N._CF:H
: CL " as XX
*CF,H
-CO, 'T‘ [¢] ITI o
c D

@ENICFZH
—H* ’T‘ 0

* The light-promoted reactions were done using standard LED lamp with 24 light emitting diodes (12-28 V, 24W, 465-470 nm).
The distance from the light source to the irradiation vessel is 3 cm.

Scheme 45 Visible-light-induced
difluoromethylation of quinoxaline-2(1H)-ones.

catalyst-free
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Different reaction conditions for transition metal- and
oxidant-free visible light-photoinduced
difluoromethylation were presented very recently in
2022 by Zhang, Gu and co-workers by means of sodium
difluoromethanesulfinate  (Scheme 46).°° In this
photosensitised electron transfer process, diacetyl was
used in excess as simple photoredox catalyst and
oxidant. This difluoromethylation approach was applied

to quinoxalin-2(1H)-ones, quinolinones, coumarins,
quinolines, isoquinolines, uracil and caffeine as
substrates. From a mechanistic point of view,

photoexcitation of diacetyl gave singlet ground diradical
A and then the excited triplet by light-induced n to *
transition through intersystem crossing (ISC). The
reductive guenching of B by sodium
difluoromethanesulfinate offers the CF,H radical to be
involved in the next reaction steps (Scheme 46).

Diacetyl (5 equiv)
blue LEDs

s
. + NaSO,CF,H

—— Proposed

2T
: |Het==CF,H
SN 0 =

27 examples
58-86% yield

DMSO, rt, 24 h

"
3r o *
e
' . NaSO,CF,H
o reductive
B quenching
ONa
)Y ONa /.K“/ +  "SO,CF,H

o
o 1—502

[e]
‘CFyH
oo SR8t
N (o] N (o]
H 0 H H

Scheme 46 Direct difluoromethylation of heterocycles with
diacetyl photoredox catalyst.

6. Difluoromethylation at C(sp®)-H

In the above-mentioned sections, the
difluoromethylation reactions were achieved at C(sp?)
and C(sp) centers. It is only very recently in 2022 that
the group of Liu (see also Scheme 28) addressed the
cross-coupling direct C(sp®)-H difluoromethylation
under visible-light photoredox catalysis. They used a S-
(difluoromethyl)sulfonium salt as CF,H radical source
in the presence of a catalytic amount of organic
photocatalyst, tetra-anisylarylenediamines and in
particular 1,4-bis(N,N-di(4-methoxyphenyl)amino)
naphthalene. A variety of 1,4-dihydroquinoxalin-2-ones
were subjected to these conditions to afford the desired
products under blue LEDs irradiation (Scheme 47).%
The mechanism was elucidated giving evidence of a
radical-radical cross-coupling process. The CF,H
radical was formed by single electron transfer reduction
by the excited photocatalyst PC"; the resulting PC*
species then wrested an electron to the substrate to give
the cationic nitrogen radical A, which via deprotonation
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by lithium hydroxide render the C(sp®) radical B.
Finally, the radical-radical coupling provided the 3-
difIuoromethyl-1,4-dihydroquinoxalin-Z-ones.

MeO. OMe

O HF,C.. + 1,4-bis(N,N-di(4-methoxyphenyl)amino)
2
R

@

(2.0 equiv)

naphthalene (3 mol%)
4x3W blue LEDs (450 nm

LiOH (5 equiv), AcOEt, rt, 12 h
26 examples
22-88% yield

—— Proposed

X~ ArpS*CFH ﬁ» CRH —
2 ; radical-radical
R pC pC* coupling
‘ N N:/[/O 32
N (o]
o — T
1
R ’ RS N CRH
Rl
R? Pc R?
N0 N0
| +T base | T_
P
SN \ ZN
Rl H* ,,—‘{1

Scheme 47 Direct C(sp®)-H difluoromethylation of 1,4-
dihydroquinoxalin-2-ones.

7. Difluoromethylation of isocyanides

Isocyanides (or isonitriles) are employed as building
blocks in multi-component reactions (Ugi and Passerini
reactions) and they often participate in cycloaddition
reactions for the construction of new heterocyclic
architectures. With this in mind, Dolbier and co-workers
reported in 2015 the photoredox-catalysed direct
difluoromethylation of biphenyl isocyanides for the
preparation of an array of 6-
(difluoromethyl)phenanthridines  in  moderate  to
excellent yields through a cascade
addition/cyclisation/oxidation process (Scheme 48).%*

RA
‘ fac-r R?
= ac-Ir''(ppy)s(1 mol%) Pz
visible light |
"\ NC + HFCSO,Cl ———— NN
R Na,CO; (2 equiv) R
(2 equiv) 2,CO3 (2 equiv) g
7 i ZSNTNCFH

H,0 (8 mg), dioxane, rt
31 examples
63-96% yields

fac |f"'(DPY)3

CF,H
* fac Ir'”(ppy)s
y N H

HF,CS0,CI

- S0, -CI-
CFZH I™V(ppy)s™
: =/ CFZH =§rCFZH

Scheme 48 Photoredox-catalysed cascade

insertion/cyclisation reactions.
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In this protocol, difluoromethylsulfonyl chloride was
used as CF,H radical precursor, which shows excellent
reactivity toward isocyanides. As shown in the proposed
mechanism, the CF,H radical addition to isocyanide
generated imidoyl radical A, which underwent
intramolecular cyclisation to afford cyclohexadienyl
radical B. Finally, the desired product was obtained
through oxidation by the high-valent catalyst and
deprotonation. Interestingly, the two new carbon carbon
bond creations take place at the carbon atom of the
isocyanide motif.

A vyear after, using difluoromethyl sulfones as CF,H
radical source, Hu and co-workers also developed the
difluoromethylation of isocyanides under visible-light
photoredox catalysis (Scheme 49).** The radical
reactivity of four difluoromethyl sulfones was
investigated by cyclic voltammetry and 2-
[(difluoromethyl)sulfonyl]benzothiazole was selected as
optimised radical precursor because of its highest
reduction potential. The methodology provided an
efficient strategy for the incorporation of the
difluoromethylated moiety into structural complex
organic molecules. The process probably starts with the
oxidation of carbonate ion CO;* into CO;" by the
photoexcited *[Ru(bpy);]** and then [Ru(bpy)s]*
donates an electron to the difluoromethylsulfonyl
reagent for the generation of CF,H radical and
subsequent addition to the isocyanide, intramolecular
cyclisation, deprotonation by the base to provide radical
anion A. Intermediate A could be oxidised by
*[Ru(bpy)s]** into the final product (path a) or it could
react with difluoromethylsulfone to generate the product
and ‘CF,H (path b).

S
Rl [RUGPYLICI6H0 1 €
~ 0.0 6W blue LED N CFoH
< (460-470 nm) ]
(NG + Sy eRn —— T . SN
R2-r N DMSO, Na,CO3  R2—
Z Na, 1t, 12 h Z

25 examples
20-82% yields

Proposed

. CFZH CFQH
=/ base

[Ru(bpy)sP* [Ru(bpymz Hcr

‘CFH + ArSOy =f
path a O 0
SSchoH
A CF H [RU(bPY)S] path b ?
"CF,H
CF,H
Ccozz
[Ru(bpym N

[Ru(bpy)a]**

Scheme 49 Visible light photocatalysed difluoromethylation
of isocyanides.
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More recently, other difluoromethylating agents have
been successfully applied in the visible-light-induced
difluoromethylation of isocyanides; thus, in 2020, Liu
and co-workers reported the difluoromethylation of
isocyanides by means of S-
(difluoromethyl)diarylsulfonium salt. A broad range of
CF;H-containing phenanthridines and isoquinolines
were obtained in moderate to good yields, the former
derived from biphenyl isocyanides, the latter derived
from 2-isocyanoacrylates (Scheme 50).** Isocyanide
substrates bearing electron-withdrawing groups show
decreased reactivity in this transformation. The
practicability of this radical difluoromethylation was
illustrated in the synthesis of the pharmaceutically
relevant 6-(difluoromethyltrispheridine, a potent DNA
intercalator. Mechanistically speaking, photoexcited
[Ir"'(ppy)s*] species reduces S-
(difluoromethyl)diarylsulfonium salt to form the CF,H
radical, followed by its addition to the isocyanide group
to afford imidoyl radical A, which subsequently cyclises
to give cyclohexadienyl radical B. Next, radical B is
oxidised by the high-valent Ir'V(ppy); to afford the
cyclohexadienyl  cation C  with  concomitant
regeneration of the catalyst. A final rearomatisation step
via deprotonation ends up to the desired product.

=
R L
He‘ R OMe  IM'(ppy)s(3 mol%) N Qeiy R’
KOH (1 M, 2 equiv) R2
HF.C. &
2 _PEG600 (15 L) ANNNCEH
COOR @ BFy”
R2— Het\

(2 equiv)
Proposed

29 examples
18-79% yields

DCM, rt, argon R!
12W blue LED strip (450 N COOR

nm), overnight
9 N 6 examples

R2— \Het |
34-63% yields

CF,H

HFC. g O CFH
I
f I N N

v Ir”‘ CFyH
CFzH
\ CFZH CFoH
\f
N

Scheme 50 Synthesis of difluoromethylated phenanthridines
and isoquinolines.

MeO. OMe

In 2020, Li, Wang and co-workers developed the
photocatalysed  difluoromethylation of  o-alkenyl
aromatic isocyanides by using

difluoromethyltriphenylphosphonium bromide under
blue LEDs irradiation. The procedure afforded CF,H-
containing quinolines in moderate to good yields. Two
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pathways were suggested for the reaction mechanism.
Once the CF,H radical is photochemically generated, it
selectively attacks the isonitrile leading to the
corresponding imidoyl radical A. At this stage, there are
two possibilities to reach the hydroguinoline alkyl
radical D: (1) radical intermediate A undergoes direct 6-
endo-trig cycloaddition to C2 position of o-vinyl group
in aromatic isocyanides; (2) radical A participates to a
5-exo-trig addition to generate radical B, which
undergoes a 3-exo-trig to intermediate C and a retro-3-
exo-trig process to end up with hydroquinoline alkyl
radical D. Then, a further SET process gives
carbocation intermediate E and finally the desired
quinoline after deprotonation (Scheme 51).%

CN
fac-Ir'(ppy)3 (2 mol%)
XX 10 W blue LEDs
RL + [PhgPCFH]'Br —————
NC

DMAc, 1t, 12 h

CN

1
AN XY R
Rzﬁ/ P
N7 NCFH

12 examples
25-83% yields

CN Tl Ir”‘

Photoredox
cycle

P
N CRA % CN NC
D
\s% ‘
retro‘ ° CN =
3-exo .
P
NACF7H Ph

[PhsP*CF,H]Br

‘CFH + Br-

path b |5-exo

Scheme 51 Synthesis of difluoromethylated quinolines.

8. Difluoromethylation of (thio)phenols

Apart from the difluoromethylation at carbon centers,
rare examples O- and S-difluoromethylations under
photocatalysis are available in the literature. It is
fascinating to note that PhOCF,H and PhSCF,H have
hydrogen bond acidities similar to thiophenol and
aniline as it was quantified by the [A] parameter. Two
articles appeared in 2017. Fu and co-workers reported
the visible-light photoredox difluoromethylation of
phenols and thiophenols affording various O- and S-
difluoromethylated products with great functional group
tolerance (Scheme 52).%° In this process, commercially
available difluorobromoacetic acid was used as efficient
difluoromethylating reagent under mild conditions using
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a 23W CFL. Ru- and Ir-based photocatalysts were
evaluated and fac-1r"'(ppy); was selected. This method
provides a simple and efficient strategy for the
formation of aryl difluoromethyl (thio)ethers, which are
widely present in medicinally important compounds.
Mechanistic studies demonstrated the efficiency of
photocatalyst fac-Ir'"'(ppy)s as a strong electron donor in
order to reduce carboxylate A forming the carbon-
centered radical B. The key difluorocarbene was
obtained by SET of B to Ir'Y with concomitant
regeneration of the Ir'"" photocatalyst. Then, the
difluorocarbene reacts with cesium (thio)phenolate
ArXCs and subsequent protonation with CsHCOj;
produces the desired products.

fac-Ir"(ppy)3 (1 mol%)
23W CFL

N YCF,H
R
>z

Y=0,s Bi DMF, Cs,CO3 32 examples
6-12 h, rt, Ar 48-97% yields
Proposed
o o
F
F>HJ\0H Cs:C0s })J\o- Cst + CsHCO;
F — F
Br Br a
x|rll\ o
PN
v (7 ToCs' 4 Br
B
it v Cs,C04
ArXH > ArXCs + CsHCO3
X=0,S
o
F ArXCs CsHCO
>.)ko- Cs* 1 CF, ArX-CF,Cs S AX-CF,H

+

CO, + Cs* Cs,CO3

Scheme 52 Photoredox difluoromethylation of phenols and
thiophenols.

Simultaneously, Qing and co-workers described the
radical difluoromethylation of thiols with the aid of
difluoromethyltriphenylphosphonium  triflate  under
photoredox catalysis. Here again, fac-Ir"'(ppy); was
selected to afford a broad range of difluoromethyl
thioethers with great chemoselectivity under mild
conditions (Scheme 53).%” In addition to the above study,
both (het)aryl and alkyl thiols were difluoromethylated,
albeit alkyl thiols gave only moderate yields up to 42%.
Two mechanistic pathways were proposed. Once the
CF;H radical is photocatalytically generated, it could
react with the thiolate affording the corresponding
radical anion intermediate A, which undergoes a SET
with the amine base to give the final difluoromethyl
thioether (path a). Otherwise, thiolate might be oxidised
by fac-1r'V(ppy)s to sulfur radical B or the corresponding
disulfide and its reaction with ‘CF,H gives the
difluoromethyl thioether (path b). The authors gave
more credit to path b as the result of the high
chemoselective thiol versus aryl difluoromethylation.
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Scheme 53 Photoredox difluoromethylation of thiols.

9. "®F Radiodifluoromethylation

Photo-mediated radiofluorination has received a great
deal of attention for the installation of fluorine-18
radioisotope in radiopharmaceuticals for positron
emission tomography. Of the synthetic methodologies
nowadays employed, photocatalysis is a much
appreciated green method for monofluorination as well
as for difluoromethylation.®® In 2019, Genicot, Luxen
and co-workers described a late-stage efficient
photoredox flow ‘*F-difluoromethylation reaction of N-
heteroaromatics  affording a variety of C®FFH
radiolabeled molecules in a flow system. The
automation includes the synthesis of the 'F-2-
[(difluoromethyl)sulfonyl] benzothiazole in a two-step
sequence via Halex reaction and subsequent oxidation;
it was obtained with a 13.4+0.4% radiochemical yield
(RCY) for 45 minutes after HPLC purification and a
specific activity of 81.4£11.1 GBq pmol™. A total of 28
N-heteroaromatic compounds including simple N-
heteroaromatics but also caffeine  derivatives,
nucleosides, nucleic bases and drugs were subjected to
the [*°F]difluoromethylation in the presence of

I'"'(ppy)s as photocatalyst under irradiation of blue
LEDs at 35 °C in a flow reactor. The overall
radiosynthesis time was 95 minutes. To illustrate the
method, the difluoromethylation of the antiviral
Acyclovir is depicted in Scheme 54.9 After
optimisation the authors published a fully automated
process in which Ir'"(ppy); was replaced by the organic

photocatalyst 4CzIPN that appeared to be more efficient,

cheaper, easier to remove and less toxic than metal-
photocatalysts.”

This journal is © The Royal Society of Chemistry 20xx
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* Flow reactions were performed on a R-series Vapourtec system, using a LED photoreactor (450 nm, 24W, 10 mL coil
reactor with FEP tubing)
Scheme 54 Photoredox flow reaction for '°F-
difluoromethylation of N-heteroaromatics.
Encouraged by the efficiency of  '®F-2-
[(difluoromethyl)sulfonyl]  benzothiazole, Genicot,

Luxen, Lemos and co-workers explored the influence of
six new structurally related ‘*F-difluoromethyl
heteroarylsulfones featuring electron-donating or
electron-withdrawing groups on the benzothiazolyl
cycle or featuring a distinct heteroaryl ring. Their °F
radiosynthesis was described and, based on the
radiochemical yields, three of these difluoromethylating
reagents were found suitable to be engaged in the
photocatalysed E-difluoromethylation under
continuous flow conditions of N-heteroaromatics with
emphasis for Acyclovir (Scheme 55).”* The reaction is
characterised by a low amount of photocatalyst
I'"(ppy); and short residence times in the flow system.
Radical-trapping experiments indicated that radical
intermediates were generated in this process. The
C™¥FFH radical is generated upon a photoredox
oxidative guenching cycle via the photoexcited fac-

Ir''(ppy)s* catalyst.
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Scheme 55 The ®F-difluoromethylation of heteroarenes by
visible light photoredox catalysis.
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Conclusions

Assuredly, the CF,H motif participates to the ever-
growing interest in organofluorine chemistry thanks to
its sought-after chemical and biological properties. Over
the past recent years, visible light photocatalysis in the
service of direct difluoromethylation has continuously
delivered novel approaches to forge C-CF,H bond. As
illustrated in this review, photoredox -catalysis has
received widespread adoption for the construction of
CF,H-containing complex and value-added products
under extremely mild reaction conditions. Taking
benefit from a wide panoply of easily accessible
difluoromethylating reagents and a large choice of light-
absorbing catalysts, transition-metal or organic catalysts,
the appealing direct difluoromethylation is nowadays at
least partially tamed. Yet, this review allows to pinpoint
several challenges still remaining in this area that
require further research and development. For example,
the majority of reported difluoromethylation reactions
rely on iridium-mediated photocatalysis albeit Ir is one
of the least abundant transition-metals, so the use of
more available and less expensive metal catalysts and
catalyst-free  photochemical processes  remain
underexplored and highly desirable. In addition, the
design of de novo organic photoredox catalysts holds
great promise in the discovery of new
difluoromethylation methodologies. As regards chirality,
the field of asymmetric radical difluoromethylation
under photocatalysis is still virgin yet very
challenging.”” Overall, the recent progress in
photochemical difluoromethylation contributes to the
revival of radical chemistry and nicely complements
polar (ionic) difluoromethylation reactions. We believe
this review will be a source of inspiration for
practionners of organofluorine chemistry and beyond
for future fruitful developments.
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