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Fluorine chemistry plays an increasingly important role in pharmaceutical, agricultural, and materials industries. The incorporation

of fluorine-containing groups into organic molecules can improve their chemical and physical properties, which attracts continuous

interest in organic synthesis. Among various reported methods, transition-metal-catalyzed fluorination/fluoroalkylation has

emerged as a powerful method for the construction of these compounds. This review attempts to describe the major advances in the

transition-metal-catalyzed incorporation of fluorine, trifluoromethyl, difluoromethyl, trifluoromethylthio, and trifluoromethoxy

groups reported between 2011 and 2019.

Introduction

Compared with other halogens (Cl, Br, I), fluorine (F) has com-
pletely different physical and chemical properties, such as a
unique electronic structure, strongest electronegativity, and
small atomic radius similar to that of hydrogen atoms. Due to
these unique properties, the introduction of fluorine into a mole-
cule can cause dramatic changes, such as the acidity or basicity
of neighboring groups, dipole moment, and properties such as
lipophilicity, metabolic stability, and bioavailability [1]. Conse-

quently, carbon—fluorine bonds have become an integral part of

pharmaceutical [2,3], agricultural [4], materials industries [5],
and tracers for positron emission tomography [6]. According to
statistics, about 35% of agrochemicals and 20% of pharmaceuti-

cals contain fluorine [7].

Although the content of fluorine in the Earth’s crust is relative-
ly abundant (13th most abundant element), scientists have iden-
tified only 21 kinds of fluorine-containing natural molecules

[8,9]. Therefore, it is highly desirable to introduce a fluorine-
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containing substituent into a molecule artificially. However,
traditional fluorination methods to these building blocks, such
as Friedel-Crafts-type electrophilic halogenation [10,11], Sand-
meyer-type reactions of diazonium salts [12], and halogena-
tions of preformed organometallic reagents [13], commonly
involve multiple steps, harsh reaction conditions, and the use of
stoichiometric amounts and/or toxic reagents [14]. Also, low
functional group tolerance, being limited to activated arenes,
the production of metal salts as stoichiometric byproducts, and
poor levels of regioselectivity would always be observed,
limiting the progress of fluorine chemistry to some extent. In
this regard, the use of various transition metals to catalyze the
synthesis of organic fluorides has become a mature field, and
the application of these methodologies has allowed decreasing
the need of pre-functionalized substrates, less consumption of
reaction time and costs, and enabled to produce enantio-
enriched target compounds [15-20]. Furthermore, transition
metals have the unique advantage of possessing multiple mech-
anistic features, which translates into the ability to apply new
substrate classes and provide hitherto novel and inaccessible
structures. Therefore, transition-metal-catalyzed fluorination/
fluoroalkylation reactions represent an important and hot topic
in fluorine chemistry. In addition, among the various metals de-
veloped, palladium is the most commonly employed transition
metal, followed by copper owing to its high efficiency and
cheapness. Meanwhile, other transition metals, such as Fe, Ni,
Rh, Ag, Co, etc., have received considerable attention and are

widely applied due to their respective characteristics.

Over the past few years, several reviews on fluorination/fluo-
roalkylation have disclosed. Kamlet [17] mainly discussed
progresses in catalyzed fluorination and trifluoromethylation
before 2011, and Besset [21] focused on the direct introduction
of fluorinated groups into alkenes and alkynes. Then, Toste [1]
covered advances in catalytic enantioselective fluorination,
mono-, di-, and trifluoromethylation, and trifluoromethylthiola-
tion reactions. Recently, Zhang [14] offered a brief summary of
the recent achievements in the ever-growing field of green fluo-
roalkylation. However, until now, no comprehensive survey of
the literature has been reported on this topic. In this review, we
highlight the recent progress of transition-metal-catalyzed
fluorination and trifluoromethylation reported between 2011
and 2019. Meanwhile, we also present the incorporation of
difluoromethyl, trifluoromethylthiol and trifluoromethoxy
groups. Some sections of this review are structured around the
synthesis of alkyl-, aryl- and vinyl- as well as alkynyl
organofluorides. Notably, the current review covers mainly
two types of transition-metal-catalyzed reactions: 1) cross-
couplings with a fluorinated organometallic species or a halo-
genated fluorinated species and 2) the direct introduction of

fluorinated moieties into nonfunctionalized substrates with a
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fluorinated reagent. We hope that this review will provide a
comprehensive overview of this topic and attract significant

attention.

Review

Fluorination

For many years, specialists in the field of fluorine chemistry
have been actively studying ways to introduce fluorine into
organic molecules by aid of transition-metal catalysis.
Depending on the transfer form of fluorine, there are three
general strategies for constructing C—F bonds: nucleophilic,
electrophilic and radical fluorination (Scheme 1) [22].

In nucleophilic fluorination reactions, the fluoride anion (F~) or
a derivative thereof, such as tetrafluoroborate (BF,"), is the
fluorine source and behaves as a nucleophile. The electrophile,
such as an alkyl chain or an aryl ring with halides or sulfonates,
reacts with the fluoride source (Scheme 1a). On the other hand,
in the electrophilic fluorination, the nucleophile may be a car-
bon anion (e.g., Grignard reagent), a compound with electron-
rich unsaturated bonds (arene, alkene, or alkyne), or a substrate
having a nucleophilic and labile bond (e.g., C—Si, C—Sn, and
C-B), while the electrophile is the fluorination reagent
(Scheme 1b). As shown in Scheme 1d, many nucleophilic and
electrophilic fluorination reagents have been developed by
chemists. In the radical fluorination, C—F bonds are produced
by carbon-based radicals (generated in situ by various methods)
with "atomic fluorine" sources, such as XeF,, hypofluorite, or
molecular fluorine (Scheme 1c). Notably, transition metals are
not biased to one reaction class, and the same metal may be suc-
cessfully applied to all three kinds of fluorination.

Several reviews of fluorination have been published within the
past few years, Buchwald [23], Weng [24], Gouverneur [25],
Reiser [26], and etc. [22,27-33] discussed progresses of fluori-
nation, such as Weng who focused on the recent advances in the
transition-metal-assisted synthesis of alkyl fluorides, and Buch-
wald introduced the discovery and development of Pd(0)/Pd(II)-
catalyzed aromatic fluorination reactions. Herein, we focus on
the developments towards the construction of C(sp3)—F and
C(sp?)-F bonds with different catalysts, such as palladium,
copper, silver, iron, nickel, ruthenium, cobalt, etc.

Palladium catalysis

Palladium is a member of the nickel triad in the periodic table,
and palladium complexes exist in three oxidation states, Pd(0),
Pd(1l), and Pd(IV). Straightforward interconversion between
different oxidation states, tolerance to various guiding groups,
easy electroplating of C—H bonds, and the compatibility of
many Pd(II) catalysts with oxidants make them act as ideal

catalysts for C—H activations [34]. Over the last decade, a num-
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Scheme 1: The main three strategies of fluorination: nucleophilic, electrophilic and radical fluorination.
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ber of Pd-catalyzed methods have been developed to synthesize
aryl fluorides [23,32].

Allylic fluorination: In 2010, Doyle and co-worker [35] de-
veloped a strategy for C—F bond formation of readily available
cyclic allylic chlorides and AgF using a Pd(0) catalyst in com-
bination with Trost’s bisphosphine ligand at room temperature
(Scheme 2a). They also proved that the allylic fluorination was
achieved by an Sn2-type attack of fluoride on an electrophilic
Pd(II)-allyl intermediate. One year later, the same author ex-
tended this method to a highly regio- and enantioselective
fluorination of acyclic allylic chlorides. Compared to the
previous process, this reaction used a different chiral bisphos-
phine ligand resulting in larger bite angles and afforded the
products in good yields (Scheme 2b) [36].

A palladium-catalyzed method for the formation of allylic C-F
bonds from allyl p-nitrobenzoate using TBAF(z-BuOH), as the
fluoride source was explored by Gouverneur et al. in the same
year (Scheme 3) [37]. The 2- and 3-arylpropenyl fluorides can
be quickly synthesized under mild conditions in moderate to

good yields.

In 2012, a Pd(0)-catalyzed allylic fluorination of allylic phos-
phorothioate esters with AgF was accomplished by Wu’s group
(Scheme 4) [38]. The formation of fluorinated products with an

Pd,(dba)s (5 mol %)
(R,R)-L1 (10 mol %)

O
X AgF (1.1 equiv)
THF(0.1 M), rt, 24 h
X = CHy, O, NTs, CCO,Me, CCON(Me)OMe,
CCH,0TBS, CC(OH)Me,

Pd,(dba)s (5 mol %)
(R,R)-L2 (10 mol %)

AgF (3 equiv)
toluene, rt, 48 h

R', R2= benzyl, silyl ethers, aldehydes, alkyl bromides,
a-branching, heteroatom substituents

Scheme 2: Doyle’s Pd-catalyzed fluorination of allylic chlorides.
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overall retention of the stereochemical configuration suggests a
mechanism wherein a palladium-m-allyl intermediate under-

goes a rapid 7-0-1 isomerization.

0 Pd(dba), (8 mol %)
_P(OEt),  PPhs (24 mol %) F
S AgF \)\
R1\)\R2 RT™XX R2
THF, rt,2 h
13 examples
R'= aryl, heteroaryl, CHs 50-79%

R2 = alkyl, Ph

Scheme 4: Regioselective allylic fluorination of cinnamyl phosphoro-
thioate esters.

In 2013, the first example of an allylic C-H fluorination reac-
tion of simple alkenes with Et;N-3HF as a nucleophilic fluoride
source was reported by Doyle and co-worker (Scheme 5) [39].
Herein, the authors utilized a Pd/Cr cocatalytic system to
generate the allylic fluorides with high regioselectivity
(branched > linear).

Alkyl fluorination of acidic carbonyl compounds and other
compounds: In 2012, the group of Sodeoka [40] reported the
first example of an enantioselective monofluorination of a-keto
esters catalyzed by Pd-u-hydroxo complexes with cyclopentyl

L1:
NH HN
PPh; PhyP
L2:

(0]
NH HN O

Fh... @

X
8 examples
56—-85%
85-96% ee

11 examples
62-88%
up to 97% ee

TBAF(t-BuOH), (2.5 equiv)

Oz pg(dba)y, (5 mol %)

N Ar, F
AL~_O P PPhs (15 mol %) X
12 examples
THF 1h
© b 35-95%

Scheme 3: Allylic fluorination of 2- and 3-substituted propenyl esters.
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Pd(CF3CO,),/L (15 mol %)

(R,R)-(salen)CrCl (10 mol %)

F

\/\R +  Et;N-3HF benzoquinone (2.0 equiv) \)\
_ 6.0 equiv DCE (2 M), 23°C,72h R
R =alkyl - ed 14 examples
33-68%
branched:linear = 2.0:1 to 7.8:1
=N N=
a N/
Ph. /\/S\ Cr
5 Ph tBu o’ ¢&ro t-Bu
o
t-Bu t-Bu
L
(R, R)-(salen)CrClI

Scheme 5: Palladium-catalyzed aliphatic C—H fluorination reported by Doyle.

methyl ether (CPME) as the best solvent (Scheme 6). Also, they
achieved the diastereoselective reduction of the remaining keto
group with lithium tri(sec-butyl)borohydride (L-Selectride). The
syn-B-fluoro-a-hydroxy esters were obtained finally in good
yields with excellent enantioselectivities (83-95% ee).

There are two examples of a Pd-catalyzed fluorination of oxin-
doles. In 2012, Shi and co-workers [41] described the enantio-
selective asymmetric fluorination of oxindoles with an axially
chiral Cy-symmetric N-heterocyclic carbene (NHC) palladium
complex as a catalyst (Scheme 7a). The corresponding prod-
ucts were obtained in excellent yields but low to moderate en-

1) cat. [Pd] (2.5 mol %)

antioselectivities. Meanwhile, Wu and co-workers [42] de-
veloped a similar system using a BINAP-derived palladium
complex to perform the similar reaction with 4,4’-diF-NFSI as
the fluorinating agent in higher enantioselectivities
(Scheme 7b).

In 2012 the group of Sanford [43] achieved the palladium-cata-
lyzed C-H fluorination of 8-methylquinoline derivatives using
AgF as the nucleophilic fluoride source and PhI(OPiv), as a
hypervalent iodine oxidant (Scheme 8). Very recently, they [44]
optimized this transformation and achieved the benzylic C—H
radiofluorination with no-carrier-added Ag[lSF]F. This method

OH
NFSI (1.5 equiv) H
/\)?\ CPME (0.1M),20°C,24-36h  R™ > “COt-Bu
R COxt-BU )| Selectride (3.5 equiv) , ex';mples
R= aryl, aIkyI THF, -78 °C, 30 min 8:?59_563%
— b ee
2+
0 _
T W e 00 | o
P. .
:Pdi%fpdp
o) P ar HART YT
( Ar Ar |l P
0
[Pd]

Scheme 6: Pd-catalyzed enantioselective fluorination of a-ketoesters followed by stereoselective reduction to give B-fluoro-a-hydroxy esters.
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o
X
a) 1 Ar cat. [Pd] (3 mol %) Ar N\<NBn 2Tf0~
R Selectfluor (1.5 equiv) R! —F OH,
o} 0 N/< OH2
N MS, acetone, 24-48 h \ OO NBn
.
R'=H, F, Me, OMe 88-98% L .
R2 = Boc, Bn 20-59% ee [Pd]
b) Ar cat. [Pd] (0.5 mol %) Ar 2+
R 4,4'-diF-NFSI (1.5 equiv) R .wF O O on 10
0 P Ph
N Et,0, 0 °C, 2-47 h N © h’h H_
Boc iBoc P d\ -
90-97% o prPh HPWB
R =H, F, Cl, Me, OMe o |
88-99% ee =

Scheme 7: Pd-catalyzed C(sp®)—H fluorination of oxindoles.

was applied to the radiolabeling of diversely substituted
8-methylquinoline derivatives. Notably, in this process, a new
method was developed for generating Ag['8FF by using a sep-
pak cartridge.

R1 Pd(OAc), (10 mol %)

AgF (5.0 equiv)
X PhI(OPiv); (2.0 equiv) (
N7 R2  MgSO, (2.0 equiv)
CH,Cl,,16 h, 60 °C

H
R'=H, NO,, CN, CO,CHs, F, Br, I, CHs, Ph 103%’13;85’/:65
R2=H, Br
Pd(OAC), (10 mol %)
R ¥ R
AQ['°FIF/K2.2.2
N PhI(OPiv), (2.0 equiv) A
| |
N CH,Cl, N
145 °C, 30 min
H 18

Scheme 8: C-H fluorination of 8-methylquinoline derivatives with F~
reagents.

In 2012, van Leeuwen and co-workers [45] described the syn-
thesis of new enantiopure wide-bite-angle diphosphanes and
their application in the asymmetric fluorination of a-cyanoac-
etates with a palladium catalyst (Scheme 9). Under these condi-
tions, the fluorination of ethyl 2-cyano-2-phenylacetate afforded

the product with highest enantiomeric excess (93%).

NC._ _COOEt [Pd(OAC),]3 (1.67 mol %)
L (6 mol %)
B NFSI
A EtOH, 0°C, 18 h
R
R =H, 2-Cl, 2-Br, 4-Me, 4-CO,Et, 4-Me, 7 examples
naphthyl derivative 35-97%
9-93% ee

PPh, PhyP
L

Scheme 9: Fluorination of a-cyano acetates reported by van
Leeuwen.

In 2013, Kim’s group [46] described an enantioselective elec-
trophilic fluorination of a-chloro-f-keto phosphonates with up
to 95% ee (Scheme 10). Notably, this reaction used an air and
moisture-stable chiral palladium complex as the catalyst, which

worked well at low catalyst loading (as low as 0.5 mol %).

In 2015, Shi et al. [47] introduced a Pd(II)/Pd(IV)-catalyzed
fluorination of f-methylene C(sp3)—H bonds of a-amino acid
derivatives (Scheme 11a). This process was carried out under
the strongly binding bidentate 2-(pyridine-2-yl)isopropylamine
(PIP) auxiliary. A range of substrates containing both aliphatic
and benzylic C(sp?)-H bonds was finally converted to the cor-
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o 9 NFoi(deau D % I 1%
R1U\(P(OR2)2 e R1LS/P(OR2)2 OO ArAr
& DTBMP (2.0 equiv) F* el P\PdOHZ SoTi
MeOH, rt,1 d ONceH,
11 examples PL
R = aryl, alkyl 40-88% ArAT
R2= Me, Et 83-95% ee i
[Pd]
Ar= 3,5-(CH3)2-C6H3

Scheme 10: The catalytic enantioselective electrophilic C—H fluorination of a-chloro-B-keto phosphonates.

Pd(OAc), (6 mol %)

a) o
_K\ N,PIP Selectfluor (1.05 equiv)
R nendf! DCMI/PFCN 301

No, 80 °C, 24 h
R =H, Me, t-Bu, CF 3, OMe, F, O,Me, Br, Ac, Cl, CN, NO, 21 examples, 33—-73%

0 Pd(OPiv), (10 mol %) F o
PIP Selectfluor (1.2 equiv) PP
R H’ 2-Me-BAN (0.2 equiv) R/\)J\H/
NPhth DCM/iPrCN 30:1 NPhth
Ny, 80 °C, 24 h 11 examples, 32-46%
R = alkyl
o Pd(OAc); (10 mol %)
b) PIP Selectfluor (2.5 equiv) F O
R N" Fe(OAc), (0.75 equiv) z _PIP
Rz H Ag,CO3 (2.0 equiv) R 18 H
R = alkyl, aryl air, iPrCN or MeCN 24 examples, 53-85%

R = NPhth, alkyl, aryl  DCF 190°C.14h

proposed catalytic cycle of B-fluorination

products
Pd”X2 amide
\&base
F O
R1' N |\ M0
|
R? Pd'--N__~ R N YT
. R? Pd--N_~
CoL
A
Q 0
N N
R Ly 1
P\(Ij_NN/ \ R F:,d”_N/ \
rF - = gL =
c = B
Selectfluor

Scheme 11: Fluorination of unactivated C(sp2®)—H bonds directed by the bidentate PIP auxiliary.
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responding fluorinated products with excellent diastereoselec-
tivities. Based on the PIP auxiliary developed by Shi, Ge’s
group [48] developed a similar direct, highly site- and dia-
stereoselective fluorination of aliphatic amides (Scheme 11b).
Although the roles of Fe(OAc), and Ag,CO3 were unclear,
their addition significantly improved the reaction yield. A cata-
lytic cycle of these B-fluorination reactions is proposed in
Scheme 11. Initially, coordination of the amide with the palla-
dium species followed by a base-promoted ligand-exchange
process yields the palladium complex A. Subsequently,
cyclometallation of the palladium complex A occurs to produce
the intermediate B through the C—H bond-activation process.
Oxidative addition of the intermediate B with Selectfluor
affords the palladium(IV) species C, followed by reductive

elimination and ligand dissociation to give the final product.

Similar to these publications in strategy and products, in the
same year, Xu’s group [49] presented the palladium-catalyzed
direct fluorination of unactivated C(sp3)—H bonds at the B-posi-
tion of carboxylic acids with NFSI (Scheme 12). To achieve
this transformation, an 8-aminoquinoline-derived auxiliary was
developed as an effective directing group for the activation of
the C—H bonds. In this transformation the presence of Ag,O and
pivalic acid was found to be crucial for the successful synthesis
of B-fluorinated carboxylic acids.

Recently, the first example of a Pd-catalyzed protocol for the
general enantioselective electrophilic C(sp?)—H fluorination of
benzaldehyde substrates was reported by Yu and co-workers

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

(Scheme 13) [50]. Enantioenriched benzyl fluorides were ob-
tained by aid of a chiral a-amino amide transient directing
group (TDG). Notably, the condensation of this bulky amino
amide with the aldehyde led to control of the stereochemistry of
the C-H insertion step, promoting the C—F over C-O bond for-
mation via an inner-sphere pathway.

Fluorination of arenes, aryl bromides, -alcohols, -triflates,
and -boronic acid derivatives: In 2013, Larhed and
co-workers [51] established a one-pot, two-step fluorination of
aryl alcohols via aryl nonafluorobutylsulfonates. This transfor-
mation employed Pd,(dba)s/t-BuBrettPhos and CsF to convert
aryl alcohols to aryl fluorides at 180 °C under microwave
conditions (Scheme 14). The proposed catalytic cycle of this
aryl fluorination is also shown. Only reductive elimination was
investigated by Larhed, because this reaction step is crucial for
product formation and a successful outcome of the reaction.

In the same year, the Ritter group [52] reported a Pd-catalyzed
fluorination of arylboronic acid derivatives via a Pd(II)/Pd(III)
cycle (Scheme 15). A single-electron-transfer (SET) mecha-
nism involving a well-defined Pd(III) intermediate has been
proposed. First, a bis(terpyridyl)Pd(II) complex B is oxidized
by Selectfluor with turnover-limiting to obtain Pd(III) C and a
Selectfluor radical cation. Then, a transfer of a F' radical from
the Selectfluor radical cation to an aryl trifluoroborate occurs,
forming the C-F bond and producing a delocalized radical.
Finally, SET from the radical to C regenerates palladium
species B, and affords a delocalized cation which converts to

Pd(OAc), (15 mol %)

H O NFSI (2.0 equiv) F o
PivOH (1.0 equiv)
R)\/U\H | Ag,0 (1.0 equiv) R)\)J\N
Nx chlorobenzene, 90-120 °C, 1 h H Nx |
20 examples
R = aryl, alkyl 33_775}0
Scheme 12: Fluorination of C(sp®)—H bonds at the B-position of carboxylic acids.
Pd(OAc), (10 mol %)
0 NBu4PFg (50 mol %) Me
CgF5COoH (5.0 equiv) ! ‘B
X H TDG (20 mol %) X | =
R P NFTMP BF, (1.5 equiv) | g L HN NEt,
benzene, 70 °C, 24 h Me™ 'N° Me | o)
Me F BF; !
R = Me, CO,Me, iPr, NO, F, Cl, OMe 19 ampies NFTMP BF, ' DG
86-99% ee

Scheme 13: Enantioselective benzylic C—H fluorination with a chiral transient directing group.
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1) FgC4SO5F (1.5 equiv)
CsF (2.0 equiv), 50 °C,1hto7d

2) Pdy(dba); (2 mol %) F
OH 2 3 TN
RS t-BuBrettPhos (6 mol %) R . - 0S02C4Fg
| Pz via R
2 toluene, MW, 180 °C, 30 min =
11 exampes
R = tertiary aromatic amines, ethers, 41-85%
nitriles, ketones, esters
proposed mechanism (. p
FI’ L = t-BuBrettPhos
L—Pd°
A
ArF ArOSOZC4F9 +F
reductive oxidative
elimination addition
~OSO0,C4F
'|D pASZA
L—I?d”—Ar
F
B
Scheme 14: Microwave-heated Pd-catalyzed fluorination of aryl alcohols.
[Pd] (2 mol %)
terpy (4 mol %)
Selectfluor (1.0-1.2 equiv) F
R@/BF?*K NaF (1.0 equiv) N
| [
% CH5CN or DMF Z
4-40°C,15h 15 exampes
63-99%
ketones, primary amides, carboxylic acids,
esters, alcohols, basic heterocycles, aryl
bromides, and o, o’-disubstitution
proposed mechanism [(terpy)Pd"(Solv)]%* + terpy

F [(terpy)oPd!2* /NIC'
Of d A 2o
+

tumover-
+ BF, / SET limiting
oxidation
F BF, (\4\CI
. 4[ N\7 + [Pdlll]3+
[pdlll]3 +| BF3K /N C
c F
F-transfer

Ase . O

.

terpy = 2,2".6',2"-terpyridine; Solv = solvent (DMF or MeCN).

Scheme 15: Fluorination of aryl potassium trifluoroborates.



the aryl fluoride with loss of BF3. Notably, the addition of NaF
increases the yield of aryl fluoride by reacting with the gener-
ated BF3.

In 2013, Buchwald et al. [53] introduced an improved catalyst
system involving CsF and the stable Pd(0) species [(1,5-
cyclooctadiene)(L1~Pd)2] (L' = AdBrettPhos), which is a
precatalyst for the fluorination of aryl triflates and heteroaryl
triflates (Scheme 16a). Furthermore, aryl fluorides were provi-
ded in good to excellent yields with easy to separate byprod-
ucts. A year later, the same catalyst was employed for the
nucleophilic fluorination of aryl bromides and iodides with AgF
and KF [54]. Meanwhile, with a slight modification of the phos-
phine ligand, Buchwald developed a similar Pd(0) precatalyst

_./\ oTf
a R&Xj/

X=C,N

1-3 mol % [L'Pd]y(cod)
3.0 equiv CsF
toluene, 80-130 °C, 14 h

aryl triflates derived from biologically active phenols

heteroaryl and heterocycle-containing triflates

1-2 mol % [L'Pd],(cod)

b N X 2.0 equiv AgF, 0.5 equiv KF
R Z cyclohexane, 90-130 °C, 14 h
X=Br, |

R = Ph, OMe, CF3’ SOzMe, CN, COzMe,
SMe, OB, electron-rich amine, COMe,
COn-Bu, CONMe,

1-3 mol % [L2Pd],(cod)
2.0 equiv AgF, 0.5 equiv KF

HetAr—Br
2-Me-THF, 90-150 °C, 14 h

Scheme 16: C(sp?)—F bond formation using precatalyst [L-Pd]x(cod).

X 0.5-5 mol % [L-Pd(cod)Pd-L], cy
3.0 equiv CsF (X = OTf)
X
R or
=z 2.0 equiv AgF + 0.5 equiv KF (X = Br)
X = OTf or Br 90-120 °C, 17-28 h
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[L2Pd],(cod), which was used to fluorinate nitrogen-containing
heteroaryl bromides (Scheme 16b).

In 2015, Buchwald and co-workers [55] explored a novel ligand
for the Pd-catalyzed fluorination of (hetero)aryl triflates and
bromides. The desired aryl fluorides were obtained with higher
than 100:1 selectivity (Scheme 17).

More recently, Yamamoto and co-workers [56] described a
palladium-catalyzed general method for aromatic C—H fluori-
nation with mild electrophilic fluorinating reagents at room
temperature (Scheme 18). Notably, in this process, a reactive
transition metal fluoride electrophile B is catalytically formed

from A with Selectfluor or NFSI instead of an organometallic

R
¥
20 exampes
30-92%

OMe

\

MeO
iPr

P(Ad),

F iPr
_(\

R

17 exampes
69-94%

iPr

H
p-Bu-CgHy

L', R'=
L2 R =

HetAr=F

13 exampes
51-96%

24 examples
51-96%

R = alkyl, aryl, heteroaryl, CF3 nitro, formyl, methyl ketone, redox active anthraquinone, sulfonamide/tertiary amine,
flavone, quinoline, quinazoline,naproxen, diethylstilbesterol, tyrosine derivatives

Scheme 17: Pd-catalyzed fluorination of (hetero)aryl triflates and bromides.
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5 mol % [Pd]

(\ H 2.0 equiv Selectfluor/NFSI i X
R MeCN, 25 °C, 8-36 h N~
17 examples
30-85%

R = nitriles, aryl bromides, chlorides, certain heterocycles, sulfonamides, ketones,

amides, esters, carbamates, ethers, free hydroxy groups

proposed catalytic cycle for the fluorination of chlorobenzene

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

(\4—C|

N’i7 2BF,
=

4—C|

TN ALT e

Scheme 18: The Pd-catalyzed C—H fluorination of arenes with Selectfluor/NFSI.

intermediate as usual. Then, the activated Pd(IV)-F electro-
phile B would be capable of electrophilic fluorination of weakly
nucleophilic arenes. This unusual mechanism of catalysis may
provide a new idea to the catalysis of C—H functionalization

reactions.

Aryl C-H fluorination with various directing groups: With
Pd(OTf),(MeCN)4 and N-methyl-2-pyrrolidinone (NMP) used
as the catalyst system, in 2011 the Yu group [57] described the
ortho-fluorination of benzoic acid substrates with a directing
group, an electron-deficient removable acidic amide
(Scheme 19). With this method, both mono- and difluorinated
benzoic acid derivatives can be selectively obtained in high
yields.

In 2014, Pu and co-workers [58] devised the regioselective

Pd(PPhj3)4-catalyzed electrophilic ortho-fluorination of 2-aryl-

CFs CFs
F F F F
E F 2,4,6-Me3-NFPy-OTf (1.5 equiv) F F
Pd(OTf),(CH3CN)4 (10 mol %) HN. _O
HN. O NMP (20 mol %)
= H CH3CN, 100-120 °C, 2-24 h R—/ | F
R_
g N
16 examples
36-78%

R =H, t-Bu, Me, OMe, OAc, F, Cl, Br,CF3 CN, Ac

Scheme 19: Pd(ll)-catalyzed ortho-monofluorination protocol for
benzoic acids.

benzothiazoles with NFSI and r-proline as the crucial promoter
and the benzothiazoles as the directing groups (Scheme 20).
This strategy plays an important role in the pharmaceutical and

agrochemical industries.
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15 mol % Pd(PPh3)4/L-proline

SN 3.0 equiv NFSI SN
_ H cyclohexane, 120 °C, 5 h S~ | F
2l I
R | RZ_
R'=H, Me, CI, F 20 exampes
34-82%

R2=H, Me, OMe, Cl, F, NO,

Scheme 20: Pd-catalyzed C(sp?)-H bond fluorination of 2-arylbenzo-
thiazoles.

Meanwhile, Xu’s group [59] used O-methyl oxime as the
directing group for the Pd-catalyzed ortho-fluorination of aro-
matic and olefinic C(spz)—H bonds (Scheme 21a). It is worth
noting that a cheap and nontoxic nitrate was added as a highly
efficient promoter in the presence of NFSI and Pd,(dba)s. In ad-

dition, the authors proposed a reaction mechanism that involves

a) R2 O Pd,(dba); (5 mol %)
LN KNO; (30 mol %)
“r, NFSI (2.0 equiv)
X A
| CH3NO,, 25-90 °C
1a
X= CHZ‘ O
n=1,2

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

a Pd(IT)/Pd(IV) catalytic cycle (Scheme 21b). At the early stage
of this process, an in situ-generated cationic [Pd(NO3)]* species
facilitates the C—H bond activation to give intermediate A. The
Pd(II)(1a), complex B is formed via further C—H bond activa-
tion of another molecule 1a by the cyclopalladation(II) interme-
diate A. Then, intermediate B undergoes oxidative addition by
NFSI to give the highly reactive species F-Pd(IV)1a),-
N(SO,Ph), (C), which produces the product 2a and reductive
elimination intermediate 1a-Pd(II)-N(SO,Ph), (D). Finally,
intermediate A regenerates from intermediate D by aid of the
catalytic amount of HNOj released during the C—H activation
step.

In 2015, Zhao et al. [60] discovered a Pd(I)-catalyzed ortho-
selective C—H fluorination of oxalyl amide-protected benzyl-
amines (Scheme 22). The yields were up to 95% with NFSI as
the [F*] source and tert-amyl alcohol as the solvent.

In 2018, the Sorensen group [61] described a direct Pd-cata-
lyzed ortho-C—H fluorination of benzaldehydes. Notably, these

R2 0

| |
. N

G )n
N | X F
/\R1
2a

27 examples

up to 87% yield

R'=H, Me, OMe, OBn, Ph, Cl, Br, |, CO,Me, SO,Me, NO,, CF4

R2 = alkyl, Ph
Pd,(dba)s (5 mol %)

~
~o or Pd(OAc) (10 mol %) O
RN KNOj3 or AgNO3 (30 mol %) RI_N
— .
NFSI (1.5 equiv)
A F
Xy H R
R CH3NO,, 25 °C R3
R3
R'=H, alkyl 12 examples
R2 = alkyl, Cl, Br, Ar, OMe up to 78% yield
R3=H, Ph
b) [Pd'(NO3)* NH(SO2Ph),  HNO;
1a-Pd"-NO;3 (A) NFSI F ‘IV
1a ﬁ»h-Pd”-h —_— a1—||3d'V-1a ﬁ' a1-Pd™-N(SO,Ph),
N(SO,Ph), D)
HNO;  (B) (C) 2a

Scheme 21: Nitrate-promoted fluorination of aromatic and olefinic C(sp2)-H bonds and proposed mechanism.

2224



Pd(OAG), (5 mol %)

HN ~O NFSI (3.0 equiv) HN
R! | AN t-Amyl-OH, 80 °C,12 h R? | X
7YR2 F /\7R2

23 examples,
up to 95% vyield

R'=H, CH;, CH,0Ac
R2=OMe, Me, OCHjs, Cl, Br, |, F, CF3, vinyl

Scheme 22: Fluorination of oxalyl amide-protected benzylamine deriv-
atives.

transformations were achieved with orthanilic acids as new
transient directing groups (TDGs) in DCE in the presence of air
(Scheme 23). This approach employed 1-fluoro-2,4,6-
trimethylpyridinium salts as a bystanding F* oxidant or an elec-
trophilic fluorinating reagent. A broad substrate scope and high
functional group compatibility were observed.

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

In addition to the methods discussed above, there are some
other methods for the aromatic C—H fluorination using electro-
philic fluorination reagents with various other directing groups
[60,62-66]. Additionally, a diverse range of N-heterocycles,
amides and motifs commonly encountered in medicinal chem-
istry were used as handles to direct C—H fluorination for the
synthesis of pharmaceutical drugs (Scheme 24) [25].

Copper catalysis

Despite the success of Pd-catalyzed fluorinations, the more
widespread use of these technologies has been partially
hampered by the high cost and toxicity associated with Pd, in
addition to the difficulty encountered when attempting to
remove this metal from product mixtures. Therefore, cupper as
low-cost, earth-abundant and readily available transition metal
has emerged as a prevalent catalyst in a huge number of organic
transformations. Similar to palladium complexes, copper com-
plexes generally exist in four oxidation states, Cu(0), Cu(l),

Me SOzH
o Pd(OAc), (10 mol %) X
TDG (50 mol %) N X |
o N H _NFTMPOTf (15equv) R H |, !
l DCE, air, 110 °C, 24 h % Me™ "N "Me 1 HOS
F _OTf 1 NH2
30 examples |
R =F, Cl, Br, OMe, Me, NO,, CO,CHj3 16-85% NFTMP OTf : TDG
Scheme 23: C—H fluorination of benzaldehydes with orthanilic acids as transient directing group.
F
I N DG P, F* o N DG
R— _ T
Me Me Q o)
N NS

Zhen-Yuan Xu

R
:@J\W O %JJ\
Q, Me, Ph

X =0, CH,

Jie Jack Li

Me Me

Q K/x kY

X NH .
| [PN )H‘/N(lprb
O\/“ NP & N I

A
1

Sung You Hong Yingsheng Zhao

o}
i&ﬂ\ R?

R2 = alkyl, cyclohexyl
R3=H, alku

—

Dan-Qian Xu

Scheme 24: Pd(ll)-catalyzed aryl C—H fluorination with various directing groups.
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Cu(II), and Cu(III) and various fluorination reactions could be

developed by different catalytic mechanisms.

Fluorination of inert C-H bonds, alkyl bromides and
-triflates: In a 2012 study, Lectka’s group [67] disclosed the
catalytic fluorination of a series of aliphatic, benzylic, and
allylic substrates with moderate yields. In this case, the authors
employed a multicomponent catalytic system, involving Select-
fluor, the radical precursor N-hydroxyphthalimide (NHPI), an
anionic phase-transfer catalyst (KB(CgF5)4), and a Cu(I)-
bisimine complex, to give the corresponding monofluorinated
product (Scheme 25).

[Cu/NHPI (10 mol %)

H KB(CgFs5)4 (10 ml %) F
Selectfluor (2.2 equiv)
R‘A\Ra RJ\ZR3
R2 CH4CN, reflux, 2 h R
16 examples
R', R2, R3=H, alkyl, aryl, vinyl 26-75%
O
N. N= =
PR GO pp E/ N-OH
|
[Cul ©
NHPI

Scheme 25: Cu-catalyzed aliphatic, allylic, and benzylic fluorination.

One year later, Weng and co-workers [68] synthesized and
characterized a new copper(l) fluoride complex ligated by a
phenanthroline derivative. This complex was applied to the SN2
fluorination of primary and secondary alkyl bromides, produc-
ing the corresponding alkyl fluorides in 40-90% yield
(Scheme 26).

Br (Megphen),Cu(HF3) (1.5 equiv) i
J\ ° R!' "R2
RT R2 CHACN, 110 °C, 15 h
29 examples

R', R2=H, alkyl, aryl 40-90%

Scheme 26: Cu-catalyzed S\2 fluorination of primary and secondary
alkyl bromides.
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In 2014, the group of Lalic [69] developed a mild fluorination
of alkyl triflates with potassium fluoride catalyzed by a phase-
transfer copper catalyst (Scheme 27). Notably, with 10 mol %
of (IPr)CuOTf, full conversion can be accomplished in
10 minutes at 45 °C.

Allylic fluorination: In 2013, there is an example of a copper-
catalyzed fluorination of internal allylic bromides (Scheme 28).
In Liu’s study, this approach was achieved using Et3N-3HF as
the fluorine source with a high catalyst loading (20-30 mol %)
affording the products in 45-92% yield [70]. The heteroatom-
containing functional group (R') is necessary for good reactivi-
ty and regioselectivity.

CuBr (20 mol %) F

Et3N-3HF (6.0 equiv)

R1vR2
CH3CN, 35°C, 24 h

17 examples

45-92%

R'I\)\RZ

R = alkyl-containing heteroatom functional group
R2 = alkyl, aryl, benzl
X =Br, Cl

Scheme 28: Cu-catalyzed fluorination of allylic bromides and chlo-
rides.

o-Fluorination of acidic carbonyl compounds: In 2011,
Shibatomi and co-workers [71] described the one-pot asym-
metric gem-chlorofluorination of active methylene compounds
by using a copper(Il) complex with a chiral spiro 2-pyridyl
monooxazoline ligand (SPYMOX). The corresponding
a-chloro-a-fluoro-B-keto esters were isolated with up to 92% ee
(Scheme 29a). This approach could be extended to asymmetric
gem-chlorofluorination of B-ketophosphonates. Two years later,
the same authors [72] demonstrated the highly enantioselective
fluorination of a-alkyl-B-keto esters and a-alkylmalonates using
the same catalyst system (Scheme 29b). Moreover, various
cyclic and acyclic substrates were successfully fluorinated with

high enantioselectivities.

In 2013, the Kesavan group [73] reported the use of tartrate-
derived bidentate bisoxazoline-Cu(II) complexes for the enan-
tioselective fluorination of aliphatic cyclic and acyclic
B-ketoesters with up to 98% yields (Scheme 30). In this method,

Tf,0 cat. (IPr)CuOTf (2 mol %) F =\
?\H 2,6-lutidine JO\Tf P.<F 3.0 equl\/) J AN N~ar
RTOR2 CH,Cly, ~78 °C, 20 min RTOR2 1,4-dioxane, 45 °C, 1 h R" "R Pr
19 examples Ar = 2,6-(iPr)o-CqHa

R', R2=H, alkyl, CO,R, CN

Scheme 27: Copper-catalyzed fluorination of alkyl triflates.

51-95%
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a o 1) NCS (1.1 equiv), 1t, 2 h o
2) NFSI (3.0 equiv), 40 °C or 0 °C 11K<R2
2 S
R1”\/R Rcr“ F
L/Cu(OTf), (12/10 mol %) 12 examoles
1 4 AMS, benzene, 4-70 h 009,
R~ Me, Et, aryl 79-92% ee |
R? = ester, phosphonate
L, (R)-SPYMOX
by O O L/Cu(OTf), (12/10 mol %) o O
NFSI (1.5 equiv
R Of-Bu (1.5 equiv) R1U>8J\Ot-8u
R2 4 A MS, toluene R2 F
) ) ", 1-42h 14 examples
cyclic and acyclic substrates 76-94%
87-99% ee
L/Cu(OTf), (36/30 mol %)
H_ Me i F, Me
MeO OR NFSI (1.5 equiv) MeO. = OR
4 A MS, toluene
O O 50°Corrt, 96 h O O
R = CH(1-naphthyl),, 81%, 83% ee
R = t-Bu, 74%, 71% ee

Scheme 29: Synthetic strategy for the fluorination of active methylene compounds.

Cu(ClO4),-6H,0 (5 mol %)

o o NFSI (1.1 equiv) O O
(S,S)-Nap-(R,R)-Box (7.5 mol %)
R OR® R&(Kom
R2 HFIP, toluene, 0 °C, 610 h R2 F
R! R2= 7 examples
, R= = alkyl 84-97% OCF4 FsCO
R3 = Me, Et, -Bu 16-86% ee

(S,S)-Nap-(R,R)-Box

Scheme 30: Fluorination of B-ketoesters using a tartrate-derived bidentate bisoxazoline-Cu(Il) complex.

(S,5)-Nap-(R,R)-Box as the most suitable diastereomeric ligand
forms a 5S-membered chelate with copper.

In the same year, an efficient and highly enantioselective fluori-
nation of B-ketoesters catalyzed by diphenylamine-linked
bis(thiazoline)-Cu(OTf), complexes was reported by Du and
co-worker (Scheme 31a) [74]. Che and co-workers [75]
achieved a similar a-fluorination of pB-ketoesters and N-Boc-
oxindoles (Scheme 31b). Compared with Du’s method, Che
employed both AgClOy4 and chiral iron(III)-salan complexes as
the catalyst.

In 2016, the group of Nishikata [76] described a copper-cata-
lyzed site-selective fluorination of a-bromocarbonyl com-
pounds using a copper/CsF catalyst system (Scheme 32).
Tertiary alkyl fluorides could be generated by this fluorination
through the assistance of an amide group. From the results, the
catalytic cycle of this reaction includes: 1) copper salt induced
generation of the alkyl radical species B from substrate A and
2) fluorination of the alkyl radical species B with CuF,, which
is in situ-generated from the reaction of CuXBr and CsF with
the aid of an amide group, gives the desired product and recyc-
lable CuF.
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a) RZ: f 0
R3 n R!

R' = OEt, Et, OBn, OMe, iPr, t-Bu, NHn-Bu, NHPh, NHBn

R2=H, Me, OMe
R3=H, CI, Br, OMe
n=1.2

O
b) R2_| \ P
Zn OR!
R' = t-Bu, iPr, Ad
R2 = H, CI, F, OMe, Me
n=12

R1

R2
L
N

Boc

R' = Me, Et, t-Bu, n-Pr, Bn, Ph, p-MeCgHy4, p-FCgH4

R2=H, F, OMe, Me
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Cu(OTf),/L (10 mol %) o
NFSI (1.2 equiv)

R2 F O L | X
] L,
CHC|3, rt, 15 h R3 n R H

8" N N7's
14 examples
89-100% \_< \—/
73-99% ee PhPh
AgCIOy/[Fe] (5 mol %) O 5
NFSI (1.2 equiv) X IJ\
R24 N\ OR!
MeCN, 4 AMS = nF
0°C,10h ”
12 examples [Fe] E /—(j
88-99% N_ N
46-97% ee /Fe/\
|
Br o ¢c© Br
AgCIOy/[Fe] (5 mol %) R E
NFSI (1.2 equiv) RI_~ > t-Bu t-Bu
Et,0, 4 AMS | N
0°C,3-10h \
Boc
11 examples
82-94%
82-96% ee

Scheme 31: Highly enantioselective fluorination of -ketoesters and N-Boc-oxindoles.

Br H

R2
M=0O,N

X = Br, Cl, I, OH, OTs, p-ICgH4, p-BrCgH4

R!, R2 = alkyl

o
Me

o N W R, Mo~ N

R%N _ 2% (10 mol %)

PMDETA

CuBr; (10 mol %)
CsF (2.0 equiv)
THF, 80 °C, 23 h

0]
e 0 /©)J\M/—\ RO,
1
o A
FT, H

14 examples
up to 80% vyield

R(X), = primary or secondary alkyl halide moieties, tertiary alkyl-OH, alkyl-OTs

proposed mechanism

CONHAr
o

A
CuF

B

\(CON HAr

CuBr;, cat.

XCONHAr
Flb

CsF

CuFBr
CsF

CUF2

{

—_—

W/CO:NHAr
/6uF
F ¢

CuF

Scheme 32: Amide group-assisted site-selective fluorination of a-bromocarbonyl compounds.
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CSPZ—H bond formation catalyzed by Cu catalysts: In 2013,
Sanford and co-workers [77] developed a simple and practical
process for the nucleophilic fluorination of arylpotassium tri-
fluoroborates. The reaction proceeds in CH3CN at 60 °C in the
presence of Cu(OTf), as the catalyst and KF as the fluoride
source (Scheme 33). A possible mechanism for this transfor-
mation is proposed in Scheme 33 below. Notably, Cu acts as
both a mediator and an oxidizer in this reaction.

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

In the same year, Daugulis et al. [78] presented a Cu-catalyzed
selective fluorination of benzoic acid derivatives and benzyl-
amine derivatives assisted by an aminoquinoline auxiliary. With
a Cul catalyst, AgF as fluoride source, NMO as oxidant, and
DMEF as solvent, they achieved the selective mono- or difluori-
nation in high yields (Scheme 34). Notably, pyridine as an addi-
tive could prevent the decomposition of an amide substrate in a

long-time reaction.

4.0 equiv Cu(OTf), E
X BFsK 4.0 equiv KF R =
R CH4CN, 60 °C, 20 h '/
17 examples
21-71%

R = Me, Ph, t-Bu,0Ph, CMe, CI, NO,, CN, CHO, COMe, COMe,
CO,0Bn, COPh, pyridine derivatives

proposed mechanism BF3K
X
KOTF WA KBF,OTH
N Cu''(F)
CU”(OTf)z ;_A, CU"(OTf)(F) U N
A R-L B
%
I
F Cu (F)(OTf))/% cu'(0TH,
N P Cul(OTf)
R— RT _—
¥z
C
Scheme 33: Cu-mediated aryl fluorination reported by Sanford [77].
7\ o
10-25 mol % Cul —N HN
3.5-4 equiv AgF, 4.5-5 equiv NMO . 7\
DMF X
7\ o 50-120 °C, 30-120min R
_ 10 examples
N HN N 54-80%
H 7\ 18-30 mol % Cul
L 2.0 equiv pyridine -
X 5-6 equiv AgF, 7-8 equiv NMO 7\
DMF =N
75-125°C,1.5-2 h
X=CN

R = CF3, Me, CO,Me, CN, Me, NO,, F, 4-nitrobenzoyl

Scheme 34: Mono- or difluorination reactions of benzoic acid derivatives.

R
8 examples
61-77%
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Meanwhile, the group of Sanford [79] presented the nucleo-
philic fluorination of diaryliodonium salts with KF through a
Cu(I/III) catalytic cycle mechanism. This procedure preferen-
tially fluorinates the smaller aromatic ligand on iodine(III).
Also, the addition of Cu(OTf), and 18-crown-6 promoted the
fluorination effectively. Finally, excellent yields, fast rate, high
selectivity, and a broad substrate scope were observed by the
authors (Scheme 35). The proposed mechanism is as follows:
ligand exchange of the active Cu(I) catalyst A, which is gener-
ated via either reduction by the solvent or disproportionation of
the precatalyst Cu(II)(OTf),, provides Cu(I)-F (B). Then, oxida-
tion of Cu(I)-F (B) by the diaryliodonium reagent forms
Cu(II)—aryl intermediate C. Subsequently, a reductive elimina-
tion of intermediate C provides a putative -complex D, which
then releases the desired aryl-F product and regenerates the Cul

catalyst A.

Subsequently, the Cu-catalyzed fluorination of 2-pyridylaryl
bromides was achieved by Liu and co-workers [80] through a
Cu(I/IIT) catalytic cycle as well (Scheme 36). This method is
based on the aid of an important pyridyl directing group and the
final aryl C—F bond is formed after the reductive elimination of
ArCu(III)-F species.

Other catalysts
Other transition metals, including Co, Ni, Fe, Ag, Ir, Mn, etc.,

have received more and more attention.

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

Cu(CH3CN)4PFg (20 mol %)
AgF (2.0 equiv)

BuyNPFg (1.0 equiv)
CH3CN (0.2 M), 120 °C

23 examples
28-83%

R = H, OMe, Me, OBn, COMe, CO,Me, Br, Cl, CF3, OCF3, NO,

proposed mechanism

Py cat. Cu(l)

©Br

coplanar geometry
strong Cu coordination

Scheme 36: Copper(l)-catalyzed cross-coupling of 2-pyridylaryl bro-
mides.

BF4 0.2 equiv Cu(OTf),
+ 0.4 equiv 18-crown-6

A I 1.1 equiv KF

. /j/F
: Ru
RT DMF, 60-85 °C N

10 minto 18 h

R = e~ donating, e~ withdrawing

possible Cu'/Cu" catalytic cycle

X XCuI
CU"X2 CUIX2
'Cu

Scheme 35: Cu-catalyzed fluorination of diaryliodonium salts with KF.

26 examples, 33—-99%

Mesl

|||/
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Aliphatic and benzylic C-H fluorination and decarboxyla-
tive fluorination: In 2012, a silver-catalyzed radical decarbox-
ylative fluorination of aliphatic carboxylic acids in aqueous
solution was provided by Li and co-workers (Scheme 37) [81].
The corresponding alkyl fluorides were produced in 47-95%
yield under mild conditions. Additionally, the authors proposed

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

a mechanism involving a Ag(Ill)-mediated SET followed by a
fluorine transfer.

Subsequently, the group of Groves [82] developed two
manganese catalysts for the fluorination of C(sp3)—H bonds
(Scheme 38). On the one hand, they employed a manganese

cat. AgNO3 (20 mol %) F

¢OH Selectfluor (2.0 equiv) *\
R'TOR? R1OR®

R2 acetone/H,0 1:1 or H,O R

rtor45°Cor55°C, 1-10 h
27 examples
R', R?, R3=H, alkyl, OR, NR, 47-95%
proposed mechanism
,—ClI

F—Ag(ll)

‘NI
N~/
+

F—Ag(lll)

e

CO,

R-CO,H

Scheme 37: AgNOs-catalyzed decarboxylative fluorination of aliphatic carboxylic acids.

cat. [Mn] (6—8 mol %)
AgF (3.0 equiv)

H PhlO (6.0-8.0 equiv) F
*\ TBAF-3H,0(0.3 equiv)
1R3 R'I>R3
RigeR CH5CN/CH,Cly, 50 °C, 6-8 h R2
16 examples
R, R2, R3= H, alkyl 30-57%
CH4CN, 50 °C, 6-9 h
Mn(salen)CI (20 mol %)
PhIO (6.0-9.0 equiv) RIL ~
TREAT-HF (1.5 equiv) N

with or w/o AgF (3.0 equiv)
benzylic substrates

18F
Mn(salen)OTs (10 mol %)

x PhIO (1.0 equiv), ['8F]- O
o K,COj3, acetone RT _

50 °C, 10 min

16 examples, 44—70%

R
(Mn]
R= 2,4,6-Me3-CeH2

=N N=

N o/
M

n
t-Bu 0 g O t-Bu

t-Bu t-Bu

Mn(salen)CI, R' = CI
Mn(salen)OTs, R' = OTs

30 examples, 22-72% RCC

Scheme 38: The Mn-catalyzed aliphatic and benzylic C—H fluorination.
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porphyrin to catalyze the oxidative aliphatic C—H fluorination
with iodosylbenzene (PhIO) as a stoichiometric oxidant. A
variety of substrates, including simple hydrocarbons, substi-
tuted cyclic molecules, terpenoids, and steroid derivatives, were
selectively fluorinated at some otherwise inaccessible sites,
however, in low to moderate yields. On the other hand, the
same group [83] developed Mn(salen)Cl as a catalyst for the
direct C—H fluorination at benzylic positions with a nucleo-
philic fluorine source. Notably, Groves adapted the method for
the '8F-radiofluorination of benzylic and aliphatic C—H bonds
using no-carrier-added [18F]—f1u0ride with Mn(salen)OTs [84].

In 2013, Lectka’s group [85,86] reported an iron-catalyzed
C(sp®)-H fluorination of benzylic substrates with or without an
electron-withdrawing group (EWG) in the presence of Select-
fluor (Scheme 39). Notably, an EWG beta to the benzylic posi-
tion is efficient for an excellent selectivity of the benzylic
fluorination.

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

Moreover, Gouverneur and co-workers [87] established the
decarboxylative fluorination of a,a-difluoro- and a-fluoroaryl-
acetic acids with a wide functional group compatibility in the
presence of AgNO3 as catalyst in good yields (Scheme 40).
Further, this approach was efficiently applied to the preparation
of [ISF]—labelled tri- and difluoromethylarenes using
[18F]Selectfluor bis(triflate).

In 2014, Chen and co-workers [88] described a selective direct
C(sp?)-H fluorination catalyzed by a commercially available
vanadium(IIT) oxide with Selectfluor in good yields
(Scheme 41). It is noteworthy that the catalyst and the byprod-
uct H-TEDA could be removed easily by filtration.

A simple AgNOs-catalyzed synthesis of alkyl fluorides through
radical deboronofluorination of alkyl boronates and boronic
acids in acidic aqueous solution was also developed by
Li and co-workers in 2014 [89]. This method features

F
EWG 10 mol % Fe(acac), EWG
R1-L = ) Selectfluor (2.2 equiv) R
| P> R e
MeCN, rt, >24 h ~ R
R'=H, iPr, iBu
o 20 examples
2 _
R®=H,Me 32-76%
Scheme 39: Iron(ll)-promoted C—H fluorination of benzylic substrates.
F. F E
7N CO,H X F
R+ R—:
F Pz
R = Ph, Me, OMe, t-Bu, iPr, NHCOM AgNOs (20 mol %) 17 |
=rh, Me, Ule, i-bu, 1T, N Selectfluor (2.0 equiv examples
Br, CO,H, CHsCO,H, COMe, NO, uor (2.0 equiv) up to 88%
acetone/H,0 1:1
F. H 55°C,1h F. H
Xy “CO,H rE T F
R-r 2 \
=
4 examples
R = MeO, Ph, Br 72-91%
Scheme 40: Ag-catalyzed fluorodecarboxylation of carboxylic acids.
H 10 mol % V505 j\ | 4Gl
1.5 equiv Selectfluor : _
R1ﬁR3 RTgoR’ [N/ 2BF;
o !4
R CH3CN, 23 °C,18-48 h 19 examples H
R1, Rz, R3= H, aIkyI, aryI 12-85% NMR H-TEDA

Scheme 41: Vanadium-catalyzed C(sp®)—H fluorination.
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good yields and a wide functional group compatibility
(Scheme 42).

20 mol % AgNO3

R—B(pin) or 2.0 equiv Selectfluor R=F
CH,Cl,/H,0
R-B(OH 2L/ 30 examples
(OF). TFA and/or HsPO, £o- 0%
50 °C,8h

R = alkyl, benzyl, aryl

Scheme 42: AgNOg3-catalyzed radical deboronofluorination of alkyl-
boronates and boronic acids.

Recently, the group of Van Humbeck [90] reported a selective
and mild method for the C—H fluorination of azaheterocycles
with Selectfluor at room temperature. In this case, a new radical
mechanism was proposed that electron transfer from the hetero-
cyclic substrate to Selectfluor eventually generates a benzylic
radical, leading to the desired C—F bond formation. The excel-
lent selectivity of the desired fluorinated product was obtained
without additives. In addition, a catalytic amount of iron(III)
complex [FeCly][FeCly(dmf);] was found to improve the yields
in some cases (Scheme 43).

With an Fe(Il)-catalyzed orchestrated redox process, an alkoxyl
radical-guided strategy for the site-selective fluorination of
unactivated methylene and methine C—H bonds was published
by Liu and co-workers in 2018 (Scheme 44) [91]. The fluori-
nation of various primary, secondary, and tertiary hydroper-
oxides was achieved in moderate to excellent yields, with the
hydroperoxide functional group acting as a precursor of an
alkoxy radical to control site-selective carbon-centered radical

formation.

Allylic fluorination: In 2011, the group of Nguyen [92] de-
veloped the nucleophilic fluorination of allylic trichloroacetimi-
dates, as shown in Scheme 45a. Cyclooctadiene iridium chlo-
ride dimer, [IrCI(COD)],, was an effective catalyst to promote
this fluorination with Et;N-3HF, forming allylic fluorides in

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

Selectfluor (1.2 equiv)
MeCN, 25 °C

N '

. /I ) or Selectfluor (1.2-1.5 equiv) &,

-

=N [FeCl,][FeCly(dmflg] (5 mol %) =~ N
X=H. N DMF, 40 °C 14 examples
R = H, alkyl, (CH2),0TIPS, Ph 18-78%
proposed radical mechanism

Me Fo_Me
ﬂFCI
‘N _
N In/ 28R
“ FI * | _
[ |
2BF, | AN
Cl
4\14_ concerted PCET =
O -

Fr I Me

N ! cl TS
= ! / - I —H'

) e | e ||
X SET [/N 2 BF4
(stepwise)| F H “Me
Me

Scheme 43: Selective heterobenzylic C—H fluorination with Selectfluor
reported by Van Humbeck.

moderate to good yields. This facile method shows a good
regioselectivity to gain the branched isomer within 1 h. Later in
2017, they described a similar method for the asymmetric
fluorination of racemic allylic trichloroacetimidates utilizing a
chiral bicyclo[3.3.0]octadiene-ligated iridium complex
(Scheme 45b) [93]. This reaction proceeded under mild condi-
tions with an extremely broad substrate scope, as well as excel-

lent branched-to-linear ratios and enantioselectivities.

In 2013, Gouverneur and co-workers [94] demonstrated the
regio and stereocontrolled fluorination of allylic carbonates
with [Ir(COD)Cl], as the catalyst and TBAF(t-BuOH), as the
fluoride source to produce branched and linear allylic fluorides

Fe(TNP)CI (5 mol %)
NFSI (2.5 equiv)

H LiBH,4 (1.3 equiv) F
HOO S )\Rs (4-MeO)PhOH (30 mol %) HO>(\)\RS
R 2 . R' R2
R MeCN, rt, 5 min
38 examples
56-94%

R', R2=H, alkyl, aryl

R3 = alkyl, aryl, alkynyl, carbonyl, hydroxy, benzyl ether, acetate,
azide, amide, halide, tetrahydropyran

Scheme 44: Fe(ll)-catalyzed site-selective fluorination guided by an alkoxyl radical.
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a) CC|3
O NH [Ir(cod)Cl], (5 mol %)
Et3N-3HF (3.0 equiv
R1 = 3 ( )
R2 Et,O, rt, 1h
R' = alkyl
R2=H, CH3
b) CClj

[IrCIL], (2.5 mol %)
Et3N-3HF (1.5 equiv)

MTBE, 25 °C, 1-6 h

allylic trichloroacetimidates bearing a-branching,
a-linear, B-oxygen, and B-nitrogen substituents

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

12 examples, 64-91%
branched/linear >10:1

F

YN

52 examples
up to 97% ee
up to 99:1 dr

Scheme 45: Fluorination of allylic trichloroacetimidates reported by Nguyen et al.

(Scheme 46). Remarkably, this was the first example to afford
(£)-allyl fluorides (Z:E ratio > 20:1).

R 0COMe  [IM(Cod)Cll, (2 mol %)
Y TBAF(t-BuOH) 4 (2.0 equiv) R'__~_F
R2 R3

CH,Clp, 50 °C, 2-24 h R2 R3
R', R2=alkyl, Ph, H 12 examples
R3=H, CH3 32-68%

Scheme 46: Iridium-catalyzed fluorination of allylic carbonates with
TBAF(t-BuOH)4.

In 2015, Nguyen et al. [95] explored the asymmetric fluori-
nation of racemic, secondary allylic trichloroacetimidates with
Et;N-3HF using a chiral-diene-ligated Ir complex (Scheme 47).
This process proceeded under mild conditions with excellent
enantioselectivity and yields, a broad substrate scope, as well as
a wide range of functional group compatibility. Notably, this

strategy overcomes the challenges associated with the forma-

CCls

RA~

R = 4-F-BzO, OBz, OTBDPS, 4-MeO-CgH,0,
2-BF-C6H4, OCO(CH2)4N3, O(CH2)4CCH,
CH,0Bn, CH,OTBDPS, Ph, (CH5);0Bn

[IrCI(L)]> (2.5 mol %)
Et3N-3HF (1.5 equiv)

MTBE, rt, 1-3 h

tion of secondary allylic fluorides bearing a-linear substituents,
providing complete regio and stereocontrolled acrylic allylic
fluorides.

Fluorination of acidic carbonyl compounds: In 2010, Itoh
and co-workers [96] demonstrated the asymmetric fluorination
of cyclic and acyclic B-ketoesters by using a catalytic amount of
Co(acac), with (R,R)-Jacobsen’s salen ligand (Scheme 48). The
o-fluorinated products were thus obtained with good enantiose-
lectivity.

In the same year, Kim’s group [97] accomplished an efficient
enantioselective electrophilic a-fluorination of various
a-chloro-B-ketoesters catalyzed by chiral nickel complexes with
good enantioselectivity (up to 99% ee). Notably, the chiral
nickel-diamine complexes are air and moisture-stable
(Scheme 49).

In 2011, two nickel-catalyzed protocols for the enantioselective

o-fluorination of B-ketoesters were reported separately. In van

12 examples
up to 90% vyield
up to 99% ee

Scheme 47: Iridium-catalyzed asymmetric fluorination of allylic trichloroacetimidates.
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Co(acac); (10 mol %)

(R, R)-Jacobsen's salen ligand (10 mol %)

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

O O
6 O NFSI (1.4 equiv) ]
1 3 R! %OR?’
R 16 OR Et,0, rt or -20 or 0 °C, 12 h R2 “F
7 examples
R', R2 = five, six or seven-membered rings, Me 64—-75%
R3 = Me, Et, t-Bu 71-90% ee

Scheme 48: Cobalt-catalyzed a-fluorination of B-ketoesters.

O O 10 mol % [Ni] o O o Ho
Selectfluor N_PF N..
R OFt oot torzh e o A
& o-xylene, rt, 1 or F N BN
89-99% ee

" C

R= p-MeCGH4, Ph, p-CF306H4, p-BI'CsH4, 3-C|CGH4, 2-naphthy|, Me

Scheme 49: Nickel-catalyzed a-fluorination of various a-chloro-B-ketoesters.

Leeuwen’s reaction, SPANamine derivatives were synthesized
and applied as chiral ligands in the asymmetric a-fluorination of
B-ketoesters (Scheme 50a) [98]. Meanwhile, to achieve this

28

transformation, Gade and co-workers [99] developed a new
class of chiral tridentate N-donor pincer ligands, bis(oxazolinyl-
methylidene)isoindolines. They obtained the desired products

a) NiCl, (10 mol %)
o) SPANamine (11 mol %) o
f o) NFSI ]:4 i 20,
ANPE OR CH,Cly, 1t, 3 h pNCTE OR
4 |
R = Et, t-Bu 1009 NHy  HoN
9-63% ee SPANamine
b) Ar F, Ar
X -
R 0 S O
L R'3 o) Q
N\ Ni(ClO4)2-6H,0 (10 mol %) = N / N “Ph
Boc ligand (12 mol %) Boc
NFSI . NH
o 95-99% ee
4 AMS, Et,0, rt, 6 h 0 \ N__Ph
X
210 - I
REG COOt-Bu RZ—(\ _COOt-Bu 0
n N n‘oF ligand
n=12 92-97% ee
R'=H, F, Br, Me, MeO, CF5
R2=H, Br, MeO

Scheme 50: Ni(ll)-catalyzed enantioselective fluorination of oxindoles and B-ketoesters.
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under mild conditions with excellent enantioselectivities (up to
>99% ee) and good yields (Scheme 50b).

Also, Feng et al. [100] developed a new method for the highly
enantioselective fluorination of N—H-free 3-substituted oxin-
doles catalyzed by a Sc(III)/N,N’-dioxide complex. A series of
3-aryl- and 3-alkyl-3-fluoro-2-oxindoles were obtained in
excellent yields and enantioselectivities (89-99% ee) with NFSI

under basic conditions (Scheme 51).

R!

R’ L-Sc(OTfs (5-10 mol %) BN
NFSI (1.2 equiv) o

O NayCOs (120 mol %) N

N N

CHCI3, 0°C,20 h

29 examples
80-98%

1=
R'=alkyl, aryl 89-99% ee

Scheme 51: Scandium(lll)-catalyzed asymmetric C—H fluorination of
unprotected 3-substituted oxindoles.

In 2016, a mild, amide-directed fluorination of benzylic, allylic,
and unactivated C—H bonds was described by the Cook group
[101]. By the use of the iron(Il) triflate (Fe(OTf),) as catalyst,
the desired fluorides were finally obtained through a F-transfer
of a short-lived radical intermediate (N-fluoro-2-methylbenz-
amides) in up to 93% yield (Scheme 52).

CSPZ—H bond formation catalyzed by Ag catalysts: In 2010,
the Ritter group [102] firstly reported a Ag-catalyzed fluori-
nation of arylstannane derivatives with the electrophilic fluori-
nation reagent F-TEDA-PFg (Scheme 53). Also, the reaction
was applied to late-stage fluorination of small molecules. How-
ever, this method uses toxic arylstannanes as starting materials
and requires an additional synthetic step from the triflate or
halide to the stannanes.

Trifluoromethylation
Transition-metal-catalyzed trifluoromethylation reactions have

made great progress in the joint efforts of organic fluorination

9 1) n-BuLi (1.1 equiv)
P NH¢-Bu 0°C,1.5h .
R- - R-
RgPs 2) NFSI (1.5 equiv) 0
- 0 °C—rt, 10-14 h
R2

R' = H, Me, internal and terminal alkynes and alkenes, Bpin, CONH¢-Bu

R2 = H, alkyl

Scheme 52: Iron-catalyzed directed C—H fluorination.

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

5 mol % Ag,0
1.5 equiv F-TEDA-PFg

SnBuj 2.0 equiv NaHCO3 F
R_l/j 1.0 equiv NaOTf R N
A 5.0 equiv MeOH =
acetone, 65 °C,4 h
17 examples
65-92%

R = CO,Et, Ph, CN, OMe, Br, Me, carbohydrates,
peptides, polyketides, alkaloids, taxol, rifamycin

Scheme 53: Electrophilic silver-catalyzed Ar—F bond-forming reaction
from arylstannanes.

scientists and metalorganic chemists over the past decade. Intro-
ducing trifluoromethyl groups into organic molecules can sig-
nificantly alter their properties, such as their metabolic stability,
lipophilicity, and the ability to penetrate the blood—brain
barrier. Similar to fluorination, trifluoromethylation can also be
achieved by three reaction types: nucleophilic, electrophilic and
radical trifluoromethylation.

In recent years, many novel trifluoromethylation reagents, such
as cationic, anionic and radical CF3 sources have been discov-
ered and offer manifold choices to effect electrophilic, nucleo-
philic and radical trifluoromethylation [103] (Figure 1). The
selection of the trifluoromethylation reagent has become the
main factor in the optimization of these reactions. With a suit-
able trifluoromethylation reagent, a wide range of substrates are
directly converted to the desired trifluoromethylated products.
Several reviews [104-110] have been published on this subject,
while this part mainly discusses trifluoromethylation reactions
catalyzed by metals. However, there are only a few methods
available for the C(sp®)-CF3 bond formation and this transfor-
mation still needs further examination.

C(sp?)—CF3 bond formation

Copper catalysis: In 2011, two Cu(I)-catalyzed allylic tri-
fluoromethylation reactions of terminal olefins have been de-
veloped independently by the groups of Buchwald [111] and
Wang [112] (Scheme 54). Under similar mild conditions using
Togni's reagent II, the desired allyl-CF3 products were ob-

o}
Fe(OTf), 0
R Nt-Bu (10 mol %) e NH¢-Bu
A F R : e R2
DME
R2 40°C,1-6 h F
21 examples
32-93%
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a) CF5~ source

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

FSO,CF,CO,Me  CF3COo,Na  EtgSiCF3 CF3H
K[CF3B(OMe);  Me;SiCF,COOEt  Me;SiCF,
b) CF3;* source
CFs CFs
O (\ " \
+

S S - °
[} -
CF3 BF,4 CFs oTf~ o

Umemoto's reagent

Togni's reagent |  Togni's reagent Il

CF3
[ o +
| A \O \SﬁNMeg
|
= CF3 BF,
CF, 3BT
F3C
c) CF3+ source
Zn(SOZCF3)2 NaSOQCF3 CF3| AgCF3 CUCF3 CF3SOzc|
Figure 1: Nucleophilic, electrophilic and radical CF3 sources.
IPF3
N C
RNF o+ o [l RN-"cF,
MeOH 3
1 2 0 .
Wang: 15 examples, 44-97%
R = alkyl, aryl Buchwald: 13 examples, 54-80%

Wang: 2 (1-2.0 equiv), CuClI (10 mol %), 70 °C, 10 minor 1 h
Buchwald: 2 (1.0 equiv), [Cu(CH3CN)4](PFg) (15 mol %), 0 °C—rt, 24 h

Scheme 54: Cu(l)-catalyzed allylic trifluoromethylation of unactivated terminal olefins.

tained and the methods well tolerated a variety of functional
groups (e.g., esters, epoxides, amides, alcohols, or aldehydes).
Moreover, the thermodynamically favored E-olefin was gener-

ated with high stereoselectivity in good yields.

In 2012, two different groups [113,114] individually reported
the direct trifluoromethylation of allylsilanes under very simi-
lar conditions. These processes furnished various branched
cyclic and acyclic allylic CF3 products using copper as the cata-
lyst (Scheme 55).

Subsequently, an enantioselective trifluoromethylation of cyclic
B-ketoesters with commercially available trifluoromethylating
reagents was reported by Gade and co-workers using a
Cu-boxmi catalyst [115]. Under mild conditions, both five and

six-membered ring B-ketoesters were converted to the corre-

sponding products in high yields and enantioselectivities
(Scheme 56).

In 2018, the first example for the copper-catalyzed stereospecif-
ic trifluoromethylation of secondary propargyl sulfonates was
described by the group of Zhang [116]. The resulting chiral tri-
fluoromethylated alkynes were acquired with high regioselec-
tivity and stereospecificity (ees up to >99%). Furthermore, this
reaction showed a broad substrate scope, as well as excellent
functional-group compatibility (Scheme 57). A possible mecha-
nism was proposed: firstly, trifluoromethylcopper complex A,
generated from CuCN with TMSCF3, undergoes oxidative addi-
tion with a secondary propargyl sulfonate to give a configura-
tion-inversed propargyl-Cu(IIl) species B. Then, the reductive
elimination of B affords the final product with overall inver-

sion of the configuration.
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FFs
SiMes I\ [Cu]
+ O CF
R1J;/R2 MeOH R1H\( :
0 R?
R'=aryl, alkyl, alkynyl 1.2 equiv
R2=H, alkyl
Sodeoka: cat. Cul (10 mol %), rt, 5 min—12 h, 11 examples, 63-84%
Gouvemeur: cat. CuCl (20 mol %), 70 °C, 2-24 h, 17 examples, 6—84%
Scheme 55: Direct copper-catalyzed trifluoromethylation of allylsilanes.
CFs
I\
O
) O
(n=1) R}:'%,COzRS
rt, 20 h o
0 R2 S CF3
1 Cu(OTf), (10 mol %)
Ry CO,R®
1 o L (12 mol %) 85-94%, 92-99% ee
R~ H "CF3™ (1.2 equiv)
n=12 CH,Cly, 4 AMS iProNEt (1.2 equiv)
' 0°C,36h
R, R2= H, OMe, SMe, oj 1 )
| e oo
X + 83-93%, 80-96% ee
| P NH S
BF4~
\ N Ph CF; 4
L O

Scheme 56: Cupper-catalyzed enantioselective trifluoromethylation of five and six-membered ring B-ketoesters.

N / 30 mol % CuCN CF3
o Oo ., TMSCFs 1.5 equiv KF g )\
" 15equv DVE 40 °C, 12-72h N s
a yl/\
TIPS 12 examples
62-93%

proposed reaction mechanism 93-99% ee

CF;

TMSCF;
S TIPS KF
f' -
[CuICF3 F3C—[Cu]

Ikyl A
alky A
B TIPS 0,0 o/
o —< }

aIkyI/\

TIPS

Scheme 57: Cu-catalyzed highly stereoselective trifluoromethylation of secondary propargyl sulfonates.
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Recently, Li and co-workers [117] explored a simple and facile
method to access d-trifluoromethylated carboxamides and
sulfonamides through a copper-catalyzed 1,5-hydrogen atom
transfer (Scheme 58).

Other catalysts: In 2013, Gouverneur and co-workers [118]
described a photoredox-based catalytic approach to afford
enantioenriched branched allylic CF3 products from allylsi-
lanes using [Ru(bpy)3;]Cl, (Scheme 59). Herein, the silyl group
in the substrate plays an important role in controlling the regio-
selectivity of the trifluoromethylation reaction.

Later in 2017, Li’s group [119] described a practical protocol
for the decarboxylative trifluoromethylation of various primary

and secondary aliphatic carboxylic acids. With AgNOj as a

F 20 mol % Cu(OTf),
! 1.2 equiv (bpy)Zn(CF3)3

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

catalyst, (bpy)Cu(CFj3)3 (bpy = 2,2’-bipyridine) as a CF3 source
and K,S,0g as an oxidant, aliphatic carboxylic acids were con-
verted to the corresponding trifluoromethylated products in
good yields (Scheme 60). Also, mechanistic studies, a radical
clock experiment, revealed the intermediacy of “Cu(CF3);Me,
which undergoes reductive elimination and subsequent oxida-
tion to give the active species Cu(CF3), Meanwhile, aliphatic
carboxylic acids give the corresponding alkyl radicals via
Ag(II)-mediated oxidative decarboxylation. Then, Cu(CF3),
provides a CF3 group to alkyl radicals to obtain the final prod-
uct.

Very recently, MacMillan et al. [120] discovered an efficient

approach to the decarboxylative trifluoromethylation of aliphat-

ic carboxylic acids via the combination of photoredox and

CF;

EWG TR

1.0 equiv NaOAc

F
|
EWG’N\/\)\R

PhCF3/DCM, 50 °C, 12 h

EWG = ArSO,, ArC(O)

21 examples
33-75%

R = Me, Et, CH,CO,Me, CO,Me, H, natural product or drug derivatives

Scheme 58: Remote C(sp®)-H trifluoromethylation of carboxamides and sulfonamides.

CFs CF,
iM
&l f I\o [Ru(bpy)s]Cly (5 mol %) RN R2
RTNTR? . 16 examples
MeOH, 14 W light bulb o
o) i 24 h 41-73%
R!, RZ= alkyl 1.8 equiv 60-64% ee
Scheme 59: Trifluoromethylation of allylsilanes with photoredox catalysis.
AgNO3 (30 mol %)
ZnMe; (3.0 equiv)
. K»S,0 (4.0 equiv)
R-CO,H bpy)Cu(CF -
2 PPY)CU(Cals N0 61, 40 °C, 101 R=CFs
R = alkyl, aryl 38 examples

proposed mechanism

up to 88% yield

82082_
Ag?t Ag*
R-COH _ N 4 _ R R-CF,
~H*,-CO,

(bpy)Cu(CF3)s
+
ZnMe,

Cu(CF3), CuCF;

[0]

— “Cu(CF3)sMe—= —Cu(CF3), + Me-CF3

Scheme 60: Ag-catalyzed decarboxylative trifluoromethylation of aliphatic carboxylic acids in aqueous CH3zCN.
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copper catalysis (Scheme 61). The method tolerates a myriad of
primary, secondary and tertiary carboxylic acids and provides
the corresponding CFj3 analogue in good to excellent yields.
Details of the proposed dual copper—photoredox cycle are
shown in Scheme 61. The Ir(III) photocatalyst
Ir[dF(CF3)ppy]l(4,4’-dCF3bpy)PF¢ (1) undergoes photoexcita-
tion with visible light to form the highly oxidizing excited state
‘Tr(IIT) 2. Then, SET from copper carboxylate 4, derived from
carboxylic acid 3 with the Cu(Il) catalyst to Tr(III) 2 provides

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

Cu(IIl) carboxylate 5, or in the dissociated form, a carboxyl
radical and Cu(Il) complex 6, along with reduced Ir(Il) photo-
catalyst 7. The resulting carboxyl radical extrudes CO, and
sequentially recombines to generate Cu(Ill) species 9. At this
stage, SET from 7 to 9 closes the photoredox catalytic cycle and
produces an alkylcopper(Il) species 10. Under the addition of
Togni’s reagent I (11), species 10 affords the final alkyl-CFj3
product and complex 13, which is used for ligand exchange
with 3.

O
\)]\ /CF3 Ir[dF(CF3)ppy](4,4'-dCF3bpy)PFg (1 mol %) CF
Ty OH I\O CuCN (20 mol %), bathophen (30 mol %) - \/ 3
: ! + : .
BTMG (0.5 equiv), EtOAc, H,0
Carboxylic acid blue LEDS, fan, 6 h 313%)(89'2!;'63
= (1]

proposed dual copper-photoredox cycle

O
-~ T
€O L,Cu''X 'O)I\alkyl
«alkyl 6
L,Cu'X y
8
copper catalytic
cycle
O,C=alkyl
1l
alkyl Ln C,L)l( 5
L,""cu
X
Ir'(7)
photoredox catalytic
SET cycle SET

P ————

Q)

alkyl
L, ”Cu

Togn>\’
F30

NBz
alkyl—CF3
product (12)

(@)

O,C~alkyl
L,"Cu
X

ocu'L,X

i

carboxylic acid (3

Scheme 61: Decarboxylative trifluoromethylation of aliphatic carboxylic acids via combined photoredox and copper catalysis.
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C(sp?)—CF3 bond formation

Palladium-catalyzed trifluoromethylation of aryl and vinyl
compounds: In 2010, Watson and co-workers [121] developed
the first Pd-catalyzed trifluoromethylation of aryl/heterocyclic
chlorides with the CFj3 source TESCFj (TES, triethylsilyl),
which proceeded following a classical Pd(0)/Pd(II) catalytic
cycle (Scheme 62). Also, the reaction tolerates a variety of
functional groups, such as esters, amides, ethers, nitriles, etc.,

and therefore provides a new way for late-stage modifications.

In the same year, Yu’s group [122] reported a Pd(II)-catalyzed
C-H trifluoromethylation of arenes with an electrophilic tri-
fluoromethylation reagent using diverse heterocyclic directing
groups. Notably, the presence of trifluoroacetic acid (TFA) is
crucial for the Ar—CFj3 bond formation and Cu(OAc), can
increase the catalytic turnover (Scheme 63). Based on three dif-
ferent modes of the ArPd(II) species reaction with nucleophiles,
electrophiles and highly oxidizing reagents, three possible reac-
tion pathways (A, B and C, respectively) are envisaged, that can
follow the C—H activation event to the trifluoromethylated
products, as described in Scheme 63. In this case, the specific

catalytic mechanism remains to be studied.

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

In 2011, the group of Liu [123] accomplished a Pd(II)-cata-
lyzed oxidative trifluoromethylation of indoles with TMSCFj3
and PhI(OAc), at room temperature (Scheme 64). Through re-
ductive elimination from the (Ar)Pd(IV)-CF; intermediate,
the aryl C—CF3 bond is generated. Notably, the bidentate
nitrogen-containing ligand is crucial to the achievement of this
process.

In the same year, Buchwald et al. [124] discovered a palladium-
catalyzed trifluoromethylation of vinyl triflates and nonaflates
(Scheme 65). A variety of trifluoromethylated cyclohexenes
were obtained using a catalyst system, which was composed of
Pd(dba), or [(allyl)PdCl], and the monodentate biaryl phos-
phine ligand #-BuXPhos. Also, TMSCF; and KF were more
suitable to the trifluoromethylation of triflate electrophiles,
while the use of TESCF3 and RbF gave better results for
nonaflate electrophiles.

Subsequently, the Yu [15,125] and Shi group [126] indepen-
dently reported the palladium-catalyzed ortho-trifluoromethyla-
tion of an aromatic C—H bond with Umemoto’s trifluoromethyl-

ation reagent. Notably, Cu(II) salts were crucial for forming the

S ®
MeO PCy, PCy,
iPr iPr iPrO QiPr

O

iPr iPr

(Pd/ligand 1:1.5)
X 3 or 4 mol % [(allyl)PdCI], or 6 mol % Pd(dba),

TESCF; (2 equiv), KF (2 equiv)
dioxane (3.3 mL), 130 or 140 °C, 6-20 h

R = alkyl, aryl, heteroaryl, CO,Hex, NO,, CN, CO,t-Bu

\i

(\ CF3
J

R

23 examples
70-94%

generalized catalytic cycle for aryl trifluoromethylation

Pd precursor + L

AF_CF3

reductive
elimination
_Ar
L," Pd\
CF3

S

X@

Ln Pd0 Ar—X
oxidative
addition
_Ar
L," Pd\
X
SR

transmetalation

Scheme 62: Palladium-catalyzed Ar—CF3 bond-forming reaction.
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Pd(OAC), (10 mol %)

A Heterocyele O O 1.0 equiv Cu(OAc), «_Heterocycle
R- j: + - 10.0 equiv TFA R{I

P ~n

S
1

=
CF; BF4~ DCE, 110 °C, 48 h CF;
R = H, Me, OMe, CI, Ph 15 i 19 examples
.5 equiv 54 88
= N SN S\
Heterocycle = @ |/j \/> />
"% N/ ’ M)\N/ s :“Z.LJ\N , /‘?'LLJQN
plausible reaction pathways for trifluoromethylation
wnre @ 4 Ar
Ar\ "CF3@ " CF3 N m
)Dd”L,1 -~--=— - Ar—pPdlL, -----=- - pd™L,
FaC path A path C FsC
= I oxidation m=1l IV
reductive ! slow path B L ® -
elimination | step nucleophilic | "CF3 |
! attack 1 |
¥ . |
_ reductive |
Ar—CF3 Ar—CF3 elimination !
+ + - — - - -
PdOL,, Pd'L,

Scheme 63: Palladium-catalyzed trifluoromethylation of arenes with diverse heterocyclic directing groups.

Pd(OAc); (10 mol %)/L (15 mol %)

PhI(OAC), (2.0 equiv) o 0
1 2
A CsF (4.0 equiv) R Qm
(\ A TEMPO (0.5 equiv) /\
R3-+ P + TMSCF; R3-L CF;
N (4.0 equiv) CH4CN, rt N L
R2 R2
R'=H, OMe, Me, Cl, Br,CO,Me 22 examples

R2= Me, Et, Bn, n-Bu, Ph, SEM, Ts 33-83%
R3 = alkyl, CO,Me, CF

Scheme 64: Pd-catalyzed trifluoromethylation of indoles as reported by Liu.

4-6 mol % Pd(dba), or or [(allyl)PdCI], O
TMSCF; 8-12 mol % t-BuXPhos Pt-Bu,

CF
AN X 2.0 equiv KF or 1.5-2.0 equiv RbF A 3 .
R + or R— iPr
TESCF;

dioxane (1.0 M)

iPr
90-110°C, 3-10 h g

. 15 examples
2.0 or 1.5 equiv 51-84% iPr

X = OTFf or ONf [ BuXPhos

R = alkyl, akyl, heteroaryl

Scheme 65: Pd-catalyzed trifluoromethylation of vinyl triflates and vinyl nonaflates.

aryl-CF3 bonds. In Yu’s study, benzamides and benzylamines an acetamido group as a directing group, Shi developed an effi-
were well trifluoromethylated via a Pd(II)/Pd(IV) catalytic  cient method to access ortho-CF3 acetanilides and anilines
cycle with the addition of TFA (and Ag,O) (Scheme 66a). With  (Scheme 66b).
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Pd(OAc), (10 mol %)

o L (15.0 equiv) o L o
a) N NHAr Cu(OAc); (2.0 equiv) R_'/\ NHAr H)kN’Me
R _ TFA (10 equiv) - |
H CF OoTf DCE, 130 °C,48h CF3 H
3 19 examples
(1.5 equiv) 32_94%

Ar = (4-CF3)CgF4
R = Me, OMe, t-Bu, Ph, F, Cl, Br, CO,Me, CF,

Cu(OAc); (2.0 equiv), TFA (5.0 equiv)
CICH,CH,CI/H,0, 130 °C, 12 h

Pd(OAc), (10 mol %)
Ag,0 (15 mol %),

R I\Boc
F

R1_(;(H\NHR2 “

'F BF,
3

R'= Me, H, OMe, CI, Ph (1.5 equiv)
R2=H, alkyl

then, Boc,0 (3.0 equiv), NaOH (50 equiv)
1,4-dioxane/H,0, 25 °C, 12 h

15 examples
24-80%
Pd(OAc), (10 mol %) H
Cu(OAc), (2.2 equiv) N _R?

ey - g

CF, BF4
(1.5 equiv)
R'=Me, H, t-Bu, OMe, F, CI, Br, |,
R2= Me, t-Bu, Ph

PivOH (5.0 equiv)
CICH,CH,CI, 110 °C, 24 h

Ph, CO,Me, CO,Et, COPh, COMe, OAc, CF3

AN
0y
ZNCr;

22 examples
up to 83% yield

Scheme 66: Pd(ll)-catalyzed ortho-trifluoromethylation of aromatic C—H bonds.

Recently, Wang and co-workers [127] reported a visible-light-
induced Pd-catalyzed ortho-trifluoromethylation of acetanilides.
Without the need of an external photocatalyst and additive,
various N-substituted anilides and acetanilides were obtained
efficiently at room temperature in air. The strategy features
good yields, broad functional group tolerance and high regiose-
lectivity (Scheme 67).

Copper-catalyzed trifluoromethylation of aryl- and alkenyl-
boronic acids: In 2011, Liu and Shen [128] developed
a Cul-catalyzed method for the trifluoromethylation of

aryl- and alkenylboronic acids with Togni’s reagent

(Scheme 68). A range of different substrates gave the corre-
sponding trifluoromethylated (hetero)arenes in good to excel-
lent yields.

Also, in 2012, Beller and co-workers [129] described a copper-
catalyzed trifluoromethylation of aryl- and vinylboronic acids
with the generation of CF3-radicals at room temperature. The
mild reaction conditions allowed a wide variety of functional
groups to be tolerated, though a large quantity of TBHP was re-
quired (Scheme 69). Notably, the authors proposed two mecha-
nistic pathways for this trifluoromethylation reaction. The

difference between path A and path B is that the sequence of

Ho oy cat. Pd(OAG), (5 mol %) o
N N\|/R2 DMSO, air, 25 °C, 20 h N\I(R
RI- | + CF3SO5Na R O o}
C )9 (20 equy)  blue LED (410-415 nm)

R'= alkyl, aryl, Ot-Bu

no external photocatalyst

35 examples
up to 88% vyiled

R' = Me, R2 = alkyl, Ph, halogen, CN, OCF5, COMe, CO,Me, CO,Et, OMe, NHCOMe

Scheme 67: Visible-light-induced Pd(OAc)»-catalyzed ortho-trifluoromethylation of acetanilides with CF3SOoNa.
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FFs
(X\ B(OH), x—h
R—J + | )
= =
X=C,N S O 1.2 equiv
R = aryl, alkyl, ether, ester, amide
cFs
o -B(OH), "
R— +
N
R = Ph, Me, Cl, OMe 1.2 equiv

5 mol % Cul
10 mol % L
2.0 equiv K,CO3
Diglyme, 35 °C, 14 h

5 mol % Cul
10 mol % L
2.0 equiv K,CO3
Diglyme, 35 °C, 24 h

Scheme 68: Cul-catalyzed trifluoromethylation of aryl- and alkenylboronic acids.

B(OH),
A
RT

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

X.__CF3
N
RU
/

14 examples
50-95%

AN NACFS

R—u
=
4 examples
50-75%

N CF;
R—
=

CF3SO3Na (7.0 equiv)

R = OMe, Me, OBn, OTBS, Cu(OAc); (20 mol %) 17 examples
SMe, NMe,, Ph, |, Br,Cl imidazole (24 mol %) 34-74%
t-BuOOH (16.1 equiv)
2,4,6-collidine (2.0 equiv)
N CF;
X B(OH)2 NH4CI (2.4 equiv)
DCM/H,0, rt, air, 6 h R
R
8 examples
R = OMe, Me, H, Ph, F, Br,Cl, CF3 55-70%
proposed reaction mechanism
CF3S0, . _
t-BUOOH trace\‘meta' t-BuO’ 392 CF; + SO, *+ t-BuO
OH-
R~ Cu(llL, ArB(OH),
R " CFy B(OH),L,,
Cu(IICF3L,,
cu(l)L, pathB  ACUllDLn  path A
ArB(OH){\
N\ BOH)L,
ArCF3 CF:;

CF3Cu(lllL,Ar
R = CF3 or t-BuO

Scheme 69: Cu-catalyzed trifluoromethylation of aryl- and vinylboronic acids.

CF; radicals and aryl- and vinylboronic acids is reversed. In ad- Copper-catalyzed trifluoromethylation of alkenes: The
dition, the CFj radical is generated from the reaction of TBHP  method described by Hu [130] was applied to the trifluoro-

with NaSO,CFj. methylation of a wide range of a,f-unsaturated carboxylic acids
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through CuF,-catalyzed decarboxylative fluoroalkylation with
high yields and excellent E/Z ratio (Scheme 70).

CFs
I\
O (1.0 equiv)
1
R! 0 R
RZJ\/COZH 20 mol % CUF2'2H20 RZJ\/CF:*

H,Ol/dioxane, 80 °C, 12 h
11 examples
R' = aryl, heteroaryl, alkenyl 42-74%

R2=H, Me

Scheme 70: Copper-catalyzed trifluoromethylation of o,B-unsaturated
carboxylic acids.

Additionally, a copper(I)-catalyzed trifluoromethylation of
alkenes was disclosed by Sodeoka and co-workers in 2012
[131]. The reaction was carried out with Togni’s reagent as the
CFj source and TsOH as a Brgnsted acid in CH,Cl, at 40 °C
(Scheme 71). Notably, trifluoromethylstyrenes were formed
through further transformations of the oxytrifluoromethylated
products with high efficiency.

[Cu(MeCN)4]PFg (10 mol %)
p-TsOH (1.0 equiv)
DCM, 40 °C, 1 h
£Fs

Ar/\/H AI’/\/CFS

X\ .
(1.2 equiv)
[ I o

63-97%

0o
Ar = phenyl, N-protected aniline, heteroaryl, dienes

Scheme 71: Formation of C(sp2)—CF3 bond catalyzed by copper(l)
complex.
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In the same year, Loh’s group [132] used the same copper cata-
lyst and Togni’s reagent to achieve the trifluoromethylation of
enamides in good yields at room temperature (Scheme 72a).
Meanwhile, this reaction exhibited excellent stereoselectivity
towards the E-isomer. One year later, the same group [133] ex-
tended this approach to the directing-group-assisted copper-cat-
alyzed trifluoromethylation of electron-deficient alkenes
(Scheme 72b). Moreover, a-aryl and a-alkyl-substituted acry-
late derivatives could be used as substrates to form the
C(sp?)—CF5 bond with a complete Z-selectivity. A radical
species participated in the reaction’s catalytic cycle.

In 2013, the group of Liu [134] described a copper-catalyzed
decarboxylative trifluoromethylation of a,B-unsaturated
carboxylic acids with CF3SO;,Na. This method was applied to a
wide range of a,B-unsaturated carboxylic acids. Meanwhile, a
similar radical process for the difluoromethylation of aryl-
substituted acrylic acids was also achieved by Liu and
co-workers. The HCF;-substituted E-alkenes were finally ob-
tained with iron catalysis and zinc difluoromethanesulfinate
((CF,HSO,),Zn, Baran reagent). Also, the authors proved that
the formation of the Cyjny1=CF3/Cyiny1~CF>H bonds followed a
radical addition—elimination process (Scheme 73).

Subsequently, Bouyssi and co-workers [135-137] used Togni’s
reagent to conduct the trifluoromethylation of (hetero)aromatic
aldehydes or corresponding N,N-dialkylhydrazones with CuCl
as the catalyst at room temperature (Scheme 74). These reac-
tions showed a broad substrate scope and good functional group
compatibility with up to 99% yield.

In 2013, a simple and effective copper-catalyzed approach for
the construction of Cyjuy~CF3 bonds without using pre-functio-
nalized substrates was reported by Xiao et al. (Scheme 75)
[138]. The process proceeded smoothly to give the trifluoro-
methylated alkenes in good to excellent yields via a radical
mechanism.

a) NHAc [Cu(MeCN)4]PFg (10 mol %) NHAc
Togni's reagent Il (1.1 equiv)
R RTX
H THF, N, rt, 20 h CF;
_ 19 examples
R=anyl 40-92% E-isomer
b) o CuCl (10 mol %) o
Togni's reagent Il (1.1 equiv) R
R
NHTs | NHTs
| DMSO, Ny, 80 °C, 20 h
H CF3
18 examples

R = aryl, alkyl

60-97% Z-isomer

Scheme 72: Loh’s Cu(l)-catalyzed trifluoromethylation of enamides and electron-deficient alkenes.
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10 mol % FeS0O4-7H,0
3.0 equiv (CF,HSO;),Zn

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

10 mol % CuSQ4-6H,0
3.0 equiv CF3SO5Na

COOH
A~ CF2H . AN . A X~CFs
CH,CI,/H,0 2.5:1 CH,CIl»/H,0 2.5:1
5 examples 50°C,60r22h 50 °C,5-21h 24 examples
35-68% 41-85%
E/Z up to 99:1 E/Z up to 99:1
Scheme 73: Copper and iron-catalyzed decarboxylative tri- and difluoromethylation.
£Fs
-NR? x| _NR?
'J\ll\ . (I(\O CuCl (10 mol %) /le
=
R" H Y CHCI3, 20 °C, 1 h (Het)Ar CF3
1.2 equiv 47 examples
56-99%

R' = aryl, heteroaryl
NRZ = NMe,, morpholine

Scheme 74: Cu-catalyzed trifluoromethylation of hydrazones developed by Bouyssi.

CF
[ ? [Cu(MeCN)4]PFg (20 mol %) oF
. \o DBU (2.0 equiv) 3
DMF, 60 °C, 2 h

2.5 equiv

15 examples
63-93%

Ar = electron-rich and electron-poor (hetero)arenes

Scheme 75: Cu(l)-catalyzed trifluoromethylation of terminal alkenes.

Additionally, Duan and co-workers [139] discovered a copper/
silver-catalyzed decarboxylative trifluoromethylation of a,p-
unsaturated carboxylic acids with CF3SO;Na. This reaction
proceeded efficiently for a wide range of alkyl and aryl-substi-
tuted o,B-unsaturated carboxylic acids derivatives with excel-
lent E/Z selectivity (Scheme 76). It's worth mentioning that the
addition of Ag,COj3 additives was crucial for promoting the
decarboxylation of a,Bf-unsaturated carboxylic acids.

In 2014, a Cu(I/II)-catalyzed a-trifluoromethylation of a,p-
unsaturated carbonyl compounds were unfolded by the Bi group

(Scheme 77) [140]. The reaction was applied to a broad range
of carbonyl compounds, including enones, a,B-unsaturated
esters, thioesters, and amides. Notably, the authors obtained

products with stable E-configuration through a SET process.

In 2017, Loh and co-workers [141] introduced a Cu(I/II)-cata-
lyzed Cyiny—H trifluoromethylation of a variety of styrene de-
rivatives. This process was achieved by using 1-methylimida-
zole (NMI) as ligand and tetrabutylammonium iodide (TBAI)
as an additive (Scheme 78). Mechanistic studies revealed that
this reaction probably proceeds through a radical pathway.

CuCl (20 mol %)
CF3S0O,Na (3.0 equiv) R!
Ag,CO3 (0.6 equiv)
t-BuOOH (5.0 equiv)

/\ NS CF3

DCE, 70°C, 24 h

R1
X COOH
R24-
=
R'=H, Me, Ph

R? = OMe,Me, Cl, Br, Me, CI, H, OH

R%G
NG~
13 examples
48-72%

Scheme 76: Cu/Ag-catalyzed decarboxylative trifluoromethylation of cinnamic acids.
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0 Cul (10 mol %) o
Hj)J\Rz Togni's reagent Il (1.5 equiv) F3C])kR2
| DMF, Ny, 80 °C, 10 h
R R

24 examples
50-92%

R'= aryl, ketone
R2= aryl, OPh, OBn, SCgH4Cl, NMe,, N(iPr),, NHBn, NH,

Scheme 77: Copper-catalyzed direct alkenyl C—H trifluoromethylation.

Cul (10 mol %)
NMI (15 mol %)
n-BuyNI (20 mol %)
CF3SO,Na (3.0 equiv)

R
Ar/\'fCFS

22 examples, 33-84%

R
Ar/&

R=aryl, H

DTBP (2.0 equiv)
DCE, 120 °C, 12 h

Scheme 78: Copper(l/Il)-catalyzed direct trifluoromethylation of
styrene derivatives.

Copper-catalyzed trifluoromethylation of arenes and
heteroarenes: In 2013, Xi et al. [142] reported a CuCl-cata-
lyzed direct trifluoromethylation of sp? C—H bonds with Togni
reagent (Scheme 79). Also, phenyl, thiophene, and pyridine de-

rivatives achieved regioselectively trifluoromethylation with

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

N-pival-amide as a directing group. The authors also proposed a
possible radical pathway for this reaction. The final trifluoro-
methylated compounds were generated from pivalamido arenes
and heteroarenes with the CFj3 radical through a Cu(I/Il) catalyt-
ic cycle.

In 2013, the Szabd [143] and Wang group [144] described the
copper-mediated C—H trifluoromethylation of quinones with
Togni’s reagent. Szab6 utilized a stoichiometric amount of
CuCN combined with catalytic bis(pinacolato)diboron, where-
as Wang applied a stoichiometric amount of Cul. Notably, both
groups proved a mechanism involving the formation of a CF3
radical with copper(I) acting as a one-electron reducing agent
(Scheme 80).

With catalytic cupric acetate and TBHP, the group of Tang
[145] developed a green strategy for the trifluoromethylation of
imidazoheterocycles with a recyclable mixed medium of
1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim]BF,)
and water (Scheme 81). By following this method, diverse tri-
fluoromethylated imidazoheterocycles were obtained in up to
80% yield. The method features a green and recyclable solvent,
mild reaction conditions (room temperature) and excellent func-
tional group tolerance. In this instance, the copper catalyst may
only promote the generation of the fert-butoxyl radical from
TBHP. The oxidation of the intermediate A with -BuOOH

H
H

R

PRGN NjH<

CFs
.
(2.0 equiv) Y
o) 27 N N
—

CuCl (20 mol %)

t-BuOH, N5, 30-120 °C, 24 h

R = H, alkyl, halogen, ether, CO,Et

13 examples

X=CH,S,N 40-70%
Scheme 79: Regioselective trifluoromethylation of pivalamido arenes and heteroarenes.
o) (0]
PN /CF3 cu PR CF;
o XK v
L o o] e .
e R = g R
o) o] 0

R = alkyl, aryl, OMe, CI, Br, NMePh

15 examples, 49-89% (A)
15 examples, 33-83% (B)

Szabd (A): Togni's reagent (1.5 equiv), BoPins (5 mol %), CuCN (1.0 equiv), CDCls, rt, 18 h
Wang (B): Togni's reagent (2.0 equiv), Cul (20 mol %), t-BuOH/DCM 1:1, 55 °C, 12 h

Scheme 80: Synthesis of trifluoromethylquinones in the presence of copper(l).
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produces a carbocation B, followed by an oxidative dehydroge-

nation process to afford the target product.

- Cu(OAc); (5 mol %) _
CF3SO,Na (2.0 equiv) .~

/ —N \
 Het N/:(kR t-BUOOH (3.0 equiy) | Het N/:L\'
) [Bmim]BF4/H,0 1:1 .- R
H 25°C, 24 h CF;
R = aryl, alkyl 26 examples

up to 81% yield

possible mechanism

S—_N
e
<

CF,
t-BuOOH
[Cu]
t-BUO’ ©
“CFs — CF3S0, /YH@
SO,
S— =N S— N
g %R t-BUOOH g ® o
H CF, H cF,
A B

Scheme 81: Oxidative trifluoromethylation of imidazoheterocycles in
ionic liquid/water.

Also in 2015, Li and co-workers [146] developed a mild and
fast Cu(l/II)-catalyzed trifluoromethylation procedure to obtain
3-trifluoromethylcoumarins. The reaction was carried out with a
CuCl/CF3SO,Na/TBHP system under continuous-flow condi-

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

tions, affording the corresponding products with wide substrate

tolerance in moderate to good yields (Scheme 82).

, CuCl (20 mol %) R2

) R CF3S0,Na (2.0 equiv) 1

R t-BuOOH (4.0 equiv) | R X CF3
| DMSO, 60 °C, 40 min

P , , N N0

O” O in a continuous-flow reactor

R'= Me, t-Bu, OMe, OCOMe, Br,
NOz, H, NMe2
R2=Ph, Me

11 examples
39-71%

Scheme 82: A mild and fast continuous-flow trifluoromethylation of
coumarins using a Cul/CF3SO,Na/TBHP system.

After one year, the group of Cai [147] presented a Cu(II)-cata-
lyzed 8-amido chelation-induced regioselective C5-trifluoro-
methylation of quinolines (Scheme 83a). With CuBr, as a cata-
lyst and azobisisobutyronitrile (AIBN) as an oxidant, a wide
range of functional groups were well tolerated to provide the
products in moderate to excellent yields. Simultaneously, Zhang
and co-workers [148] described a similar, milder regioselective
C-H trifluoromethylation of 8-aminoquinolines by using a
chitosan-based heterogeneous copper catalyst (CS@Cu(OAc),,
CS = chitosan) (Scheme 83b).

Recently, a picolinamide (PA)-directed method for the Cu-cata-
lyzed trifluoromethylation of anilines was described by the
group of Zhang [149]. The trifluoromethyl group was installed
at the ortho position of the substrate, yielding 2-(trifluoro-
methyl)aniline derivatives in moderate to good yields

(Scheme 84). Notably, the directing group could be recovered

CuBr, (10 mol %) CF
a) o CF4SO,Na (2.0 equiv) o N 3
Py AIBN (1.2 equiv) R)LN _
R H | CH4CN, air, 120 °C, 12 h Ho N |

Nx
R = alkyl, (het)aryl

18 examples, 53-91%

b)

R2
(0] |\\
R1LH £
Na

R' = alkyl, (het)aryl
R2=H, OMe

CS@Cu(OAc), (15 mol %) R _CF,
CF3SO,Na (1.5 equiv) ci |\ X
K,S,0g (1.5 equiv
25203 ( ) RT NS |
CH5CN, air, 40 °C, 45 min Ho N

Scheme 83: Copper-catalyzed oxidative trifluoromethylation of various 8-aminoquinolines.

20 examples, 51-92%
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1) CuBr (20 mol %) 0
K5S,05 (1.5 equiv) . /R
H o ~N \
+ CF3SO,Na MeCN, air, 50 °C, 12 h | | OH
2) HCI, EtOH ZNCE, N pa

PA was recovered

NH,
R=1,Br, Cl, F, CN, NO,, Me, CF3, CN 16 examples

18-69%

Scheme 84: PA-directed copper-catalyzed trifluoromethylation of anilines.

in excellent yields and this approach provided a new way for
the efficient synthesis of floctafenine via a single-electron-

transfer mechanism.

Vinyl C-CF3 bond formation using Fe, Ir, Ru, and Ag
catalysts: In 2012, Buchwald and co-workers [150] unfolded an
iron(Il)-catalyzed trifluoromethylation of potassium vinyltriflu-
oroborates at room temperature (Scheme 85). With this ap-
proach, 2-arylvinyl substrates, in particular, furnished the prod-
ucts in good yields and excellent E/Z ratios (E/Z > 95.5%).

Also, Cho and co-workers [151] reported a direct method for an
alkenyl trifluoromethylation employing a Ru photocatalyst. The
method used CF3I as a CFj3 radical source and 1,8-
diazabicyclo[5.4.0]Jundec-7-ene (DBU) as the base
(Scheme 86). Under these mild reaction conditions, the tri-
fluoromethylation of a wide range of alkenes shows high func-
tional-group tolerance with a low catalyst loading. Moreover,
compared with other alkenes, this process works especially well
for terminal alkenes.

In 2013, Akita’s group [152] developed a radical-mediated tri-
fluoromethylation of vinyltrifluoroborates promoted by the
photoredox catalyst [Ru(bpy);](PFg), under visible light irradi-
ation (Scheme 87a). The trifluoromethylated alkenes were ob-
tained in up to 95% yield. One year later, the same group [153]
presented a procedure for trifluoromethylation of multisubsti-
tuted alkenes with a different CF3 source, Umemoto’s reagent
(Scheme 87b). Additionally, this reaction could be extended to
double trifluoromethylation.

FFs

|
R/\/BFaK + @O

(0]
R = aryl, alkyl, Bn

0.1 mol % Ru(phen);Cl,
2.0 equiv DBU

CH4CN (0.5 M)
visible light, rt, 2-10 h

R/\/ + CF3l R/\/\CF:;

E-selective
R = alkyl, alcohol, aldehyde, ketone, 14 examples
ester, carbamate, amide, silyl ether, 78-95%

sulfonates, aryl halides

Scheme 86: Alkenyl trifluoromethylation catalyzed by Ru(phen)sClo as
photocatalyst.

In 2014, a visible-light-induced decarboxylative trifluoro-
methylation of a,B-unsaturated carboxylic acids by using
[Ir(ppy)3] as a photoredox catalyst was explored by Zhu and
co-workers (Scheme 88) [154]. Notably, this procedure em-
ployed only 1 mol % catalyst loading to achieve an excellent re-
activity and E/Z stereoselectivity at room temperature.

In 2016, Duan and co-workers [155] disclosed a Ag(I)-cata-
lyzed denitration/trifluoromethylation of B-nitrostyrenes with
CF3SO;,Na, which employed a large excess of di-tert-butyl
peroxide (DTBP) as the oxidant and tetrabutylammonium
iodide (TBAI) as phase-transfer catalyst (Scheme 89). Notably,
only (E)-isomers of the products were obtained in moderate to
high yields.

Various transition-metal-catalyzed direct C-H bond tri-
fluoromethylation of arenes and heteroarenes: In 2011, the
group of MacMillan [156] reported a simple approach for the
direct trifluoromethylation of unactivated arenes and

10 mol % FeCl,
CH3CN, rt, 24 h

R/\/CF?’

12 examples
34-78%

Scheme 85: Trifluoromethylation of potassium vinyltrifluoroborates catalyzed by Fe(ll).
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/
' 5 mol % [Ru(bpy)s](PFs) X CF
\ 3 6/)2 Fa v 3
R
) N BFK ¢ @«O CH3OH, 1, 5 h
0 3 W blue LEDs 21 examples
R = aryl, heteroaryl 1.1-1.2 equiv 56-88%
b 2
) R O O 2 mol % [Ru(bpy)sl(PFe), R o
+
RN + S DMSO, rt, 2 h R 3
R3 CF, BF4” 425 nm blue LEDs R3
R, R2=aryl 1.2 equiv 13 examples
' 37-82%
R3=aryl, H
Scheme 87: Ru-catalyzed trifluoromethylation of alkenes by Akita’s group.
I/CF3 1 mol % Ir(ppy)s
R! A 2.0 equiv CH3COONa R!
Y cooH o+ o quiv > ANCF,
R2 = rt, 18-24 h R2
0 35 W fluorescent light
R'=H, Me 1.5 equiv 24 examples
R2= aryl > ed 50-87%

Scheme 88: Ir-catalyzed Cyiny—CF3 bond formation of o,B-unsaturated carboxylic acids.

AgNO; (15 mol %)
TBAI (20 mol %)
CF3SO,Na (3 equiv)

R|’\ X NO2 DTBP (5 equiv) R|\ X CF3
TsOH (1 equiv)
Z DMSO/DCM 2:5 Z
70°C, 24 h 16 examples
30-78%

R = alkyl, CO,Me, OMe, Me,
Cl, Br, Ph, CN, NO,

Scheme 89: Ag(l)-catalyzed denitrative trifluoromethylation of B-nitro-
styrenes.

heteroarenes through a radical-mediated mechanism
(Scheme 90). Under exposure to 26 W fluorescent light, this
process proceeded well in the presence of triflyl chloride and
different photocatalysts depending on the substrate’s nature,
i.e., Ru(phen);Cl, for 5S-membered heterocycles, Ir(Fppy)3 for
6-membered arenes and heterocycles. It is worth mentioning,
that triflyl chloride provides a cheap and easy to handle CF3
source.

A mild and simple electrophilic trifluoromethylation of various
aromatic and heteroaromatic compounds was disclosed by the

Togni group [157] in 2012. The authors used methyltrioxorhe-

1-2 mol % Ru(phen)sCl;
or Ir(Fppy)s Y

:f::\‘Z“/Y\\/H 1-4.0 equiv CF3SO,CI :7’:\‘%/\ CFs
““vﬁ’/\x(CH)" KzHPOy, MeCN, 23°C . (S

26 W light source 46 examples, 70-94%

various 5-membered heteroarenes
6-membered arenes, heteroarenes,
benzofused derivatives, etc.

X=CH,N,O,S
Y =CH, N, C=0
Z=CH,N

R =H, Me, (Me),, iPr, =0, OH, OMe, (OMe),, (OMe)3
N-H(Me or Boc or Ac), SMe, SiMe3, etc.

Scheme 90: Photocatalyzed direct trifluoromethylation of aryl and
heteroaryl C—H bonds.

nium (MTO) as the catalyst (Scheme 91). Notably, the direct ar-
omatic trifluoromethylation tolerates a broad substrate scope,

however, is limited to electron-rich substrates.

In 2014, Ma et al. [158] developed the first visible-light-
promoted radical trifluoromethylation of unprotected anilines.
With [Ir(ppy)3] and Togni’s reagent, the method afforded
various fluorine-containing molecules and heterocyclic com-

pounds at room temperature (Scheme 92).
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CF,
!
X XN MeReO3 (5-8 mol %) S
R—- + o) . , Ry =3CF;
kx/ _— CDCls, 70 °C, overnight kx/)
Q 34 examples
X=CH, N 1.0 equiv 13-77% 1°F NMR yield

R = donor, acceptor

Scheme 91: Rhenium (MTO)-catalyzed direct trifluoromethylation of aromatic substrates.

NH, CF3 NH
N I\o 1.5 mol % Ir(ppy)s X CF3
|// DMF, rt, 15-36 h Ve
7 W blue LEDs R
O
25 examples
R = donor, acceptor 38-81%

Scheme 92: Trifluoromethylation of unprotected anilines under
[Ir(ppy)s] catalyst.

In 2015, the group of Hajra [159] described a method for the
direct trifluoromethylation of imidazopyridines and other
imidazoheterocycles. The CF3SO,;Na/t-BuOOH/Ag system
enables accomplishing the reaction at room temperature under
ambient air (Scheme 93).

7 /N
L A
RQ/\N(\%”’
H

R =H, Me, Cl, Br

AgNO3 (20 mol %)
TBHP (20 mol %)
CF3SO,Na (2.0 equiv)

A direct trifluoromethylation of (hetero)arenes in the presence
of only 0.1 mol % [Ru(bpy)3]Cl; as catalyst was reported by the
Stephenson group in 2016 [160]. Notably, the authors utilized
pyridine N-oxide derivatives in concert with trifluoroacetic an-
hydride to facilitate this process (Scheme 94). Moreover, the

method has been successfully extended on a kilogram scale.

One year later Mizuno’s group [161] introduced a direct C—H
trifluoromethylation of (hetero)arenes with O, as the terminal
oxidant in the presence of catalytic amounts of phosphovanado-
molybdic acids (Scheme 95). The reaction tolerated diverse
(hetero)arenes to afford the corresponding trifluoromethylated

products via a radical pathway in 26-92% yields.

In 2017, Zhang and co-workers [162] were the first who re-
ported a nickel(Il)-catalyzed and picolinamide-assisted site-

N
R_//\(/ Ar
/
XN
CF;
17 examples, 63—-78%

s S
/ ]I >\
\ <N
\ﬁ/ N
—
Ar
H

DMSO, air, rt, 12 h

I/—\]IS>\
\ ! <N
~N_ . N

—
))\Ar

F3C
3 examples, 68—-71%

Scheme 93: Oxidative trifluoromethylation of imidazopyridines and imidazoheterocycles.

oL

(hetero)arenes with electron-rich groups
or

4-Ph-pyridine N-oxide (1.0—4.0 equiv)

Ru(bpy)sCl, (0.1 mol %)

CF3

(F3CC0),0 (1.1-4.1 equiv)

Q/H
;X

R ‘Rz
X=C,N,0O,S

R'=H, COMe, CO,Me, COCF3, MIDA-protected boronate esters

R2 = Boc, Ph, Me

or

R1 \RZ

16 examples
32-79%

MeCN, 35 °C, blue light

Scheme 94: Ruthenium-catalyzed trifluoromethylation of (hetero)arenes with trifluoroacetic anhydride.
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HGPV3MOgO40 (10 mol %)
CF3SO,Na (3 equiv)

| N O, (1 atm AN
R 2 ( ) R?\—CF;;,
KX/ CH3CN/H,0 8:2 7
120 °C, 23 h
X=CH,N 12 examples
R =H, Ph, Me, OMe, CI, CN 26-92%

Scheme 95: Phosphovanadomolybdic acid-catalyzed direct C—H tri-
fluoromethylation.

selective C—H bond trifluoromethylation of arylamines in water
(Scheme 96a). This strategy displays several advantages:
1) inexpensive nickel catalyst, 2) recyclable catalyst, 3) aqueous
phase reaction, and 4) high site selectivity. Only one year later,
the group of Xia optimized this approach and established a con-
venient, oxidant-free protocol for the ortho-trifluoromethyla-
tion of arylamine under ultraviolet irradiation (Scheme 96b)
[163].

In 2018, Wu and co-workers [164] introduced a one-step
strategy for the synthesis of trifluoromethylated free anilines
using Togni’s reagent using a nickel-catalyzed C—H trifluoro-
methylation. Moreover, free anilines with a variety of func-
tional groups were trifluoromethylated under the mild reaction
conditions in up to 90% yield (Scheme 97).

C(sp)—-CF3 bond formation

In 2010, Qing’s group [165] reported the first example of a
copper-mediated trifluoromethylation of terminal alkynes.
Notably, the reaction was carried out with nucleophilic (tri-
fluoromethyl)trimethylsilane (Me3SiCF3) as a CF3 source under

NiSO4-6H,0 (10 mol %)
KzSzOg (3 equiv)

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

NH2 CFs  NiOH), (1omol %) T2 o
| YN I\o K»COs3 (3.0 equiv) | Xt
[ DMSO, 35°C,2h L/
R R
o)
22 examples
(1.0 equiv) 56-90%

R = alkyl, alkoxy, cyano, trifluoromethyl,
ester, acyl, phenyl, halide, and amide

Scheme 97: A nickel-catalyzed C—H trifluoromethylation of free
anilines.

air atmosphere (Scheme 98a). Moreover, this protocol was
compatible with various terminal alkynes, such as aromatic and
aliphatic alkynes, affording the trifluoromethylated alkynes in
47-91% yields. Subsequently, Qing [166] developed an effi-
cient catalytic trifluoromethylation by adding terminal alkynes
and Me3SiCFj slowly with a syringe pump. Two years later, the
same group [167] presented an improved Cu-mediated oxida-
tive trifluoromethylation of aryl and heteroaryl terminal
alkynes. In the latter case, the trifluoromethylation proceeded at
room temperature by using Ag,CO3 as an oxidant with a signif-
icantly lower amount of TMSCF;3 (Scheme 98b).

In 2012, Huang et al. [168] reported a process for trifluoro-
methylation of terminal alkynes with Togni’s reagent in DCM
at room temperature (Scheme 99a). The trifluoromethylated
acetylenes were obtained with up to 98% yield via a Cu(I/III)
catalytic cycle with CF3*. As an extension of their work, this
group [169] developed the trifluoromethylation of alkynyltriflu-
oroborates to form trifluoromethylated acetylenes under similar
conditions without the addition of bases (Scheme 99b).

CF3802N8
2.0 equiv

/
a 9 TR
| A N X +
N H H

R =alkyl, H, Cl, Br, I, F, CN, NO,

H,0, 50 °C, 12 h, air

cat, [Fe] (15 mol %)

/
0 nIFS
NN

19 examples
up to 71% yield

=
b 9 LR
|\ N +  CF3S0,Na
_N H H

R=H, Me, C|, Br, |, F, CN, NO,

Scheme 96: Picolinamide-assisted ortho-trifluoromethylation of arylamines.

UV, acetone, rt, 36 h

=
A N e
@%ﬂ ¢F, ==
17 examples
up to 72% vyield
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Cul (1.0 equiv)

a) ; phen (1.0 equiv) )
— Me;SiCF R!'-——=—CF
R * s KF (1.0 equiv) 3
(5.0 equiv) DMF, air, 100 °C, 4 h 18 examples
R'= aryl, heteroaryl 58-86%
1) phen (2.0 equiv)
Ag,CO3 (2.0 equiv)

b) DMF, rt, 0.5 h 2

CuCl + t-BuOK R CFs

2) TMSCF3 (2.0 equiv), rt, 1 h
3) terminal alkyne (1.0 equiv)

rt, 3 h

R2= aryl, heteroaryl

12 examples
50-88%

Scheme 98: Cu-mediated trifluoromethylation of terminal alkynes reported by Qing.

(1.5 equiv)

Cul (20 mol %)
phen (40 mol %)
KHCO3 (2.0 equiv)

R = aryl, heteroaryl, benzyl
DCM, rt, 24 h

CF;

(1.2 equiv)

R

BF3K

CuSCN (30 mol %)
L (30 mol %)
CH3CN,4AMS, rt, 16 h

(Ceu-x

R = aryl, alkyl

proposed mechanism

CF3

and/or base

Scheme 99: Huang'’s C(sp)—H trifluoromethylation using Togni’s reagent.

In the same year, the groups of Guo [170] and Xiao [171] also
developed a copper(I)-catalyzed trifluoromethylation of termi-
nal alkynes with Umemoto’s reagent as an electrophilic CF3
source (Scheme 100a). Compared with the reaction conditions

reported by Guo, Xiao’s method was carried out at higher tem-

N
CN:CU'

R CF,4 \

13 examples
70-96%

R CF;

12 examples
47-88%

R—=—H

and/or base

R

perature, using similar copper(l) catalysts, but with different
ligands (Scheme 100b).

In 2014, the trifluoromethylation of aromatic alkynes through
visible-light photoredox catalysis was described by Cho and
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CuCl (20 mol %)
a) O O 2.4,5-collidine (2.0 equiv)
_ + J—
R—= & DMAG, 30 °C, 24 h R—=—"CF;
I
CF; oTf 11 examples
26-75%
R = sulfonate, nitro, ester, amide, ether, hydroxy
b Cul (1.0 equiv)
) | = Bipy (1.0 equiv)
R—= + N R——=———CF3;
S K,COj3 (1.0 equiv)
CF, OTf DMF, 60 °C, 6 h 13 examples
R =aryl 51-96%

Scheme 100: Cu-catalyzed methods for trifluoromethylation with Umemoto’s reagent.

co-workers [172]. With fac-[Ir(ppy)3] as photocatalyst and
KOr-Bu as a base, the reaction was achieved under blue LED ir-
radiation in moderate yields (Scheme 101). However, this ap-
proach was not suitable for aliphatic alkynes.

fac-[Ir(ppy) 3] (2 mol %)
t-BuOK (3.0 equiv)

R—= + CFsl ; =——CF;
DMF (0.1 M), rt, 3 h, air
R = aryl blue LEDs 5 examples
60—-68%

Scheme 101: The synthesis of alkynyl-CF3 compounds in the pres-
ence of fac-[Ir(ppy)s] under visible-light irradiation.

Compared with the trifluoromethylation and fluorination
mentioned above, the methodological research on difluoro-
methylation, trifluoromethylthiolation and trifluoromethoxyla-
tion of organic molecules are quite rare and scattered. Here we

summarize the new developments within recent years.

Difluoromethylation

The introduction of a difluoromethylene (CF,) group into
organic molecules can significantly improve their metabolic
stability and oral bioavailability [3]. Therefore, the difluo-
roalkylation has become a powerful strategy for regulating the
biological activity of organic molecules. It is noteworthy that
transition-metal-catalyzed difluoroalkylation is an effective
route to obtain these valuable difluoroalkylated backbones.

There are four modes of catalytic difluoroalkylation, including

nucleophilic difluoroalkylation, electrophilic difluoroalkylation,
radical difluoroalkylation, and metal-difluorocarbene coupling
(MeDiC) [173]. Finally, a wide range of difluoroalkylated
(hetero)arenes [(Het)Ar-CF,R, R = PO(OEt),, CO,Et,
CONR!R2, CORY, (Het)Ar, alkenyl, alkynyl, alkyl, H] and
alkenes were obtained with excellent functional group toler-

ance.

In 2012, the Reutrakul group [174] firstly reported a Pd-cata-
lyzed Heck-type reaction of [(bromodifluoro-methyl)sul-
fonyl]benzene with styrene derivatives (Scheme 102). Notably,
the reaction shows a broad substrate scope, including a variety
of styrene derivatives, vinyl ethers, vinyl sulfides, and a few
heteroaromatic substrates.

In the same year, Yu and co-workers [175] developed an
iridium-catalyzed direct C-H functionalization of enamides and
ene-carbamates with BrCF,CO,Et under visible-light
photoredox conditions (Scheme 103). This method shows
excellent yields and a wide substrate scope.

Moreover, Hu et al. [130] established a copper-catalyzed
(phenylsulfonyl)-difluoromethylation of a,B-unsaturated
carboxylic acids with excellent E/Z selectivity (Scheme 104).
Notably, the Lewis acid (CuF,-2H,0) was used to enhance the
electrophilicity of the Togni’s reagent and to promote the
decarboxylation of the carboxylic acids. The authors proposed
that, under these conditions, the Togni’s reagent may undergo a
Cu-catalyzed bond cleavage to produce the highly electrophilic

0. 0 [Pd(PPhs3),] (35 mol %) P
" T e Serger KoCO; (1.5 equiv) 7 CF,50,Ph
toluene, 100 °C, 4 h 17 examples
R = aryl, Ot-Bu, SPh <60%

Scheme 102: Pd-catalyzed Heck reaction reported by Reutrakul.

2254



[Ir(ppy)2(dtbbpy)PFg] (1 mol %)

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

0 BrCF,CO,Et (1.2 equiv) (0]
At Na,HPO, (2.0 equiv ) il A ACF2COE
R2 MeCN, 3 W blue LED R2
overnight
O o} o
)J\N,Ph &N/\/CFZCOZEt I CF2COE
o
\\_CF2CO.Et N
75% 78% 85%
Scheme 103: Difluoromethylation of enamides and ene-carbamates.
. PhO,SF,C—I—0O CuF,2H,0 (20 mol %) R1
R TMEDA (25 mol %) _
+
R2_ COOH H,O/DCE, 80 °C, 12 h R?  CF,SO,Ph
R' = anyl, alkyl 20 examples, 60-91%
R2=Me, H
proposed reaction mechanism CuF
| TMEDA
PhO,SF,C—

OH

PhO,SF,C
1
2

PhOZSFzé

Scheme 104: Difluoromethylation of o,B-unsaturated carboxylic acids.
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PhO,SF,C—1® O
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o

0
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iodonium salt A, which then coordinates to the carboxylic acid
functionality to generate the intermediate B. The latter then
undergoes — through an intramolecular reaction — decarboxyl-
ation and reductive elimination to afford the species E and the
desired product. Finally, species E reacts with HF regenerating
the catalyst.

In 2013, Pannecoucke and co-workers [176] developed a
copper-catalyzed regioselective difluoroacetylation of dihy-
dropyrans and glycals on the C-2 position. Notably, the corre-
sponding products were obtained through a Cu(I/III) catalytic
cycle without the involvement of radicals (Scheme 105a).

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

Hence, in 2014, the same group extended this method to the
olefinic difluoroacetylation of enamides [177]. In this reaction,
they obtained the B-difluoroester-substituted enamides under
operationally simple and mild conditions. Also, the method has
a broad substrate scope, including cyclic and acyclic enamides
(Scheme 105b).

In 2016, a Pd-catalyzed direct difluoroalkylation of aldehyde
hydrazones with functionalized difluoromethyl bromides was
described by Monteiro’s group (Scheme 106a) [178]. The
bromodifluoromethylated compounds are effective reagents for
the difluoromethylation of aldehyde-derived hydrazones to the

10 mol % Cu(PFg)(MeCN),
12 mol % 1,10-phenanthroline
a) 8.0 equiv BrCF,CO,Et

2.0 equiv K,CO3

DMF, 110 °C, 24 h, air

o)
|
CF,CO,Et

12 examples
10 mol % Cu,0 39-85%
b) 12 mol % 1,10-phenanthroline
S K 2.0 equiv BrCF,CO,Et & _CF,CO,Et

2.0 equiv K,CO3

CH3CN, 80 °C, 6-72 h

|
fth
EWG

18 examples
up to 82%

Scheme 105: Copper-catalyzed direct C(sp?)—H difluoroacetylation reported by Pannecoucke and co-workers.

2.5 mol % [Pdy(dba)s]

a) R2 5 mol % t-BuXantphos
N 2.0 equiv AcOK
N R3 + BrCFFG 1,4-dioxane, 80 °C, 2 h
J|\ 2.0 equiv
R “H

FG = ester, amide

R' = aryl, heteroaryl, CO,Et

R2, R3 = alkyl
b 5 10 mol % CuCl
) 3 10 mol % 1,10-phenanthroline
No
N| R® + grgEZES 2.0 equiv K,CO3
R1J\H veq MeCN, 80 °C,5h

FG = ester, amide, heterocycle

R" = aryl, heteroaryl, CO,Et
R2, R3 = alkyl

R2
|
NG
N R3

R1J|\

CF,FG

26 examples
up to 91% yield

R2
|

N
N

R1J|\

R3
CF,FG

19 examples
up to 99% vyield

Scheme 106: Difluoroalkylation of aldehyde-derived hydrazones with functionalized difluoromethyl bromides.
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corresponding difluoromethyl ketone hydrazones. However,
this strategy relies on the use of an expensive palladium/ligand
catalyst system that makes it less attractive and practical.
Subsequently, the same group [179] found that CuCl could also
effectively catalyze the difluoromethylation of hydrazones. This
method provided an efficient, cost-effective protocol for the
multigram-scale preparation of functionalized difluo-
romethylketone hydrazines (Scheme 106b).

Compared with Monteiro’s approaches, Zhu and co-workers
[180] were the first who developed a visible-light-induced
direct C—H-bond difluoroalkylation of aldehyde-derived hydra-
zones (Scheme 107a). Importantly, this unprecedented
photoredox protocol is enabled by a novel aminyl radical/polar
crossover mechanism. Meanwhile, a first gold-catalyzed
photoredox difluoroalkylation of aromatic aldehyde hydra-
zones under sunlight was reported by Hashmi’s group
(Scheme 107b) [181]. Both methods smoothly work at room
temperature affording the products with modest to excellent
yields.

One year later, Ackermann and co-workers [182] presented a
ruthenium(II)-catalyzed meta-selective C—H difluoromethyl-
ation with the cooperation of phosphine and carboxylate. This
protocol is compatible with a variety of functional groups, such

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

as pyridyl, pyrimidyl, pyrazolyl, and even purinyl assistance
(Scheme 108).

A visible-light photocatalytic decarboxylation strategy for the
synthesis of difluoromethylated styrenes with fac-Ir(ppy)s and
BrCF,CO,Et was developed by Noél et al. in 2017 [183].
Herein, meta and para-substituted cinnamic acids afforded the
expected E-isomers, while ortho-substituted cinnamic acids
selectively provided the less stable Z-product. Notably, the
conversion of the Z-isomer into the E-isomer was achieved by
controlling the reaction time accurately. Furthermore, arylpropi-
olic acids could also be decarboxylative difluoromethylated by
this method (Scheme 109).

Meanwhile, the group of Dilman [184] developed a method for
the synthesis of difluorinated ketones with gem-difluorinated
organozinc reagents (Scheme 110). Firstly, acyl chlorides
reacted with potassium dithiocarbamate to generate S-acyl
dithiocarbamates. Subsequently, the so-obtained dithiocarba-
mates were coupled with organozinc to produce the desired

difluorinated ketones.

Additionally, Poisson and co-workers [185] developed a simple
and efficient way to access various aryl and heteroaryl difluo-
romethylated phosphonates under mild conditions. The reac-

R2
R2 o |
a) \ 2 mol % fac-[Ir(ppy)s3] Ne_g
NJ N R
N™R3 + BrCFFG 1.5 equiv NapHPO, DMF, rt I

R1J'\H 1.5 equiv 12-24 h, 5 W LEDs RT “CF,FG
; 21 examples

R'=aryl 50-98%

R2, R3 = alkyl
b) (\ ?
(0] 2 mol % [Auz(n-dppm)2](OTf), N
N_J &+ BrCFFG . — N -
N~ 3.0 equiv 2,6-lutidine, MeCN, rt JI\

)I\ 2.0 equiv 24-30 h, sunlight R!' “CF,FG
R™H 24 examples

R = aryl, heteroaryl 28-88%

Scheme 107: Photoredox-catalyzed C—H difluoroalkylation of aldehyde-derived hydrazones.
Het 10 mol % [Ru(ll)] Het
20 mol % P(4-C6H4CF3)3 or NI(PPh3)2C|2 O
2.0 equiv NaCO3 Me O iPr
+ BrCF,CH,0,Et Tia 50°C 181 Ru-0
H 3.0 equiv s“-dioxane, . CF,CO,Et 0,CMes™ o\
Mes
28 examples [Ru]
28-86%

Scheme 108: Synergistic ruthenium(ll)-catalyzed C—H difluoromethylation reported by Ackermann.
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AN COOH
R
=

fac-[Ir(ppy) 3] (1 mol %), Na;HCO3 (2.0 equiv)

R = H, alkyl, aryl, OCF3, NO,, halogen
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CF,CO,Et
R_i/\ X
-

or

fac-[Ir(ppy) 3] (3 mol %), CsOAc (2.0 equiv) up to 89% yield
or H20
or
1,4-di Ar, blue LED 24 h
// COOH ,4-dioxane, Ar, blue s, rt, CF,CO,Et
N + BrCF,CO,Et Z
R+ . -
| _ 3.0 equiv R
=
R = H, alkyl, OMe, SMe, CO,Et, COMe, halogen up to 62% yield
Scheme 109: Visible-light photocatalytic decarboxylation of o,B-unsaturated carboxylic acids.
X
XZn R2
O S .
(0] KS D ”\ )J\ F><F (1.5 equiv) N )
1”\ _— R' °s N R1JS<R
R' “CI ~25°C, 2 min CuCl-1.5 PPh3 (10—-20 mol %) F F
1 -25°Ctort, 18 h 18 examples
R' = aryl, alkyl, alkenyl, heteroaryl
ryl, alky y Y X =Cl,Br, | 46-80%

R2 = aryl, alkyl, ester

Scheme 110: Synthesis of difluorinated ketones via S-alkyl dithiocarbamates obtained from acyl chlorides and potassium dithiocarbamate.

tion proceeds smoothly with CuCF,PO(OEt), and a palladium
catalyst in MeCN (Scheme 111). This transformation enabled
the functionalization of various less reactive substrates, such as

phenol, boronate, ketones, nitriles, esters, etc.

Notably, the above-mentioned copper-catalyzed highly stereo-
selective trifluoromethylation reaction of secondary propargyl
sulfonates developed by Zhang [116] could also be extended to

PdCIy(PPh3), (5 mol %)
CuCF,PO(OEt),

R©/| B R|

R = OMe, Ph, CO,Me, CN, COMe, OH, NHAc, F, Br

MeCN, 40 °C, 16 h

stereospecific propargylic difluoroalkylation (Scheme 112). In
this reaction trimethylsilyldifluoroamide (TMSCF,CONE?,) is
chosen as the difluoroalkylating reagent and proceeds under
mild reaction conditions with high regioselectivity and stereo-
specificity (ee up to 99%).

In 2018, Zhao et al. [186,187] disclosed a ruthenium(II)-

enabled para-selective C—H difluoromethylation of ketoxime

N CF,PO(OEt), CF,PO(OEt),
Ro P or R

19 examples, 38-80%

Scheme 111: Synthesis of aryl and heteroaryl difluoromethylated phosphonates.

2.0 equiv

+  TMSCF,CONEt,

30 mol % CuCN CF,CONEt,
2.0 equiv KF
i alkyl \\
DME, 40 °C, 12 h TIPS
10 examples
59-70%
92-99% ee

Scheme 112: Difluoroalkylation of secondary propargyl sulfonates using Cu as the catalyst.
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ethers, anilides, indolines and tetrahydroquinolines
(Scheme 113). The protocol is compatible with various func-
tional groups, furnishing the para-difluoromethylated products
in moderate to good yields. Moreover, chelation-assisted
cycloruthenation plays a key role in the selective activation of
para-Ca—H bonds.

Subsequently, the Zhang group [188] disclosed an iron-cata-
lyzed cross-coupling of a wide range of arylmagnesium and
difluoroalkyl bromides with modified N,N.,N’,N’-tetramethyl-

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

ethane-1,2-diamine (TMEDA) as a ligand. Notably, this bulky
diamine is critical to improve the catalytic efficiency and

suppress the side reaction of defluorination (Scheme 114).

Recently, a synthetic method for difluoroacetylated quinoxalin-
2(1H)-one derivatives was presented by the same group [189].
The direct difluoroacetylation of diverse quinoxalinones with a
wide range of functional groups proceeded regioselectively at
the C-3 position with ethyl bromodifluoroacetate under copper

catalysis (Scheme 115).

Nl/OMe NI,OMe
A EtO,CF,c”
R' = alkyl [Ru(p-cymene)Cll, (5 mol %) u30toe)€;g$pkiaesl §
R2= Me, OMe, Cl, Br, and CF4 AgNTf, (20 mol %) P oy
N-Ac-L-Iso (30 mol %) or 1-Ad-OH (20 mol %)
AN Na,COj3 (2.0 equiv) or K,CO3 (400 mol %) XN CF,CO,Et
LY i
R, | R BrCF,CO,Et (3.0 equiv) » JQ/
iy N RZ
Piv Ar, DCE, 120 or 150 °C, 48 h Piv
R'=H, alkyl 23 examples
0,
R2= Me, Et, OMe, OPh, ¢t-Bu, Cl, Br, CO,Me 23-84%
\TCFZCOZEt
N\~
FG
Piv Piv
8 examples
34-82%
Scheme 113: Ru(ll)-mediated para-selective difluoromethylation of anilides and their derivatives.
o alkyl<
MaBr 10 mol % Fely/L CF,
g 1.0 equiv BrCF,-alkyl
N THF/dioxane TR Me,N
- J 2 NMe
| R rt, 90 min Z 2
32 examples
R =H, alkyl, aryl, CF3, OMe, TMS 24_93%

Scheme 114: Bulky diamine ligand promoted cross-coupling of difluoroalkyl bromides.

[Cu(CH3CN)4]PFg (7.5 mol %)
1,10-phenanthroline hydrate (20 mol %)

BrCF,CO,Et
2.0 equiv

R4+ +
ZSN" N0
R

R' = Me, Et, CH,Ph, CH,COOMe, CH,COOt-Bu, alkenyl
R2= Me, F, Cl, Br, CF3, CN

K>CO3 (2.0 equiv)
CH3CN, 110 °C, Ar

2 @NICFZCOZB
R4+
Z SN0
R

23 examples
40-86%

Scheme 115: Copper-catalyzed C3-H difluoroacetylation of quinoxalinones.
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Trifluoromethylthiolation

In the past few years, many methods for the direct introduction
of trifluoromethylthio groups into organic compounds have
been reported. Depending on the type of the trifluoromethylthi-
olating reagent used in the chemical conversion, the methods
can also be classified into three classes: radical, nucleophilic
and electrophilic trifluoromethylthiolation. Some reviews in this
area focused on several aspects such as the syntheses of aromat-
ic and heterocyclic perfluoroalkyl sulfides [190], direct trifluo-
romethylthiolation reactions [191-194], sulfur-based fluori-
nation and fluoroalkylation reagents [195], trifluoromethylthio
cation-donating ability (Tt"DA) [196], or synthetic methods
leading to compounds containing CF3—S units [197]. Herein,
based on the transition-metal catalysis, recent research advances
in these types of synthetic methods are described in this section

of this review.

In 2013, Shibata’s group [198] developed an electrophilic triflu-
oromethansulfonyl hypervalent iodonium ylide for the trifluo-

romethylthiolation of enamines, indoles and f-ketoesters cata-

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

lyzed by copper(I) chloride (Scheme 116). The desired CF3S-
substituted products were formed with good yields in short

times at room temperature.

In 2014, Gade et al. [199] applied a copper-boxmi complex as
highly enantioselective catalyst to effect electrophilic trifluo-
romethylthiolations (Scheme 117). A number of a-SCF3-substi-
tuted B-ketoesters were obtained in good yields with high enan-

tiomeric excess (ee) under mild conditions.

The group of Rueping [200] employed N-(trifluoromethyl-
thio)phthalimide as an electrophilic source of F3CS™ for the
direct trifluoromethylthiolation of boronic acids and alkynes
under copper catalysis in 2014 (Scheme 118). Based on the
mild conditions, this approach features high functional group

tolerance and a broad substrate scope.

In the same year, a powerful protocol for the direct synthesis of
a-trifluoromethylthio-substituted ketones was reported by
Weng and co-workers [201]. Notably, the trifluoromethylthiola-

R1
‘NH R
sz\ NH
“__R® 2 X SCF3
- C g
R'=H, alkyl, Ar, Bn SO,CF --
R2= Ar, Me Ph (2 0 equiv) 19 examples
IPh 74-96%
R3 = CO,Me, CO,Et, COMe, COPh
2 2 CuCl (20 mol %) or CuCI/PhNMe, (20 mol %)
SCF;
R2-L TN R dioxane, rt, 5-15 min N
I = N RZ_: A\ R
R? Z N
R'=H, Me R
R2=H, Me, OMe, Br, Cl, CO,Me 9 examples
R3 =H, Bn 32-84%
Scheme 116: Copper(l) chloride-catalyzed trifluoromethylthiolation of enamines, indoles and B-ketoesters.
10 mol % Cu(OTf),
F;CS—|—O 12 mol % Boxmi o)
, ) CH2C|2, rt, 4-7d R1._'/\ COZRZ
R+ COZR + < |\/ %
O SCF3
2.0 equiv \\>""1Ph

= OMe, Me, H, CI, Br, F
R2= Me, t-Bu

22 examples
81-93%
NH up to > 99% ee

/J/Ph
Boxmi o)

Scheme 117: Copper-boxmi-catalyzed asymmetric trifluoromethylthiolation of B-ketoesters.
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0]

N_SCF3

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

o (1.15 or 1.2 equiv)

R=SCF; or R—=—=—SCF;

R-B(OH), or

R——=

CuCl/2 bpy (10 mol %)
K5CO3 (2.0 equiv) or CsCO3 (2.0 equiv)
DME, 45 or 80 °C, 15-18 h

R = aryl, alkyl

27 examples
51-95%

Scheme 118: Direct Cu-catalyzed trifluoromethylthiolation of boronic acids and alkynes.

tion reactions of primary and secondary a-bromoketones
worked well with CF3SiMes; and elemental sulfur as precursors
(Scheme 119). Furthermore, this strategy shows a broad sub-

strate scope and tolerates a variety of functional groups.

In 2016, a variety of enamines, indoles, -keto esters, pyrroles,
and anilines were trifluoromethylthiolated efficiently by
Shibata’s group [202] in the presence of diazotriflone and

copper catalysis through an electrophilic-type reaction
(Scheme 120).

In 2016, Glorius et al. [203] introduced the synthesis of vinyl-
SCF; compounds using N-(trifluoromethylthio)phthalimide as
SCF3 source under blue LEDs irradiation. Notably, a variety of
alkenes could be converted to vinyl-SCF3 compounds with the
cooperation of an [Ir] photocatalyst and an ammonium bromide

Cu(OTf), (20-30 mol %) o
O 1,10-phenanthroline (20-30 mol %) ScF
Br KF ( 20-30 mol % 3
O + S5 + CHsSiMes ( mol %) R1_|/\
R _ R2 CH,Cl,, 40 °C, 16 h % R2
R'= Me, Ph, OMe, NMe,, OBn, NO,, F, Cl, Br 20 examples
R2=H, Me up to 88% yield

Scheme 119: Cu-catalyzed synthesis of a-trifluoromethylthio-substituted ketones.

(0]
R! SO,CF
NH O Ph)%( 2(2 03e uiv) R!
J\/U\ N veq NH O
RZ N Rs 2 S
CuCl (20 mol %) R? R3
R1 = Bn, Ph, p-TOl 1,4-dioxane, 50 0C, 12h SCF3
R2= Me, Ph, 4-BrCgH,4, 3-MeCgH, 8 examples
R3= Ph, OMe, OEt 0 46-82%
SO,CF
Ph)%( (2.0 equi
NuH N, (2.0 equiv)
Nu=SCF;
indoles, B-keto ester, pyrrole, aniline CuCl (20 mol %) or CuF3 (20 mol %)
1,4-dioxane or NMP, 50 °C, 12-24 h
6 examples
55-83%

o

SO,CF3
Ph)%]/ (2.5 equiv)

RT
=

R = Me, Ph, COMe, CO;Me, OMe, NO,

N2 o SCFs3
R_‘
Cu (5.0 equiv) (j

DMF, 50-120 °C, 24 h

6 examples
26-56%

Scheme 120: Trifluoromethylthiolation reactions promoted by diazotriflone and copper.
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salt (Scheme 121). The formed adduct could be triggered via an
oxidative quenching cycle and delivered a SCF5 radical. Under
similar conditions, they also demonstrated a tandem photoin-
duced trifluoromethylthiolation/semi-pinacol-type rearrange-
ment of ketones.

Meanwhile, the same group [204] developed a visible-light-
mediated trifluoromethylthiolation of alkyl carboxylic acids
with [Ir] and phtalimide-SCFj as the trifluoromethylthiolating
reagent (Scheme 122a). Moreover, tertiary, secondary, and pri-
mary alkyl carboxylic acids afforded the desired products in
good to excellent yields. Notably, the use of an external sacrifi-
cial hydrogen atom donor, mesitylene or methyl
(3-methyl)benzoate, avoided the bistrifluoromethylthiolation
reaction in this process. Subsequently, the group [205] demon-
strated that the Phth-SCF; reagent could also be used for the

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

direct trifluoromethylthiolation of C—H bonds under similar
mild conditions (Scheme 122b). Also, a wide range of aliphatic
substrates were converted to their trifluoromethylthiolated ana-

logues in very good yields.

Additionally, the group of Goossen [206] disclosed a simple
and practical strategy for the conversion of a-diazo esters to the
corresponding trifluoromethylthiolated esters with a Me4NSCF3
salt. In the presence of copper thiocyanate, this transformation
afforded the products with up to 98% yields at room tempera-
ture and was applied to a wide range of easily available a-diazo
esters (Scheme 123).

Recently, the formation of arenes-SCF3 was shown by the
Jacobi von Wangelin group [207], the Zhao group [208] as well
as the Tlili group [193] (Scheme 124). All three methodologies

0O
fac-[Ir(ppy) 3] (0.5 mol %)
R’ 5 - R! SCF
+ N-SCF; n-Bu4NBr (1.0 equiv) - 3
R2 MeCN, blue LEDs, rt, 14-70 h R2
© . 16 examples
1.3 equiv 39-95%
R', R2=aryl, alky, H
Scheme 121: Halide activation of N-(trifluoromethylthio)phthalimide.
a) 0 PCI (2-3 mol%) or PCII (5 mol %)
| A CsOBz (0.2 equiv), A or B (2.0 equiv) sc
- N—-SCF R=SCF;
RZCOMH — + L * CeHsF, blue LEDs, rt, 4 h
i 18 examples
20e
O (20equv) 49-94%
R = alkyl, aryl, alkenyl, heteroaryl
\ )
I
[Ir(dF (CF3)ppy)s(dtbbpy)IPFg X , MeO
|
LI |
N - I B
PCI | cClo, A
PCII
O
b) [Ir(dF(CF3)ppy).(dtbbpy)IPFg (1 mol %)
_ PhCOsNa (5 mol %
R e 5 W bl LEZD ( = :1)55 R=SCFs
5 (1.5 equiv) ue MeSC(IiJ\(TX)_ nm) 22 examples
' 40-96%

R = alkyl, aryl, heteroaryl

Scheme 122: The visible light-promoted trifluoromethylthiolation reported by Glorius.
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N2 SCF3
) CuSCN (10 mol %) OR2
RJH(OR +  MesNSCFs S R
; ¢
o (1.5 equiv) 8 0
27 examples
R = H, Me, CH,Ph, Bu, HO-CHj,, HO-Ph, OMe-Ph, 39-98%

SMe-Ph, CN-Ph, Hal-Ph, Py, Ph-CH=CH,
R2 = Me, Et, Bn, 4-Me-Ph, 4-Ph-Ph, 4-NO,-Ph, 4-NO,-Ph, Hal-Ph, Py

Scheme 123: Synthesis of a-trifluoromethylthioesters via Goossen’s approach.

X = BF,, OTf

o N2X photocatalyst X SCFs
R +  "SCF; source" ar o.,0
= solvent, T/°C, LED = s C.R=MeO
A: 8 examples, 33-70% /©/ SCFs D,R = Me
R

. _7KR0,
R = electron-donating or electron-withdrawing group B: 9 examples, 31-75%

C: 8 examples

Jacobi von Wangelin, A: [Ru(bpy)3]Cl, (0.5 mol %), F3CSSCFj3 (1.0 equiv), LED (450 nm), DMSO, 20 °C, 1 h
Zhao, B: [Ru(bpy)3]Cl, (0.5 mol %), C (1.4 equiv), white LEDs, DMSO, rt, 1 h
Tlili, C: [Ru(phen)s]Cl, (5 mol %), D (3.0 equiv), white LEDs, DMSO, rt, 16 h

Scheme 124: Photoinduced trifluoromethylthiolation of diazonium salts.

have been developed based on a [Ru]-based photocatalyst under
LED irradiation. The group of Jacobi von Wangelin used the
bis(trifluoromethyl) disulfide (CF3SSCFj3) as the source of tri-
fluoromethyl sulfide, while the other two groups employed
shelf-stable reagents C and D for trifluoromethylthiolation,
arenesulfonate-SCFj3.

Trifluoromethoxylation

The introduction of a trifluoromethoxy (OCF3) group into a
molecule can improve its metabolic stability and membrane
permeability. Some strategies for the synthesis of trifluo-
romethoxylated compounds have been reviewed: Poisson [209]
and Billard [210] discussed the recent advances toward the syn-
thesis of OCF3-containing molecules; Hopkinson [211]
depicted a radical revolution for trifluoromethoxylation;

2.0 equiv TAS-OCF;
1.2 equiv F-TEDA-PFg

recently, Ngai [212] summarized some photoredox-based ap-
proaches to form tri- and difluoromethoxylated compounds.
Despite the great interest in this functional group, only a few
transition-metal-catalyzed methods have been developed for the
synthesis of trifluoromethoxylated compounds over the past
decade. This may be due to the fact that C-OCF; bond forma-
tion reactions have many limitations, including reversible de-
composition of the trifluoromethoxide anion in solution above
room temperature to afford carbonic difluoride and fluoride
[213,214], as well as B-fluoride elimination from transition-

metal-trifluoromethoxide complexes [215,216].

In 2011, the first report of a transition-metal-mediated
Cary1=OCF;3 bond formation was described by the Ritter group
(Scheme 125) [217]. Aryl trifluoromethyl ethers could be

& SnBus 2.0 equiv AgPF¢ N OCFs
R N 2.0 equiv NaHCO3 N
THF/acetone 1:3, -30 °C, 2-4 h 12 examples
R = alkyl, aryl, ester, ether 59-88%
; 2.0 equiv TAS-OCF
1.0 equiv NaOH Laql q 3
_ B(OH)2  MeOH, 23 °C, 15 min < = | Ag'-Ag 1.2 equiv F-TEDA-PFg < Z | OCF;
R+ N - e
S | 2.0 equiv AgPFg X 2.0 equiv NaHCO3 X
0 °C, 30 min THF/acetone 1:3,-30 °C, 2—4 h 6 examples
R = Ph, OMe, B(OH),, CO,Me, F 63-76%

Scheme 125: Ag-mediated trifluoromethoxylation of aryl stannanes and arylboronic acids.
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accessed through a silver-mediated cross-coupling of trifluo-

romethoxide with arylstannanes and arylboronic acids.

In 2018, Ngai and co-workers [218] reported a direct C-H
trifluoromethoxylation of (hetero)arenes under visible light irra-
diation. This approach proceeded at room temperature by em-
ploying the redoxactive catalyst Ru(bpy)3;(PFg), (Scheme 126).
Mechanism studies suggest a SET from the excited photoredox
catalyst to 1 resulting in exclusive liberation of the OCF3
radical. The reaction of the trifluoromethoxyl radical with
(hetero)arenes provides trifluoromethoxylated cyclohexadienyl
radicals that undergo oxidation and deprotonation to generate
the desired products.

Recently, Ngai’s group [219] as well as the Togni group [220]
independently developed cationic N-OCFj reagents. Both
reagents are reducible with an excited ruthenium-based photo-
catalyst. Herein, Togni synthesized a series of N-trifluo-
romethoxypyridinium reagents (Scheme 127a), while Ngai

prepared a series of 1-CF30-benzotriazole reagents

NO2 Me
H /@i N+ oTf
OCF,

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

(Scheme 127b). These reagents exhibit the best results for the
direct C—H trifluoromethoxylation of (hetero)arenes. Notably,
both groups used the same photocatalyst ([Ru(bpy)3](PFg),)
under blue LED irradiation. Of note, the cationic N-OCFj3
reagents presented an impressive substrate scope tolerance in-
cluding halides (I, Br, Cl and F), nitriles, ketones, amides, acids
and phosphonates.

Conclusion

The development of methods for the transition-metal-catalyzed
incorporation of fluorine-containing groups into target mole-
cules is an active area of chemical research. In this review, we
summarized the major advances in the field of transition-metal-
catalyzed fluorination and fluoroalkylation reactions over the
past few years. A variety of methods shows significant advan-
tages in view of atom-economy, reaction diversity, selectivity
and functional-group compatibility. The suitable catalytic
systems and the newly developed reagents play a critical role in
these reactions. Further, different directing groups also contrib-

ute greatly to the success of these reactions. Notably, copper

Ru(bpy)s(PFg)2 (0.03 mol %)
10 W LED (402 nm)

OCF;
[ Ar

31 examples
40-84%

MeCN (0.2 M), rt. 16 h

R = alkyl, aryl, halogen, CO,H, CO,Me, OCOPh, SO,Ph, OMe, CN, CHO, CO,Et

roposed mechanism
prop NO> Me

/©i N# OTf
1 OCF,
NO2 Me SET
N\
/N'
FsC \ Ru(bpy)s®*
12 ¢ PY)3

1
N\N 1 SET R
N OCF; N~
1b + OCF3 arene
| = :

blue LEDs
Ru(bpy)s®*

"N
Ru(bpy)s?*

OCF;

+ OCF; 1b
, H
R 1
=
v b1-H*

Scheme 126: Catalytic (hetero)aryl C—H trifluoromethoxylation under visible light.
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2 Ho RUBPY)s(PFe), (5 mol %) ocr
R_:(j/ E (1.0 equiv) R_/j/ 3
Z blue LED, MeCN, 1 h s CN
(5.0 equiv) 40 examples, 21-66% E X
L
R = H, halogen, alkyl, ester, nitriles, ketones, amides, acids, phosphonates ECF NTf,
3
b
S RubomPFo (1mal %) ook ey
R_@/ F (1.0 equiv) A 3 N“L oTf
i 10 W blue LED (402 nm) Nt FC N
(hetero)arene MeCN/DCM 1:1(0.2 M), 16 h 24 examples, 20-75% L ’ bCF'g )

(1-10.0 equiv)

Beilstein J. Org. Chem. 2019, 15, 2213-2270.

R = H, halogen, alkyl, ester, nitriles, ketones, amides, acids, phosphonates

Scheme 127: Photoinduced C—H-bond trifluromethoxylation of (hetero)arenes.

shows a wider range of applications involving the catalysis of
fluorination/fluoroalkylation reactions of various alkyl-, aryl-
and vinyl- as well as alkynyl substrates, while palladium-cata-
lyzed reactions in combination with suitable ligands show im-
proved selectivity in some reactions. Also, because of milder
and cleaner reaction conditions, photocatalysts have received
extensive attention and have greatly applied recently. Despite
diverse methods for the transition-metal-catalyzed fluorination/
fluoroalkylation have been reported, chemists still face many
challenges that need to be overcome. More economical, green,
selective, general and practical strategies remain sought after. A
suitable catalytic system and an effective fluorination reagent
are two important aspects for achieving this goal. Overall, we
hope that this review will provide further insight into this field
and inspire chemists to develop new fluorination/fluoroalkyla-
tion reactions. Meanwhile, we believe that the methodologies
mentioned in this review will contribute to future advances in
the late-stage functionalization of molecules.
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