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The introduction of trifluoromethyl groups into organic molecules has attracted great attention in the past five years. In this review,

we describe the recent efforts in the development of trifluoromethylation via copper catalysis using nucleophilic, electrophilic or

radical trifluoromethylation reagents.

Introduction

The fluorine atom has a strong electronegativity and a small
atomic radius, and the incorporation of fluoroalkyl groups into
molecules imparts a variety of features. The trifluoromethyl
group, as the most significant common used fluoroalkyl group,
could improve molecular properties such as metabolic stability,
lipophilicity and permeability [1-4]. Therefore, organic mole-
cules bearing trifluoromethyl groups are widely used in pharma-
ceuticals and agrochemicals, such as the antidepressant fluoxe-
tine, the anti-ulcer drug lansoprazole and so on (Figure 1).

The specific roles of the trifluoromethyl group (CF3) in biologi-
cally active molecules promote the development of novel
methods to construct C—CF3 bonds in the past few years.
Among the many methods developed, copper-catalyzed trifluo-

romethylation has gained enormous interest due to its high effi-

ciency and cheapness.

Recently, several reviews on trifluoromethylation were
disclosed. Xu, Dai [5] and Shen [6] mainly discussed progress
in copper-mediated trifluoromethylation before 2013. Other
works focus on the trifluoromethylation of alkynes [7] or on the
C(sp>)—CF3, C(sp?)—CF3, and C(sp)—CF3 bond construction
[8]. This minireview mainly focuses on the copper-mediated or
-catalyzed trifluoromethylations from 2012 to 2016. And some
previous pioneering works were included to gain a comprehen-
sive understanding of the development of the diverse synthetic
methods over the time. Throughout this minireview, com-

pounds 1 are the trifluoromethylation reagents.
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Figure 1: Selected examples of pharmaceutical and agrochemical compounds containing the trifluoromethyl group.

Review
Copper-catalyzed trifluoromethylation of aryl
and alkyl halides

The first example of copper-promoted perfluoroalkylation of ar-
omatic halides was presented in a US patent 1968 [9]. Since
then, the copper-catalyzed trifluoromethylation of aromatic
compounds has entered a stage of rapid development. Many
reviews [6,10] have been published on this subject, so this part
mainly discussed trifluoromethylations using several new tri-

fluoromethylation reagents and some important examples

using traditional trifluoromethylation reagents were also
involved.

Trifluoromethylation of aryl halides with traditional
trifluoromethylation reagents and a trifluoromethyl-
substituted sulfonium ylide as a new reagent

The Cul-mediated cross-coupling protocol using TESCF3 was
firstly reported by Urata and Fuchikami [11]. The proposed
mechanism of this reaction was demonstrated in Scheme 1. But

it was found that the generation rate of trifluoromethyl anions is
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Scheme 1: Introduction of a diamine into copper-catalyzed trifluoromethylation of aryl iodides.
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much higher than the second step affording B and Cul. Thus,
there is no sufficient recirculated Cul to react with trifluoro-
methyl before its decomposition. Optimizations were then per-
formed to overcome this shortcoming in 2009 [12], a series of
diamine ligands such as 1,10-phenanthroline (phen) were
discovered. These diamines were able to accelerate the second
step to regenerate sufficient amounts of reusable complexes A
utilizing copper(I)-diamine complexes (Scheme 1), thus accel-

erating the trifluoromethylation of aryl/heteroaryl iodides.

Although this catalytic reaction worked efficiently, the tri-
fluoromethyl source TESCF3 was expensive and relatively inac-
cessible, which made this process less economic, especially for

large-scale synthesis.

In 2014, Novak, Kotschy and co-workers [13] developed a new
procedure with the relatively cheap and readily available
TMSCF;3 (Scheme 2). Similarly, the recycling of Cul was inef-
ficient and led to the degradation of excessive trifluoromethyl
anions. Differently, a novel strategy was developed to solve this
problem, a Lewis acid such as trialkyl borate was added for the
temporary trapping of the in situ generated trifluoromethyl
anion and suppress its rapid decomposition (Scheme 2).

Ar—| + TMSCF; + B(OMe);
(1b, 3 equiv) (3 equiv)

selected examples
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S-(Trifluoromethyl)diphenylsulfonium salts, as commonly used
electrophilic trifluoromethylation reagents, were orginally de-
veloped by the group of Yagupolskii [14]. When iodo-substi-
tuted aromatics and heteroaromatics were employed as the sub-
strates, Xiao and co-workers [15] firstly used S-(trifluoro-
methyl)diphenylsulfonium salts in the presence of copper
powder to convert the substrates into the corresponding tri-
fluoromethylated compounds in high yield. The CuCFj3 interme-
diate was formed in this process, as confirmed by '°F NMR
spectroscopy and ESIMS. It was proposed that [CuCF3] was
generated through reduction of S-(trifluoromethyl)diphenylsul-
fonium triflate by Cu® through a single-electron transfer (SET)
process (Scheme 3).

In 2015, the group of Lu and Shen [16] developed a new elec-
trophilic trifluoromethylation reagent, trifluoromethyl-substi-
tuted sulfonium ylide, which was prepared by a Rh-catalyzed
carbenoid addition to trifluoromethyl thioether (Scheme 4). This
process was conducted in dichloromethane at 40 °C for 4 h with
a catalyst loading of 100 ppm. Moreover, this new reagent was
casily scaled-up and stable to moisture and air. This reagent was
applied in trifluoromethylation of aryl iodides. A variety of aryl
and heteroaryl iodides were converted to the corresponding ana-
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Scheme 2: Addition of a Lewis acid into copper-catalyzed trifluoromethylation of aryl iodides and the proposed mechanism.
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Scheme 3: Trifluoromethylation of heteroaromatic compounds using S-(trifluoromethyl)diphenylsulfonium salts as a trifluoromethyl source.
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Scheme 4: The preparation of a new trifluoromethylation reagent and its application in trifluoromethylation of aryl iodides.

logues in high yields. Both electron-donating and -withdrawing
groups including methoxy, nitro and ester groups, were toler-
ated.

Trifluoromethylation of aryl halides using
trifluoroacetates as the trifluoromethyl source
Reactions employing expensive electrophilic CFj3 species such

as Umemoto’s reagent or Togni’s reagent, were unpractical and

limited on a large-scale synthesis. After comparison of the
prices of different CF3 reagents, attention was paid on trifluoro-
acetates. Trifluoroacetate is readily available and one of the
cheapest and most convenient sources of the trifluoromethyl-
ation for both industrial and medicinal purposes.

In 2011, a practical and ligand-free Cu-catalyzed decarboxyla-
tive trifluoromethylation of aryl iodides was reported by the
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group of Li and Duan, with sodium trifluoroacetate as the tri-
fluoromethyl source and using Ag,O as a promoter (Scheme 5)
[17].

| Cu (30—40 mol %) CF,
N A0 (3040 mol %) -
[ T CFCOONa ~pyue=50ec, 150 Lo

Scheme 5: Trifluoromethylation of aryl iodides using CF3CO,Na as a
trifluoromethyl source.

Subsequently, Beller and co-workers [18] finished a copper-cat-
alyzed trifluoromethylation of aryl iodides with inexpensive
methyl trifluoroacetate (MTFA) (Scheme 6). However, it was
found that the generation of the trifluoromethyl anion proceeds
faster than the subsequent transfer of CF3 to the aromatic
halide. Subsequently, the problem was solved by using a slow
addition mode that adjusted the rate of decarboxylation step to
the rate of the consumption of CF3 in the aromatic trifluoro-
methylation step.

The attractive prospect of trifluoroacetate as the trifluoromethyl
source for the preparation of trifluoromethylarenes prompted
the investigation of the mechanism of this reaction. A mecha-
nistic study indicated that CuCF3 was formed by decarboxyl-
ation of the trifluoroacetate (Scheme 6), followed by oxidative
addition with aryl iodides and the trifluoromethylated products
were delivered through reductive elimination.

CsF(1.2 equiv)

X Cul (0.2 mol %) CF4
MTFA (4.0 equiv)
DMF, 160 °C, 16 h
reflux, Ar
X =1/Br
CO; Cul
(¢}
Y A-A» CFs Ph-CF,
O~ "CF3 Heat
k — MeF
F_\‘ o CuCF3 I\Cu'CF?’
Ar-| Ar

NP

0~ “CF;
Scheme 6: Trifluoromethylation of aryl iodides using MTFA as a tri-

fluoromethyl source.

Later, Buchwald and co-worker [19] firstly developed an effi-

cient, scalable technique to introduce a trifluoromethyl group

into aryl iodides with CF3CO,K as the CF3 source (Scheme 7).

Beilstein J. Org. Chem. 2018, 14, 155—-181.

High temperature was required to accelerate the rate of the
decarboxylation of CF3CO,K and the increased pressure
occurred during the process, which brought problems under
batch conditions. Buchwald and co-worker deal with it through
combining flow chemistry. Under flow conditions, reaction pa-
rameters such as temperature, pressure and residence times
could be readily managed. Besides, very short reaction times
(16 minutes) were required to achieve full conversion of

(hetero)aryl starting materials in this protocol.

Cul (2.0 equiv)
pyridine (2.4 equiv)
NMP, 200-210 °C

16 min

(Het)Ar—I| + CF3COK (Het)Ar—CF

Scheme 7: Trifluoromethylation of aryl iodides using CF3COzK as a
trifluoromethyl source.

More recently, Weng and co-workers [20] reported a new
economic decarboxylative trifluoromethylation reagent
[Cu(phen)O,CCF3], which was prepared from readily available
and inexpensive starting materials (Scheme 8). Treatment of
copper tert-butoxide with phen, followed by addition of tri-
fluoroacetic acid afforded the air-stable [Cu(phen)O,CCFj]
complex, which was characterized by X-ray crystallography.
Aryl iodides, which contained nitrile, ketone, aldehyde, ester,
methyl, phenyl groups, etc., were successfully reacted with this
trifluoromethylation reagent to give the corresponding products
in moderate to high yields. Also, a broad spectrum of heteroaryl
bromides proceeded smoothly to form the corresponding prod-
ucts. A late-stage trifluoromethylation of an estradiol derivative
and a gram-scale reaction were performed with this protocol
demonstrating the applicability of this protocol to other pharma-
ceutically relevant molecules and its scalability.

Trifluoromethylation of aryl halides using
difluorocarbene precursors as the trifluoromethyl
source

The trifluoromethyl sources employed in the above-mentioned
trifluoromethylations were mainly CF3-containing reagents.
Besides, some examples employing difluorocarbene precursors
as the trifluoromethylation reagents were reported recently.

In 2015, the group of Lin, Zheng and Xiao [21] disclosed a tri-
fluoromethylation reagent, the difluorocarbene precursor difluo-
romethyltriphenylphosphonium bromide (DFPB), which could
be applied in the trifluoromethylation of aromatic iodides with-
out addition of external fluoride (Scheme 9). It was found that
DBU can promote the decomposition of difluorocarbene to give
fluoride which then reacts with difluorocarbene to a trifluoro-

methyl anion. Both electron-rich and electron-deficient sub-
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Scheme 8: Trifluoromethylation of aryl iodides and heteroaryl bromides using [Cu(phen)(O,CCF3)] as a trifluoromethyl source.

strates were converted to the corresponding analogues in mod-
erate to good yields, without producing byproducts from a
pentafluoroethylation.

The proposed reaction mechanism is depicted in Scheme 9.
First, a phosphonium ylide is formed after treating DFPB with
DBU, and then dissociated to generate a difluorocarbene. The
difluorocarbene reacts with DBU affording nitrogen ylide I, fol-
lowed by a rearrangement to give unstable difluoromethyl
amine II. Decomposition of II produces intermediate III by
releasing a fluoride ion which was trapped by difluorocarbene
affording the trifluoromethyl anion. The latter reacts with

copper to CuCF3. The desired Ar—CF3 was formed by the reac-

tion of CuCF3 with the aromatic iodide. Additionally, the inter-
mediate I1I is also unstable and decomposes to intermediate IV
in the presence of water. And DBU is regenerated after the
elimination of HF and decarbonylation.

Then, the group of Zhang [22] from GlaxoSmithKline designed
trimethylsilyl chlorodifluoroacetate (TCDA) as a novel reagent,
which was demonstrated to efficiently introduce a CF3 group
via cooperative interaction of AgF and Cul (Scheme 10). In
order to develop a practical process, the expensive AgF was
replaced by KF. Under improved conditions, a broad range of
aryl iodides were applicable to this protocol. The utility of
this new reagent for the late-stage trifluoromethylation
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Scheme 9: Trifluoromethylation of aryl iodides with DFPB and the proposed mechanism.

was demonstrated by the preparation of drug-related
molecules, Boc-fluoxetine, fluvoxamine, and flutamide in deca-

gram scale.

In 1989, the group of Chen [23] developed the first catalytic tri-
fluoromethylation reaction of haloarenes with FSO,CF,CO,Me
in the presence of Cul. It is proposed that the reaction pathway
involved the formation of corresponding Cu(I)(O,CCF,SO;F).
Later in 2016 [24], they sought to isolate and characterize
the intermediate. During the study, they accidently
prepared Cu(II)(O,CCF;SO;F), instead of the desired
Cu(I)(O,CCF,S0O,F), the former was demonstrated to be an
efficient and mild trifluoromethylating reagent. It is a blue solid
and can be conveniently prepared from inexpensive starting ma-

terials on a large scale.

In this literature, the author proposed a plausible mechanism
(Scheme 11). First, 1d in DMF decomposed into Cu?", difluo-
rocarbene and fluoride with the release of SO, and CO,. Then,
difluorocarbene and fluoride combined into a CFj species in the

presence of Cu?* and Cu. In contrast with the majority of previ-

ously reported copper-mediated trifluoromethylation reactions
of haloarenes, CuCFj generated in situ without any ligand
reacts with the haloarenes to provide the corresponding prod-
ucts in good to excellent yields with good functional group
compatibility.

Copper-catalyzed trifluoromethylation of alkyl

halides

Considerable efforts have been devoted to the trifluoromethyl-
ation of aryl halides in the past years. In contrast, successful ex-
amples of copper-catalyzed trifluoromethylation of alkyl halides
are quite limited.

In 2011, the group of Shibata [25] firstly reported the copper-
mediated chemoselective trifluoromethylation at the benzylic
position with shelf-stable electrophilic reagent 1¢ (Scheme 12).
In this protocol, benzyl bromides reacted with reactive [CuCFj3]
generated in situ from the reduction of 1c. A broad range of
benzyl bromides were found to be compatible with the reaction
conditions, giving the corresponding products in good to high

yields.
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Scheme 10: Trifluoromethylation of aryl iodides using TCDA as a tri-
fluoromethyl source. Reaction conditions: [a] Cul (1.5 equiv), KF
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Subsequently, a copper-catalyzed nucleophilic trifluoromethyl-
ation of allylic halides was developed by the group of
Nishibayashi [26] (Scheme 13). Various cinnamyl halides bear-
ing methyl, chloro, methoxy or ester groups proceeded
smoothly to give the corresponding analogues in good yields.
Other primary and secondary allylic halides were also subject-
ed to these conditions. It is notable that the trifluoromethyl
group was introduced at the a position of the carbon—halogen

bond with complete regioselectivity.

R3 R3
0,
R1 p X+ TMSCF, CuTC (2 mol %) RWCFS
KF, THF, 60 °C, 20 h
R2 R 1b RZ R
X =Br/Cl (3 equiv)

selected examples

feaatenntse

82% 46% 68%
/©/ch3 Ph\|/\/CF3 @_\
=
cl Ph CF3
74% 60% 81%

Scheme 13: Trifluoromethylation of allylic halides and propargylic
halides reported by the group of Nishibayashi.

Later, they extended these conditions to propargylic halides
[27] and succeeded in synthesizing the corresponding ana-
logues from primary propargylic chlorides (Scheme 14), while
the trifluoromethylated allenes can be obtained from reactions

of secondary propargylic chlorides.

Moreover, in 2014, the primary and secondary benzylic chlo-
rides [28] were investigated under similar conditions, which

_Cu (3.0 equiv) _ N CF3

R—

NMP, 60 °C -

/©/CHZCF3 CH,CF5 §
MeO @(j\
O,N N : N7 CH,CFs
o)

81%

58% 83%

Scheme 12: Trifluoromethylation of benzyl bromide reported by Shibata’s group.
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Scheme 14: Trifluoromethylation of propargylic halides reported by the
group of Nishibayashi.

proceeded smoothly to give the corresponding trifluoromethyl-
ated products in high yields (Scheme 15). But applicable sub-
strates were limited to benzylic chlorides bearing electron-do-
nating groups. The methodology described by the group of
Nishibayashi could provide an efficient strategy for the synthe-
sis of CF3-containing compounds at the allylic, propargylic,

benzylic position, which were useful building blocks in pharma-

ceuticals.
CuTC (5 mol %)
A el + TMSCF, KF (3.0 equiv) Ar/\CF3
THF, 60 °C, 48 h
(3.0 equiv)
selected examples
CF3 CFs
e OO @Eg
MeO N
OMe s
85% 93% 86%

Scheme 15: Trifluoromethylation of alkyl halides reported by
Nishibayashi’s group.

Building on a pioneering work, substantial progress has recently
been made in the trifluoromethylation of aryl and alkyl halides,
including the development of new trifluoromethylation reagents
or improved processes. But, there still exist several limitations
in the trifluoromethylation of alkyl halides, such as limited sub-
strate species and some unclarified mechanisms. The applica-
tion of copper-catalyzed trifluoromethylation of alkyl
halides remains in its infancy and has a lot of promise for the

future.

Copper-catalyzed trifluoromethylation of
boronic acid derivatives

Boronic acid derivatives are common building blocks in organic
chemistry due to its commercial availability, and stability to

heat, air, and water. Several examples of trifluoromethylation of

Beilstein J. Org. Chem. 2018, 14, 155—-181.

boronic acid derivatives with nucleophilic, electrophilic or

radical trifluoromethylation reagents were reported.

Trifluoromethylation of boronic acid derivatives with
nucleophilic trifluoromethylation reagents
Protodeborylation was found to be the main side reaction in the
copper-catalyzed trifluoromethylation of arylboronic acids
[29,30]. In 2012, the group of GooBen [31] designed a new
protocol replacing the boronic acids with the corresponding
pinacol esters to minimize side reaction (Scheme 16). This reac-
tion proceeded smoothly to form the corresponding analogues
in moderate to high yields using the shelf-stable, and easy-to-
handle potassium (trifluoromethyl)trimethylborate
K*[CF3B(OMe);]™ as a CF3 source, molecular oxygen as the
oxidant. However, another side reaction, substitution of the
boronate by methoxy groups originating from the CF3 source,
arose in this transformation.

95%
Ar/B\O

K* [CF3B(OMe)s]™ (2 equiv)
1 atm O,, Cu(OAc), (1 equiv)

Ar—CF3
DMSO, 16 h, 60 °C
selected examples
CF3
O CF3 O
{ :©/ >—< >70F3
O EtoN
73% 68% 71%

Scheme 16: Trifluoromethylation of pinacol esters reported by the
group of GooRen.

At the same year, the group of Fu explored the trifluoromethyl-
ation of primary and secondary alkylboronic acids with the
Ruppert—Prakash reagent (TMSCF3) (Scheme 17) [32]. These
alkylboronic acids were prepared from the corresponding alkyl
halides or tosylates by using their previously developed Cu-cat-
alyzed borylation method [33]. Both primary and secondary
alkylboronic acids underwent the trifluoromethylation well
under different optimized conditions.

Trifluoromethylation of boronic acid derivatives with
electrophilic trifluoromethylation reagents

CF;" reagents were also explored in the trifluoromethylation of
boronic acid derivatives. In 2011, the group of Liu [34]
achieved the copper-catalyzed trifluoromethylation of aryl,
heteroaryl, and vinylboronic acids at room temperature or 0 °C
with Umemoto’s reagent 1e (Scheme 18). Of importance, this
process was not sensitive to moisture, unlike the former
trifluoromethylation reaction involved CF3™ reagents.

Moreover, this process showed good functional group compati-
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Cul (0.5 equiv), L (1 equiv)

AgF (3 equiv), KF (3 equiv)
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(3 equiv)

AgBF4 (1 equiv)

DMF, 80 °C, 24 h

CuOTf»0.5 CgHg (10 mol %)
R! L (40 mol %), AgF (3 equiv) R’

>—B(OH), + TMSCF;
2 .
R (3 equiv)

selected examples

KF (3 equiv), AgOTs (1 equiv) R2
DMF, 50 °C, 24 h

CF O~
| N 3 O\%\CF;; CF3
¥z
(¢}

36%

62% 73%

CFs
O/ BZ'ND’ CFs 1o~ O\CF3
52% 47% 35%

Scheme 17: Trifluoromethylation of primary and secondary alkylboronic acids reported by the group of Fu.

CuOAc (20 mol %)

oy
R +
= +
§ -
CF OTf

1e (1.6 equiv)
selected examples

OMe
@/OME’ 05N : _CF5
CF3

59% 63%

2,4,6-trimethylpyridine CF,
(2.0 equiv) R N
DMAc, 0 °C or rt, 16 h A
o) CF3
F3C\©)J\NH2
OH
40% 60%

Scheme 18: Trifluoromethylation of boronic acid derivatives reported by the group of Liu.

bility and even some unprotected OH and NH groups were
tolerated.

Subsequently, the group of Huang [35] reported an efficient
copper-catalyzed trifluoromethylation of organotrifluoroborates
(Scheme 19). This reaction was accomplished under base-free
conditions by using Togni’s reagent 1f as the trifluoromethyl-
ation reagent at room temperature. Organotrifluoroborates were
attractive alternatives to boronic acids for its superior character-
istic, such as ease of handling, storability, and robustness under
harsh reaction conditions. It was found that ligands and molecu-

lar sieves were essential for the efficient conversion. Various

aryltrifluoroborates bearing electron-donating and electron-
withdrawing substituents at different positions were converted
to the desired products. And substrates bearing electron-with-
drawing groups suffered from lower yields.

Recently, the group of Shibata [36] reported a catalytic trifluo-
romethylation of aryl- and vinylboronic acids using 1g as a tri-
fluoromethyl source (Scheme 20), which had not been actively
investigated due to its instability in some solvents [37]. Solvent
screening results indicated that ethyl acetate was the best sol-
vent for the target transformations. Substrates regardless of

bearing electron-donating (OMe) or electron-withdrawing
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Scheme 20: Trifluoromethylation of aryl- and vinylboronic acids reported by the group of Shibata.

groups (NO,, CN, carbonyl, and ester) were tolerated in this
conversion. Moreover, vinylboronic acids and heteroaryl sub-
strates were also acceptable.

Trifluoromethylation of boronic acid derivatives with
radical trifluoromethylation reagents

The trifluoromethylation of boronic acid derivatives through a
radical pathway was explored since the CFj radical can be
generated under mild, neutral conditions from commercially
available and relatively inexpensive CF3l. Besides, the easy

conversion of CF3I to CF3 radical at room temperature with

visible light developed by MacMillan facilitated these method
[38,39].

On the basis of the former work, the group of Sanford [40] de-
signed the cross-coupling of arylboronic acids with CF3l via the
merger of photoredox and Cu catalysis (Scheme 21). In this
protocol, the CF3 radical was generated by visible light
photoredox, then Cu aryl species were generated through Cu ca-
talysis. Aromatic boronic acids bearing either electron-donating
or electron-withdrawing substituents underwent trifluoro-

methylation smoothly to give the corresponding products in
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high yield. It represented a new example of combining transi-
tion metal and photoredox catalysis to achieve the trifluoro-

methylation of (hetero)aromatic boronic acids.

CuOAc (20 mol %)
Ru(bpy)3Cly 6H,0 (1 mol %)
KoCO3 (1 equiv)
DMF, 60 °C, 12 h
26 W light bulb

Aryl—B(OH),+ CF3l
(5 equiv)

Aryl—CF,4

selected examples

| AN CF3 CF3 /@/CFS
-z FsC

64%

MeO

84% 2%

Scheme 21: Trifluoromethylation of arylboronic acids via the merger of
photoredox and Cu catalysis.

Then, the same group [41] chose a more practical CF3 source,
CF3SO;,Na (Langlois’ reagent, 1h, Scheme 22), which can
generate trifluoromethyl radicals at room temperature in the
presence of ambient air and moisture when combined with
TBHP. Electron-neutral and -rich boronic acids proceeded
smoothly to give the corresponding products in excellent yields.

CuCl (1 equiv)
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An addition of NaHCOj3 was required for the conversion of
electron-deficient derivatives. Besides, sterically hindered
boronic acids were also tolerated in this reaction. This protocol
was simplified and easy-to-handle and no protodeboronation
byproduct was observed under these conditions, while the major
side product (the corresponding hydroxylated arene) was
readily removable by extraction or column chromatography.

Later, the group of Beller [42] described another example of
copper-catalyzed trifluoromethylation reactions of aryl- and
vinylboronic acids with CF3SO,Na as the trifluoromethyl
source (Scheme 23). The trifluoromethyl radical was generated
from CF3SO;Na in the presence of TBHP at room temperature
using a mixture of water and DCM as solvent. Arylboronic
acids with electron-donating substituents proceeded smoothly to
give the corresponding products in good yields. Common
hydroxy protecting groups (Bn and TBS) were well-tolerated in
this process. Also, the vinylboronic acids were compatible with
the reaction, which were less sensitive towards the influence of

the substituents.

Great advances have been made in the trifluoromethylation of
boronic acid derivatives. However, some side reaction existed
and the substrate scope was still need to be expanded. There-
fore, more efficient and practical methods were desirable.

electron-neutral and TBHP (5 equiv) ~ | CFs
-rich arylboronic acids DCM/MeOH/H,0 (5:5:4) N
23°C,12h
_~_B(OH),
R— | + CF3SO,Na
N

1h (3 equiv)

(MeCN)4CuPFg (1 equiv)
TBHP (4 equiv)

electron-deficient

arylboronic acids

NaHCOj3 (1 equiv)

Z CF3
RT |
N

MeOH, 23 °C, 12 h

selected examples

eaiiic v
NC MeO g
62% 94%2 78%2
O/CF3 CI\LN;\L M

sUl oo

HO 2 CF, ZNFCF,
84% 85% 55%

Scheme 22: Trifluoromethylation of arylboronic acids reported by Sanford’s group. Isolated yield. @Yields determined by '9F NMR analysis.
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Scheme 23: Trifluoromethylation of arylboronic acids and vinylboronic acids reported by the group of Beller. Yields determined by 1F NMR analysis.

aGC yield. Plsolated yield.

Trifluoromethylation of aryldiazonium salts
(Sandmeyer type trifluoromethylation)

Aromatic amines, which are available in great structural diver-
sity, are prevalent chemicals in organic chemistry. The amino
group can be easily transformed into numerous functional
groups including halides or cyano groups, which is known as
the Sandmeyer reaction. This transformation contained two
steps: Diazotization of aromatic amines led to aryldiazonium
salt, followed by conversion of diazonium group into target
functional groups. Recently, several examples of conversion of
anilines into trifluoromethylated arenes, named Sandmeyer type
trifluoromethylation, were disclosed. This protocol offered a
complementary method for the synthesis of trifluoromethylated
arenes from the corresponding aromatic amines.

In 2013, Fu [43], GooBlen [44] and Wang [45] almost simulta-
neously reported Sandmeyer type trifluoromethylations. The
group of Fu [43] accomplished a copper-mediated Sandmeyer
trifluoromethylation reaction for the conversion of aromatic
amines into trifluoromethylated arenes (Scheme 24). This reac-
tion was conducted under mild conditions using Umemoto’s
reagent as the trifluoromethylation agent in the presence of
isoamyl nitrite (IAmONO). The reaction proceeded smoothly
with various arylamines under these conditions to give the cor-
responding products in modest to good yields. The reaction ex-
hibits good tolerance to many functional groups, such as unsatu-
rated double bonds, triple bonds and even unprotected OH
group. Different heteroaromatic amines were also amenable to

this conversion, including pyridines and pyrazoles.

A mechanistic study indicated that an aryl radical and CuCFj3
were involved in this conversion. A plausible mechanism is pro-
posed in Scheme 24. First, the CFj radical, generated from
Umemoto’s reagent through copper-mediated single electron
transfer (SET), reacts with copper affording CuCF3. Second,
Ar-CF3; was formed by the reaction of CuCF3; with the aryl
radical derived from the aryldiazonium ion, which is generated
in situ from the corresponding arylamine.

At the same time, a copper-catalyzed Sandmeyer trifluoro-
methylation of arenediazonium tetrafluoroborates was also re-
ported by the group of GooBen (Scheme 25) [44]. This reaction
was conducted under mild conditions using TMSCFj as the tri-
fluoromethyl source. It is notable that no desired product was
observed in the absence of copper or basic additives. Both elec-
tron-rich and electron-deficient substrates were smoothly con-
verted into the corresponding analogues in high yields except
for some simple, low-boiling substrates. Additionally, various
heterocycles were also compatible with this approach. The reac-
tion can tolerate many common groups, including methoxy,
iodo and carboxyl groups. The majority of products were pro-
duced in sufficiently pure form to permit straightforward isola-

tion.

Goolen assumed that this conversion proceeded via radical
intermediates (Scheme 25), which is analogous to Sandmeyer
halogenations of diazonium salts. First, the trifluoromethyl
copper(l) species is generated from TMSCF3 and copper salt.
Then, Cu(I)CFj3 transfers one electron to the diazonium salt
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Scheme 24: Copper-mediated Sandmeyer type trifluoromethylation using Umemoto’s reagent as a trifluoromethylation reagent and the proposed
mechanism.
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Scheme 25: Copper-mediated Sandmeyer type trifluoromethylation using TMSCF3 as a trifluoromethylation reagent and the proposed mechanism.
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affording Cu(I)CF3 and a diazo radical following by the forma-
tion of an aryl radial from the diazo radical through the release
of nitrogen. Finally, the aryl radical reacts with Cu(II)CF3
furnishing the trifluoromethylated product along with copper(I)
salt.

Compared with Fu’s method, this process needs an extra step to
generate the diazionium salt. Later, the same group developed a
one-pot Sandmeyer trifluoromethylation combining the diazoti-
zation and the Sandmeyer reaction (Scheme 26) [46]. This reac-
tion proceeded smoothly using tert-butyl nitrite as the diazotiza-
tion reagent, TMSCFj as the trifluoromethylation reagent in the
presence of anhydrous para-toluenesulfonic acid and catalytic
amounts of copper reagent (0.5 equiv). Diversely substituted ar-
omatic amines and heterocyclic amines were all converted in
high yields. The majority of products were produced in suffi-
ciently pure form to allow for simple isolation.

Note that the CFj reagents employed in the aformentioned ex-
amples were all moisture sensitive. Therefore, it required an-
hydrous conditions, which limits the large-scale application. In
order to overcome this problem, the group of Grushin [47] de-
veloped a copper-catalyzed trifluoromethylation of arenediazo-
nium salts in aqueous media (Scheme 27).

Initially, they investigated the trifluoromethylation of preiso-
lated arenediazonium salts 4-XCgH4N,™ BF4~ (X = MeO, Br,
NO,). But the main product was the reduction product XCg¢Hs,
which could be largely suppressed using MeCN as a co-solvent.
Then, they examined the reaction of CuCF3 with ArN," X~
generated in situ from the corresponding aniline. It was found
that ~-BuONO and aromatic amines decomposed CuCF3. Acid
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Scheme 26: One-pot Sandmeyer trifluoromethylation reported by the
group of GooRen.

was added to make the diazonium substrate fully preformed
prior to the reaction with CuCF3. Finally, they explored the pos-
sibility of reaction of hydrolysable CuCF3 reagent with aqueous
solutions of arenediazonium salts. Although it seemed unwise,
the desired ArCF3 product was produced. Subsequent condition
optimization provided a high-yielding process. The reaction can
tolerate a variety of synthetically important functional groups,
such as Me, MeO, NO,, I. A mechanistic study revealed that a

radical mechanism was involved in this transformation.

Recently, the group of Qing [48] accomplished a Sandmeyer tri-
fluoromethylation of aryldiazonium derivatives with NaSO,CF3
in the presence of TBHP (Scheme 28). The yield was improved
by adding the tridentate ligand 2,2',6',2"-terpyridine (tpy) and a

. ©/NH2 1) HF(48%), NaNO, (1.05 equiv), then CH;CN N ©/CF3
- > g
Z 2) CuCF3 in DMF or DMA (2 equiv), 0 °C, 10-15 min =

selected examples
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CF3 e
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58% 71% 73%

Scheme 27: Copper-catalyzed trifluoromethylation of arenediazonium salts in aqueous media.
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Scheme 28: Copper-mediated Sandmeyer trifluoromethylation using Langlois’ reagent as a trifluoromethyl source and the proposed mechanism.

small amount of water as the co-solvent. A range of arenediazo-
nium tetrafluoroborates were smoothly converted to the corre-
sponding analogues in acceptable yields.

A mechanistic study indicated that a radical process was
involved in this conversion (Scheme 28). First, the diazo
radical, generated through copper-mediated single electron
transfer from diazonium salt A, released nitrogen gas affording
the aryl radical C. On the other hand, the CF5 radical was
generated through the reaction of TBHP with NaSO,CFj in the
presence of Cu(I) species. Then, the CFj radical reacted with
the Cu(I) species to provide the complex Cu(II)CF3Ln. Finally,
the reaction of aryl radical C with complex D gave the desired
Ar—CFj; product along with the Cu(I) species.

Copper-catalyzed direct trifluoromethylation
of C—H bonds
The above-mentioned strategies to introduce a trifluoromethyl

group into organic compound were based on the use of prefunc-

tionalized substrates. Instead, the direct trifluoromethylation of
C—H bonds of arenes and heteroarenes was a more efficient and
ideal protocol due to its atom and step economy. However, the
direct trifluoromethylation of C—H bonds was not simple. And
only in recent years, extensive research was reported including
direct trifluoromethylation of C(sp3)-H, C(sp?)-H, C(sp)-H
bonds in various substrates.

Copper-catalyzed direct trifluoromethylation of
C(sp3)-H

Molecules containing allylic CF3 functional groups are versa-
tile precursors for the synthesis of different types of CF3-con-
taining molecules. Traditional methods that were described for
the preparation of CF3-containing molecules required harsh
reaction conditions and pre-functionalized starting materials
such as allyl bromides or fluorosulfones. The past years had
witnessed many advances in constructing allylic CF3 bonds
from olefins. Following examples described the straightforward

trifluoromethylation of terminal alkenes via allylic C(sp>)-H
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bond activation generating allylic trifluoromethylated com-

pounds.

In 2011, the group of Fu and Liu [49] described an unprece-
dented type of a Cu-catalyzed trifluoromethylation reaction of
terminal alkenes through C(sp?)-H activation (Scheme 29).
Many substrates underwent the trifluoromethylation smoothly
using Umemoto’s reagent le as a trifluoromethyl source and
CuTC as catalyst under mild conditions. This reaction was
tolerant to moisture and was compatible to different functional
groups. But the reaction was sensitive to the steric hindrance of
the olefin substrates, and 2-substituted terminal alkenes or
internal (including cyclic) alkenes were not applicable to this
protocol. A mechanistic study showed that the reaction may
proceed through a Heck-like four-membered-ring transition
state. Note that the presence of an olefin moiety in the product
promised further conversion to other types of CF3-containing
molecules.

Later, the group of Wang [50] employed cheap copper chloride
as the catalyst and a hypervalent iodine(III) reagent 1j as both
the oxidant and the CF3 source in allylic trifluoromethylation
(Scheme 30). It was found that allyl substrates bearing an aro-
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At the same year, the group of Li [51] achieved a copper-cata-
lyzed trifluoromethylation via oxidation of C(sp3)-H bonds
adjacent to nitrogen atom in tetrahydroisoquinoline derivatives
using DDQ and Ruppert—Prakash reagent (Scheme 31). A
variety of amines proceeded smoothly to give the correspond-
ing products in 15-90% yields under mild conditions.

Based on previous literature, the author proposed a possible
mechanism in Scheme 31. Firstly, oxidation of N-substituted
tetrahydroisoquinoline with DDQ generates dihydroquinoline
salt A. Next, CuCF3, generated by the reaction of Cul and
CF3;TMS/KF, undergoes a nucleophilic addition with A
affording the desired products and the copper salt. The gener-
ated copper salt would be reused to form CuCFj in the nucleo-
philic step again. So, only a catalytic amount of copper salt was

required in this reaction.

The hydrogens on the ortho and para positions of phenols have
higher reactivity. Thus, undesired side reactions were often
involved in the trifluoromethylation of less substituted phenols,
including oxidative dimerization and oligomerization. Al-
though phenols were widely used building blocks in bioactive
compounds, only a few examples introducing a CF3 have been

matic moiety showed relatively low efficiency. reported.
CuTC (20 mol %)
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Scheme 29: Trifluoromethylation of terminal alkenes reported by the group of Liu.
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Scheme 30: Trifluoromethylation of terminal alkenes reported by the group of Wang.
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Scheme 31: Trifluoromethylation of tetrahydroisoquinoline derivatives reported by Li and the proposed mechanism.

In 2015, the group of Hamashima [52] achieved a direct C—H
trifluoromethylation of phenol derivatives with high regioselec-
tivity. The CF3 was selectively incorporated into the para-
benzylic position of the hydroxy group (Scheme 32). It is
notable that the bulky fert-butyl group was introduced to
suppress side reactions, which could be removed under acidic
conditions. The solvent was critical in terms of product
switching; the trifluoromethylation of aromatic C—H occurred in
alcoholic solvents. The author accomplished the synthesis of a
potent enoyl-acyl carrier protein reductase (Fab I) inhibitor in
high yield under this conditions, demonstrating the practical
utility of this process.

Copper-catalyzed direct trifluoromethylation of
C(sp?)-H

Direct trifluoromethylation of C(spz)—H with a electrophilic
trifluoromethylation reagent (Togni’s reagent): N, N-Dialkyl-
hydrazones were widely used in organic chemistry, including
using as synthetic equivalents of carbonyl compounds, as pre-
cursors to substituted hydrazines or primary amines. In 2013,
Baudoin and co-workers [53] firstly achieved the incorporation
of CFj into N,N-dialkylhydrazones using Togni’s reagent as a
trifluoromethyl source in the presence of simple copper chlo-
ride (Scheme 33). Various hydrazones with an electron-donat-
ing dialkylamino group including 1-piperidinyl and
4-morpholinyl participated efficiently in this reaction. Irrespec-
tive of the phenyl group was substituted by an electron-with-
drawing or -donating group, the reaction proceeded smoothly to
afford the desired products in high yields. Besides, several
heterocyclic hydrazones including pyridinyl, pyrazolyl and
furyl were also applicable under this conditions. It is of impor-
tance, that the trifluoromethylated hydrazones were formed ex-

clusively as the Z isomers.

OH oH
R! R2 ) )
+(>f< _cul(10mol %) R R
/ o
R3 ! DMF, 40 °C, 1 h s
CF3
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selected examples
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81% 78% 75%
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ECF3 !CF3
2% 81%

Scheme 32: Trifluoromethylation of phenol derivatives reported by the
group of Hamashima.

The proposed mechanism [53] is shown in Scheme 33. Activa-
tion of Togni’s reagent by Cul through single-electron transfer
(SET) initiates the reaction pathway to generate the CF3 radical
donor, copper(Il) species A. The latter reacts with the hydra-
zone to the trifluoromethylated aminyl radical intermediate C
which is stabilized by the lone pair of the adjacent nitrogen
atom, and (2-iodobenzoyloxy)copper(ll) chloride (B). Finally,
intermediate C is oxidized by copper(Il) to restore the hydra-
zone functional group and copper(I).
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Scheme 33: Trifluoromethylation of hydrazones reported by the group
of Baudoin and the proposed mechanism.

Benzamides were widely used building blocks in medicinal
chemistry. In 2014, Dai and Yu [54] achieved an elegant
copper-mediated ortho-selective trifluoromethylation of benz-
amides assisted by an N-phenyloxazoline group. But one major

Beilstein J. Org. Chem. 2018, 14, 155—-181.

problem was the low selectivity, and that the ditrifluoromethyl-
ation product was formed as well. Recently, Tan and
co-workers [55] designed a highly mono-selective ortho-trifluo-
romethylation of benzamides assisted with an 8-aminoquino-
line directing group. This reaction employed simple copper salt
CuBr as the promoter and Togni’s reagent II as a CF3 source
(Scheme 34). Addition of water benefited the yield. A variety of
functional groups such as methyl, ethyl, ester, fluoro, chloro,
bromo, phenyl, methoxy, ethoxy as well as trifluoromethyl
groups were well tolerated on the phenyl ring of benzamides
and various ortho-trifluoromethylated benzamides were effi-
ciently synthesized in 36-82% yields.

Direct trifluoromethylation of C(sp2)-H with a nucleophilic
trifluoromethylation reagent (TMSCF3): Previously, the
radical and electrophilic trifluoromethylation of arenes and
heteroarenes were often limited to substrates bearing electron-
donating substituents and generate mixture of regioisomers in
some cases. In 2012, the group of Qing [56] designed a copper-
catalyzed oxidative trifluoromethylation of heteroarenes and
electron-deficient arenes with TMSCF3 through direct C—H ac-
tivation (Scheme 35).

At first, the oxidative trifluoromethylation of 1,3,4-oxadiazoles
proceeded smoothly using TMSCF3 as a trifluoromethyl source
and air as an oxidant to give the corresponding products in high
yields. Various 1,3,4-oxadiazoles bearing electron-donating and
electron-withdrawing groups at the para position on the aryl
rings were well tolerated, although the latter showed lower effi-
ciency.

Then, they extended the substrate scope to 1,3-azoles and
perfluoroarenes. Di-tert-butyl peroxide was chosen as a suit-
able oxidant instead of air. Functional groups, such as chloro
and bromo, were compatible in this reaction, providing a com-
plementary platform for further conversion. Notably, electron-
deficient pentafluorobenzene was highly reactive under these

CuBr (1.5 equiv)
Cs,CO03 (1.0 equiv) /

R— I/
CF3
1j (1.5 equiv)
selected examples
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MeCN, 60 °C, N, 18 h

F

Scheme 34: Trifluoromethylation of benzamides reported by the group of Tan.
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Scheme 35: Trifluoromethylation of heteroarenes and electron-
deficient arenes reported by the group of Qing and the proposed
mechanism.
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reaction conditions to afford octafluorotoluene in excellent
yield, which provided a promising model for functionalizations

of electron-deficient arenes.

Furthermore, electron-rich indoles were applicable in these
conditions and Cu(OH), and Ag,CO3 were the best catalyst and
oxidant, respectively. The electron density of the pyrrole ring
had impact on the efficiency. N-Tosylindole and indole bearing
the CO,Me group on C3 position were nearly unreactive.

A plausible mechanism was proposed based on preliminary
mechanistic studies (Scheme 35). First, the key intermediate
CF3CulLn is generated in situ by the reaction of TMSCF3 with
Cu(Il) reagent, followed by transmetalation with activated
Ar—H generating the (aryl)Cu'(CF3) species C, which might be
oxidized to the corresponding (aryl)Cul(CF3) intermediate D.
Finally, reductive elimination of the intermediate D would
afford the desired product and regenerate Cu(I) catalyst to
restart the catalytic cycle.

Direct trifluoromethylation of C(sp?)—H with a radical tri-
fluoromethylation reagent (CF3SO;,Na): The radical trifluo-
romethylation via direct C(sp%)—H activation also have made
significant progress in recent years. Among them, the most
studied methods were trifluoromethylations using Langlois’
reagent (CF3SO,Na) as the trifluoromethyl source, which was

inexpensive and readily available.

In 2014, the group of Liang and Lipshutz [57] explored a
copper-catalyzed trifluoromethylation of N-aryl acrylamides
using Langlois’ reagent (CF3SO,;Na) as a trifluoromethyl
source and water as the reaction medium (Scheme 36). A
variety of CF3-containing oxindoles bearing a quaternary car-
bon center were formed under this conditions. Furthermore,
more CF3SO,Na (3.0 equiv) and TBHP (7.0 equiv) were em-
ployed by highly water-insoluble solid substrates and substrates
bearing electron-withdrawing groups.

This protocol exhibited several noteworthy features, such as the
inexpensive and readily available catalyst and the trifluoro-
methylation reagent, and the ease of handing all components in
air, the environmentally friendly nature, and the recycling of the

aqueous medium.

Subsequently, the group of Li and Duan [58] reported an effi-
cient method for the synthesis of a-trifluoromethyl ketones via
addition of CF3 to aryl(heteroaryl)enol acetates using readily
available CF3SO;Na (Scheme 37). This reaction was experi-
mentally simple and set out at room temperature under ambient
conditions, affording the corresponding products in good to

excellent yields with wide functional group tolerance.

174



Beilstein J. Org. Chem. 2018, 14, 155—-181.

R3
R1© f + CF3SO,Na
0

(1.5 equiv)

selected examples

RS
Cu(NO3)22.5 H,0 (10 mol %)
TMEDA (10 mol %) R1_I/ifggﬁ
TBHP (3.5 equiv), H,0, 1t LA ~N
R2

OMe
eO CcF; Cl CF3
N N N
\ \ \

75% 72%

80%

Scheme 36: Trifluoromethylation of N-aryl acrylamides using CF3SO2Na as a trifluoromethyl source.

OAC Cul (15 mol %) 0
TBHP i R2
J\/Rz + CF4S0,Na —2HP (Sequlv) R1ﬂ\(
CHsCN, it, 2 h

(4 equiv) CF3

selected examples

Haneam 25

94% 75% 79%

OAc OAc

. 2
RIS R “CFs R1J\(R

A tBUO B CF,
t-BuO + SO, ‘40&802@
t-Bu0’ cu"
t-BuOOH cu
OAc
J R2
R1 R‘]JS/RZ
CF3 CFs
C

Scheme 37: Trifluoromethylation of aryl(heteroaryl)enol acetates using
CF3S0OyNa as the source of CF3 and the proposed mechanism.

The mechanism research suggested that the CF3 radical was
involved in this transformation (Scheme 37). Firstly, the tri-
fluoromethyl radical was generated in situ by the reaction of
tert-butyl hydroperoxide with CF3SO,Na in the presence of cat-
alytic amounts of Cul. Next, the addition of the CFj3 radical to
the electron-rich a-position of the substrates formed the radical
species B. Subsequent oxidation by Cu(Il) produced cationic

intermediate C and regenerated Cu(I) to restart the catalytic

cycle. Finally, cationic intermediate C lost an acetyl cation
affording the desired product.

Imidazoheterocycles were privileged skeletons in commercially
available drugs, such as alpidem, olprinone, necopidem, which
were developed by the modification of imidazoheterocyclic
skeletons.

In 2015, the group of Tang [59] developed a regioselective C—H
trifluoromethylation of imidazoheterocycles with Langlois'
reagent at room temperature (Scheme 38). In order to figure out
the insolubility problem of imidazoheterocycles and meet the
guiding principles of green chemistry, this reaction was con-
ducted in a recyclable mixed medium of 1-butyl-3-methylimi-
dazolium tetrafluoroborate ([Bmim]BF,4) and water.

In the presence of catalytic amounts of cupric acetate and
TBHP, various substrates, such as 6-arylimidazo[2,1-b]thia-
zoles and imidazopyridines, were compatible with this reaction
conditions affording the corresponding analogues in moderate
to good yields.

The proposed reaction mechanism is shown in Scheme 38.
Initially, the trifluoromethyl radical is generated in situ by the
reaction of TBHP with CF3SO,Na in the presence of copper
reagent. Then, the trifluoromethyl radical reacts with substrates
affording intermediate A, which may be oxidized to a carbocat-
ion B, followed by an oxidative dehydrogenation process deliv-
ering the target product.

Copper-mediated/catalyzed direct trifluoromethyl-
ation of C(sp)-H

Trifluoromethylated acetylenes were widely used in medicinal,
agrochemical, and material science. In 2010, Qing and
coworkers [60] firstly reported a copper-mediated trifluoro-

methylation of terminal alkynes using TMSCFj as a trifluoro-
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Scheme 38: Trifluoromethylation of imidazoheterocycles using CF3SOsNa as a trifluoromethyl source and the proposed mechanism.

methyl source. (Scheme 39). At the beginning of the experi-
ment, undesired diyne byproduct was formed as major product
instead of E. The author attributed this phenomenon to the
competitive formation of bis-alkynyl-Cu complex D, which
would produce the undesired diyne byproduct (Scheme 39). In
order to solve this problem, the substrates were added by using
a syringe pump over a period of 4 h to pregenerated CuCFj;.
Furthermore, phen was introduced to this system to improve the
yield. An excess of TMSCF3 was required to get a high yield
due to the decomposition of TMSCF3 under this reaction condi-
tion. Aromatic alkynes as well as aliphatic alkynes worked well
to give the corresponding products in moderate to good yields.
This reaction can tolerate a variety of functionalities, such as
alkoxy, amino, ester, and nitro groups.

However, a reaction temperature up to 100 °C and the require-
ment of excessive TMSCF3 (bp 55 °C) rendered the former
reaction less than ideal. In 2012, the same group [61] de-
veloped an improved procedure for the efficient copper-medi-
ated trifluoromethylation of terminal alkynes (Scheme 40). This
reaction was conducted at room temperature with a smaller
amount of TMSCFj3.

However, the above-mentioned reaction still required stoichio-
metric amounts of copper. It is desirable to find novel methods

to reduce the Cu loadings to catalytic quantities.

The preliminary mechanistic studies on the above-mentioned
work indicated that CuCF3 was generated in that transformat-
ion. It was found that the generation rate of trifluoromethyl
anion was much higher than the next step affording B and Cul.
Thus, there is no sufficient recirculated Cul to react with tri-
fluoromethyl before its decomposition. And stoichiometric
amounts of copper were required in this conversion. To obviate
the problem, Qing and co-workers [62] adopted a new addition
method. Adding a portion of TMSCF3 (2 equiv) to the mixture
afforded CuCF3. And both terminal alkynes and the rest of
TMSCF3; were added to the reaction mixture slowly using a
syringe pump. Various arylalkynes bearing electron-donating or
-withdrawing groups were converted to the desirable products
in good to high yields (Scheme 41).

In 2012, the group of Weng and Huang [63] achieved a trifluo-

romethylation of terminal alkynes using Togni’s reagent

(Scheme 42). This reaction was conducted at room temperature
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Scheme 39: Copper-mediated trifluoromethylation of terminal alkynes using TMSCF3 as a trifluoromethyl source and the proposed mechanism.
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Scheme 40: Improved copper-mediated trifluoromethylation of terminal alkynes reported by the group of Qing.

with catalytic amounts of copper salt. The high reactivity was
observed with phenylacetylenes bearing electron-donating
groups. This reaction can tolerate a variety of functionalities,

such as alkoxy, amino and halide groups.

The author proposed a plausible mechanism depicted in
Scheme 42. At first, a dinitrogen ligated complex (N,N)CuX A
is generated in situ by the reaction of Cul with phen. Then, a
copper(I)-acetylide species B is formed through the coordina-
tion/deprotonation of the alkyne in the presence of base, fol-
lowed by oxidative addition of CF3* and reductive elimination

providing the desired product. The copper complex A was
regenerated to complete the catalytic cycle.

In the same year, the group of Fu and Guo [64] described a tri-
fluoromethylation reaction of terminal alkynes using
Umemoto’s reagent as a trifluoromethyl source (Scheme 43).
Various terminal alkynes underwent smoothly to provide the
corresponding products in moderate to good yields at room tem-
perature. Many synthetically important functional groups were
tolerated in these conditions, such as sulfonate, nitro, ester,

amide, ether, and even unprotected hydroxy groups. In addition,
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Scheme 41: Copper-catalyzed trifluoromethylation of terminal alkynes reported by the group of Qing.
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Scheme 42: Copper-catalyzed trifluoromethylation of terminal alkynes
using Togni’s reagent and the proposed mechanism.

arene rings bearing chloro and iodo groups did not interfere
with the transformation, which promised further conversion at
the halogenated positions. It was notable that substrates bearing
sulfonate group had a high reactivity.

Recently, the group of Xiao and Lin [65] developed a copper-
catalyzed C—H trifluoromethylation of 3-arylprop-1-ynes to

provide (trifluoromethyl)allenes and propargyl trifluo-
romethanes (Scheme 44). This reaction was the first reported
example for selective construction of allenic C(sp%)—CF5 and
propargyl C(sp>)—CF3 bonds by modifying the reaction condi-
tions. The ratio of propargyl trifluoromethanes increased
dramatically when a solution of allenic products under condi-
tions A was further heated. Compared with previous reactions
of construction of allenic C(sp?)—CF3 and propargyl
C(sp®)—CF3 bonds, this method combined selectivity and effi-
ciency and showed atom economy by avoiding the requirement
of the prefunctionalization of the substrates.

Regarding the reaction mechanism, the authors postulated the
following plausible reaction pathways (Scheme 44). Initially,
the CFj5 radical is generated by the reaction of Togni’s reagent
with Cu(l) salt, which is trapped by 3-arylprop-1-yne to produce
the radical intermediate B. Then, oxidation occurs to intermedi-
ate B by Cu(Il) providing the cationic intermediate C and Cul,
followed by the deprotonation of a benzyl proton in intermedi-
ate C giving the allenic product D. At high temperature, depro-
tonation of allene D prefers to form anion E in the presence of
KF, which is converted to anion F through a resonance effect.
Protonation of intermediate F would then furnish the propargyl
trifluoromethanes.

Conclusion

In the past few years, the field of copper-mediated trifluoro-
methylation of aromatic and aliphatic compounds including
heterocycles have experienced significant advances. In parallel
with this field, the trifluoromethylation catalyzed by other tran-
sition metals like Pd, Ag, Fe and photocatalysts, metal-free
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methods also have made tremendous advance. For trifluoro-

methylation of prefunctionalized substrates, these develop-

ments have expanded the substrate scope and provided milder

conditions, but this field still suffered from limited and expen-

sive trifluoromethylation reagents. Moreover, despite great

progress have been made, current methods still lack enough

efficiency for their general use in practical large-scale manufac-

turing.

Likewise, recently the direct trifluoromethylation of aliphatic

and aromatic hydrocarbons as well as heterocycles are just

starting out and remain a challenge. These methods have often

the drawback of generating mixtures of regioisomers. Future

efforts will be focus on developing efficient and less expensive

reagents, along with a better understanding of mechanisms, im-

proving the regioselectivity and enantioselectivity in these tri-

fluoromethylation processes.

Acknowledgements

This research was supported financially by the National Natural
Science Foundation of China 81473085; Major Project of Shan-
dong 2015ZDXX0301A03; the Natural Science Foundation of
Shandong 2013ZRE27169.

References

1.

10.

11.

12.

13.

14.

Kirsch, P. Modern fluoroorganic chemistry: synthesis, reactivity,
applications; Wiley-VCH: Weinheim, Germany, 2004.

. Miller, K.; Faeh, C.; Diederich, F. Science 2007, 317, 1881-1886.

doi:10.1126/science.1131943

. Purser, S.; Moore, P. R.; Swallow, S.; Gouverneur, V. Chem. Soc. Rev.

2008, 37, 320-330. doi:10.1039/B610213C

. Furuya, T.; Kamlet, A. S.; Ritter, T. Nature 2011, 473, 470-477.

doi:10.1038/nature10108

. Wang, G.; He, X.; Dai, J.; Xu, H. Chin. J. Org. Chem. 2014, 34,

837-851. doi:10.6023/cjoc201311012

. Liu, T.; Shen, Q. Eur. J. Org. Chem. 2012, 6679-6687.

doi:10.1002/ejoc.201200648

. Gao, P.; Song, X.-R,; Liu, X.-Y.; Liang, Y.-M. Chem. — Eur. J. 2015, 21,

7648-7661. doi:10.1002/chem.201406432

. Alonso, C.; Martinez de Marigorta, E.; Rubiales, G.; Palacios, F.

Chem. Rev. 2015, 115, 1847-1935. doi:10.1021/cr500368h

. Richard, M. V. C.; John, T. Manufacture of organic compounds

containing fluorine. U.S. Patent 3,408,411, Oct 29, 1968.

Roy, S.; Gregg, B. T.; Gribble, G. W,; Le, V.-D.; Roy, S. Tetrahedron
2011, 67, 2161-2195. doi:10.1016/j.tet.2011.01.002

Urata, H.; Fuchikami, T. Tetrahedron Lett. 1991, 32, 91-94.
doi:10.1016/S0040-4039(00)71226-3

Qishi, M.; Kondo, H.; Amii, H. Chem. Commun. 2009, 1909-1911.
doi:10.1039/b823249k

Gonda, Z.; Kovacs, S.; Wéber, C.; Gati, T.; Mészaros, A.; Kotschy, A.;
Novak, Z. Org. Lett. 2014, 16, 4268—4271. doi:10.1021/01501967¢c
Yagupolskii, L.; Kondratenko, N.; Timofeeva, G. J. Org. Chem. USSR
1984, 20, 103—106.

15.

16.

17.

18.

19.

20.

2

=

22.

23.

24,

25.

26.

27.

28.

29.

30.

3

=

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

Beilstein J. Org. Chem. 2018, 14, 155—-181.

Zhang, C.-P.; Wang, Z.-L.; Chen, Q.-Y.; Zhang, C.-T.; Gu, Y.-C.;
Xiao, J.-C. Angew. Chem., Int. Ed. 2011, 50, 1896—-1900.
doi:10.1002/anie.201006823

Liu, Y.; Shao, X.; Zhang, P.; Lu, L.; Shen, Q. Org. Lett. 2015, 17,
2752-2755. doi:10.1021/acs.orglett.5b01170

Li, Y.; Chen, T.; Wang, H.; Zhang, R.; Jin, K.; Wang, X.; Duan, C.
Synlett 2011, 1713—-1716. doi:10.1055/s-0030-1260930
Schareina, T.; Wu, X.-F.; Zapf, A.; Cotté, A.; Gotta, M.; Beller, M.
Top. Catal. 2012, 55, 426—431. doi:10.1007/s11244-012-9824-0
Chen, M.; Buchwald, S. L. Angew. Chem., Int. Ed. 2013, 52,
11628-11631. doi:10.1002/anie.201306094

Lin, X.; Hou, C.; Li, H.; Weng, Z. Chem. — Eur. J. 2016, 22, 2075-2084.
doi:10.1002/chem.201504306

.Wei, Y.; Yu, L; Lin, J.; Zheng, X.; Xiao, J. Chin. J. Chem. 2016, 34,

481-484. doi:10.1002/cjoc.201500543

Wang, J.; Zhang, X.; Wan, Z.; Ren, F. Org. Process Res. Dev. 2016,
20, 836-839. doi:10.1021/acs.oprd.6b00079

Chen, Q.-Y.; Wu, S.-W. J. Chem. Soc., Chem. Commun. 1989,
705-706. doi:10.1039/c39890000705

Zhao, G.; Wu, H.; Xiao, Z.; Chen, Q.-Y; Liu, C. RSC Adv. 2016, 6,
50250-50254. doi:10.1039/C6RA09011G

Kawai, H.; Furukawa, T.; Nomura, Y.; Tokunaga, E.; Shibata, N.
Org. Lett. 2011, 13, 3596—-3599. doi:10.1021/01201205t

Miyake, Y.; Ota, S.-i.; Nishibayashi, Y. Chem. — Eur. J. 2012, 18,
13255-13258. doi:10.1002/chem.201202853

Miyake, Y.; Ota, S.-i.; Shibata, M.; Nakajima, K.; Nishibayashi, Y.
Chem. Commun. 2013, 49, 7809-7811. doi:10.1039/c3cc44434a
Miyake, Y.; Ota, S.-i.; Shibata, M.; Nakajima, K.; Nishibayashi, Y.
Org. Biomol. Chem. 2014, 12, 5594-5596. doi:10.1039/C40B00957F
Chu, L; Qing, F.-L. Org. Lett. 2010, 12, 5060-5063.
doi:10.1021/011023135

Senecal, T. D.; Parsons, A. T.; Buchwald, S. L. J. Org. Chem. 2011,
76, 1174—1176. doi:10.1021/j01023377

.Khan, B. A; Buba, A. E.; GooRen, L. J. Chem. — Eur. J. 2012, 18,

1577-1581. doi:10.1002/chem.201102652

Xu, J.; Xiao, B.; Xie, C.-Q.; Luo, D.-F; Liu, L.; Fu, Y. Angew. Chem.
2012, 124, 12719-12722. doi:10.1002/ange.201206681

Yang, C. T.; Zhang, Z. Q.; Tajuddin, H.; Wu, C. C.; Liang, J.; Liu, J. H.;
Fu, Y.; Czyzewska, M.; Steel, P. G.; Marder, T. B.; Liu, L.

Angew. Chem. 2012, 124, 543-547. doi:10.1002/ange.201106299
Xu, J.; Luo, D.-F.; Xiao, B.; Liu, Z.-J.; Gong, T.-J.; Fu, Y.; Liu, L.
Chem. Commun. 2011, 47, 4300-4302. doi:10.1039/c1cc10359h

.Huang, Y.; Fang, X; Lin, X; Li, H.; He, W.; Huang, K.-W.; Yuan, Y ;

Weng, Z. Tetrahedron 2012, 68, 9949-9953.
doi:10.1016/j.tet.2012.09.083

Arimori, S.; Shibata, N. Org. Lett. 2015, 17, 1632—-1635.
doi:10.1021/acs.orglett.5b00164

Mizuta, S.; Verhoog, S.; Wang, X.; Shibata, N.; Gouverneur, V.;
Médebielle, M. J. Fluorine Chem. 2013, 155, 124—131.
doi:10.1016/j.jfluchem.2013.07.006

Nagib, D. A.; Scott, M. E.; MacMillan, D. W. C. J. Am. Chem. Soc.
2009, 731, 10875-10877. doi:10.1021/ja9053338

Pham, P. V.; Nagib, D. A.; MacMillan, D. W. C. Angew. Chem., Int. Ed.
2011, 50, 6119-6122. doi:10.1002/anie.201101861

Ye, Y.; Sanford, M. S. J. Am. Chem. Soc. 2012, 134, 9034-9037.
doi:10.1021/ja301553¢

Ye, Y.; Klinzi, S. A.; Sanford, M. S. Org. Lett. 2012, 14, 4979-4981.
doi:10.1021/013022726

Li, Y.; Wu, L.; Neumann, H.; Beller, M. Chem. Commun. 2013, 49,
2628-2630. doi:10.1039/c2cc36554e

180


https://doi.org/10.1126%2Fscience.1131943
https://doi.org/10.1039%2FB610213C
https://doi.org/10.1038%2Fnature10108
https://doi.org/10.6023%2Fcjoc201311012
https://doi.org/10.1002%2Fejoc.201200648
https://doi.org/10.1002%2Fchem.201406432
https://doi.org/10.1021%2Fcr500368h
https://doi.org/10.1016%2Fj.tet.2011.01.002
https://doi.org/10.1016%2FS0040-4039%2800%2971226-3
https://doi.org/10.1039%2Fb823249k
https://doi.org/10.1021%2Fol501967c
https://doi.org/10.1002%2Fanie.201006823
https://doi.org/10.1021%2Facs.orglett.5b01170
https://doi.org/10.1055%2Fs-0030-1260930
https://doi.org/10.1007%2Fs11244-012-9824-0
https://doi.org/10.1002%2Fanie.201306094
https://doi.org/10.1002%2Fchem.201504306
https://doi.org/10.1002%2Fcjoc.201500543
https://doi.org/10.1021%2Facs.oprd.6b00079
https://doi.org/10.1039%2Fc39890000705
https://doi.org/10.1039%2FC6RA09011G
https://doi.org/10.1021%2Fol201205t
https://doi.org/10.1002%2Fchem.201202853
https://doi.org/10.1039%2Fc3cc44434a
https://doi.org/10.1039%2FC4OB00957F
https://doi.org/10.1021%2Fol1023135
https://doi.org/10.1021%2Fjo1023377
https://doi.org/10.1002%2Fchem.201102652
https://doi.org/10.1002%2Fange.201206681
https://doi.org/10.1002%2Fange.201106299
https://doi.org/10.1039%2Fc1cc10359h
https://doi.org/10.1016%2Fj.tet.2012.09.083
https://doi.org/10.1021%2Facs.orglett.5b00164
https://doi.org/10.1016%2Fj.jfluchem.2013.07.006
https://doi.org/10.1021%2Fja9053338
https://doi.org/10.1002%2Fanie.201101861
https://doi.org/10.1021%2Fja301553c
https://doi.org/10.1021%2Fol3022726
https://doi.org/10.1039%2Fc2cc36554e

43.Dai, J.-J.; Fang, C.; Xiao, B.; Yi, J.; Xu, J.; Liu, Z.-J.; Lu, X;; Liu, L,;
Fu, Y. J. Am. Chem. Soc. 2013, 135, 8436-8439.
doi:10.1021/ja404217t

44.Danoun, G.; Bayarmagnai, B.; Griinberg, M. F.; Goof3en, L. J.
Angew. Chem., Int. Ed. 2013, 52, 7972-7975.
doi:10.1002/anie.201304276

45.Wang, X.; Xu, Y.; Mo, F.; Ji, G.; Qiu, D.; Feng, J.; Ye, Y.; Zhang, S;
Zhang, Y.; Wang, J. J. Am. Chem. Soc. 2013, 135, 10330-10333.
doi:10.1021/ja4056239

46.Bayarmagnai, B.; Matheis, C.; Risto, E.; Goossen, L. J.

Adv. Synth. Catal. 2014, 356, 2343-2348.
doi:10.1002/adsc.201400340

47. Lishchynskyi, A.; Berthon, G.; Grushin, V. V. Chem. Commun. 2014,
50, 10237-10240. doi:10.1039/C4CC04930F

48.Zhang, K.; Xu, X.-H.; Qing, F.-L. J. Org. Chem. 2015, 80, 7658-7665.
doi:10.1021/acs.joc.5b01295

49.Xu, J.; Fu, Y,; Luo, D.-F.; Jiang, Y.-Y.; Xiao, B.; Liu, Z.-J.; Gong, T.-J.;
Liu, L. J. Am. Chem. Soc. 2011, 133, 15300-15303.
doi:10.1021/ja206330m

50.Wang, X.; Ye, Y.; Zhang, S.; Feng, J.; Xu, Y.; Zhang, Y.; Wang, J.

J. Am. Chem. Soc. 2011, 133, 16410-16413. doi:10.1021/ja207775a

51. Mitsudera, H.; Li, C.-J. Tetrahedron Lett. 2011, 52, 1898—1900.
doi:10.1016/j.tetlet.2011.02.038

52.Egami, H.; Ide, T.; Kawato, Y.; Hamashima, Y. Chem. Commun. 2015,
51, 16675-16678. doi:10.1039/C5CC07011B

53. Pair, E.; Monteiro, N.; Bouyssi, D.; Baudoin, O. Angew. Chem., Int. Ed.
2013, 52, 5346-5349. doi:10.1002/anie.201300782

54.Shang, M.; Sun, S.-Z.; Wang, H.-L.; Laforteza, B. N.; Dai, H.-X;

Yu, J.-Q. Angew. Chem., Int. Ed. 2014, 53, 10439-10442.
doi:10.1002/anie.201404822

55.Hu, L.; Chen, X.; Gui, Q.; Tan, Z.; Zhu, G. Chem. Commun. 2016, 52,
6845-6848. doi:10.1039/C6CC02412B

56.Chu, L.; Qing, F.-L. J. Am. Chem. Soc. 2012, 134, 1298-1304.
doi:10.1021/ja209992w

57.Yang, F.; Klumphu, P.; Liang, Y.-M.; Lipshutz, B. H. Chem. Commun.
2014, 50, 936-938. doi:10.1039/C3CC48131J

58.Lu, Y.; Li, Y.; Zhang, R.; Jin, K.; Duan, C. J. Fluorine Chem. 2014, 161,
128-133. doi:10.1016/j.jfluchem.2014.01.020

59.Ji, X.-M.; Wei, L.; Chen, F.; Tang, R.-Y. RSC Adv. 2015, 5,
29766-29773. doi:10.1039/C5RA02888D

60.Chu, L.; Qing, F.-L. J. Am. Chem. Soc. 2010, 132, 7262-7263.
doi:10.1021/ja102175w

61.Zhang, K.; Qiu, X.-L.; Huang, Y.; Qing, F.-L. Eur. J. Org. Chem. 2012,
58-61. doi:10.1002/ejoc.201101550

62.Jiang, X.; Chu, L.; Qing, F.-L. J. Org. Chem. 2012, 77, 1251-1257.
doi:10.1021/j0202566h

63.Weng, Z,; Li, H.; He, W,; Yao, L.-F.; Tan, J.; Chen, J.; Yuan, Y.;
Huang, K.-W. Tetrahedron 2012, 68, 2527-2531.
doi:10.1016/j.tet.2011.12.085

64.Luo, D.-F.; Xu, J.; Fu, Y.; Guo, Q.-X. Tetrahedron Lett. 2012, 53,
2769-2772. doi:10.1016/j.tetlet.2012.03.107

65.Ji, Y.-L.; Luo, J.-J.; Lin, J.-H.; Xiao, J.-C.; Gu, Y.-C. Org. Lett. 2016, 18,
1000-1003. doi:10.1021/acs.orglett.6b00120

Beilstein J. Org. Chem. 2018, 14, 155—-181.

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(https://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.14.11

181


https://doi.org/10.1021%2Fja404217t
https://doi.org/10.1002%2Fanie.201304276
https://doi.org/10.1021%2Fja4056239
https://doi.org/10.1002%2Fadsc.201400340
https://doi.org/10.1039%2FC4CC04930F
https://doi.org/10.1021%2Facs.joc.5b01295
https://doi.org/10.1021%2Fja206330m
https://doi.org/10.1021%2Fja207775a
https://doi.org/10.1016%2Fj.tetlet.2011.02.038
https://doi.org/10.1039%2FC5CC07011B
https://doi.org/10.1002%2Fanie.201300782
https://doi.org/10.1002%2Fanie.201404822
https://doi.org/10.1039%2FC6CC02412B
https://doi.org/10.1021%2Fja209992w
https://doi.org/10.1039%2FC3CC48131J
https://doi.org/10.1016%2Fj.jfluchem.2014.01.020
https://doi.org/10.1039%2FC5RA02888D
https://doi.org/10.1021%2Fja102175w
https://doi.org/10.1002%2Fejoc.201101550
https://doi.org/10.1021%2Fjo202566h
https://doi.org/10.1016%2Fj.tet.2011.12.085
https://doi.org/10.1016%2Fj.tetlet.2012.03.107
https://doi.org/10.1021%2Facs.orglett.6b00120
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.14.11

	Abstract
	Introduction
	Review
	Copper-catalyzed trifluoromethylation of aryl and alkyl halides
	Trifluoromethylation of aryl halides with traditional trifluoromethylation reagents and a trifluoromethyl-substituted sulfonium ylide as a new reagent
	Trifluoromethylation of aryl halides using trifluoroacetates as the trifluoromethyl source
	Trifluoromethylation of aryl halides using difluorocarbene precursors as the trifluoromethyl source

	Copper-catalyzed trifluoromethylation of alkyl halides
	Copper-catalyzed trifluoromethylation of boronic acid derivatives
	Trifluoromethylation of boronic acid derivatives with nucleophilic trifluoromethylation reagents
	Trifluoromethylation of boronic acid derivatives with electrophilic trifluoromethylation reagents
	Trifluoromethylation of boronic acid derivatives with radical trifluoromethylation reagents
	Trifluoromethylation of aryldiazonium salts (Sandmeyer type trifluoromethylation)

	Copper-catalyzed direct trifluoromethylation of C–H bonds
	Copper-catalyzed direct trifluoromethylation of C(sp3)–H
	Copper-catalyzed direct trifluoromethylation of C(sp2)–H
	Copper-mediated/catalyzed direct trifluoromethylation of C(sp)–H


	Conclusion
	Acknowledgements
	References

