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/Abstract: Electrophilic trifluoromethylation reactions have
been the latest approach to achieve the fluoroalkylation of
compounds with newly-discovered reagents, such as the
Togni's (1-trifluoromethyl-1,2-benziodoxol-3-(1 H)-one), Ume-
moto’s (S-(trifluoromethyl)dibenzothiophenium tetrafluoro-
borate),  Yagupolskii's  (S-(trifluoromethyldiarylsulfonium
salts), Shreeve’s (S-(trifluoromethyl)dibenzothiophenium tri-
flate), and Shibata’s (trifluoromethylsulfoximine salts) re-
agents. All these reagents produce an electrophilic trifluoro-
methylating (CF,*) species that undergoes reaction with nu-
cleophiles. In addition, these latter reactive species (i.e. CF;™)

can undergo electron-transfer (ET) processes affording CF;
radicals that expand the scope to substrates other than con-
ventional nucleophiles that can undergo reaction. In this
Review, we shall discuss the trifluoromethylation reactions of
diverse families of organic substrates of biological interest as
a means to comparing the reagents scope and best reaction
conditions. Some, though not all, of these reactions require
the assistance of metal or organometallic catalysts. Some re-
quire additives and catalysts to promote the fluoroalkylation
reaction, but invariably all are initiated and carried out by
electrophilic trifluoromethylating species. )

1. Introduction

The introduction of a trifluoromethyl group, the most sought-
after fluorinated alkyl group, into a selected target in a reliable
and efficacious fashion, undoubtedly belongs among the most
relevant and desired transformations in fluorine chemistry. Of
specific interest are methodologies appropriate for late-stage
trifluoromethylation in multistep syntheses which renders
them a valuable tool when combined with the classical build-
ing block approach. The electrophilic trifluoromethylating re-
agents have encompassed a new category in fluorine chemis-
try as demonstrated by the versatility and scope of their
reactions.

It is extremely hard to produce the trifluoromethyl cation
CF;* by a chemical reaction." Regarding the mechanism of
the electrophilic trifluoromethylation reaction, controversy re-
mains as to whether a polar substitution or a single electron
transfer (SET) pathway takes place.l" It is likely that the low sta-
bility of the CF;* ion drives, in most instances, the reaction
mechanism to an electron-transfer process (ET), assuming the
presence of a CF; radical as another possible intermediate in
the reaction coordinates initiated by the electrophilic trifluoro-
methylating reagents.

Since the discovery of the trifluoromethylation of thiopheno-
lates by Yagupolskii's reagent (S-trifluoromethyl diarylsulfonium
salts) in 1984, the design and synthesis of electrophilic trifluor-
omethylation reagents have been extensively developed due
to the significant influence of trifluoromethylated compounds
on pharmaceuticals, agricultural chemicals, and functional ma-
terials. Thus, a series of prominently developed reagents by
Umemoto, Togni, and Shibata, are now commercially available
due to their high stability and reactivity and broad substrate
scope. All of these reagents produce an initial electrophilic tri-
fluoromethylating (CF;*) species that undergoes reaction with

[a] Dr. S. Barata-Vallejo, Prof.Dr. B. Lantario, Prof. Dr. A. Postigo
Departamento de Quimica Orgdnica, Facultad de Farmacia y Bioquimica
Universidad de Buenos Aires, Junin 954 CP1113-Buenos Aires, Argentina
Fax: (+54) 11-4964-8350
E-mail: apostigo@ffyb.uba.ar

[b] Prof.Dr. B. Lantario
Departamento de Ciencias Bdsicas, Universidad Nacional de Lujdn
Lujdn, Buenos Aires (Argentina)

Chem. Eur. J. 2014, 20, 1-25 www.chemeurj.org

soft nucleophiles, such as alkenes, alkynes, (hetero)arenes,
phosphines, p-ketoesters, dicyanoalkylidenes, and thiols, and
hard ones, such as alcohols, sulfonic acids, and nitriles.

Detailed strategies for electrophilic trifluoromethylation reac-
tions have been introduced in 2007." In 2010, Shibata and
Cahard have reviewed electrophilic trifluoromethylation re-
agents™? employed from 1984 until 2009. In 2012, Magnier and
co-workers have amply described the synthesis and various ap-
plications of electrophilic perfluoro- and trifluoroalkylating re-
agents derived from hypervalent iodine compounds (e.g. Tog-
ni's reagent), sulfonium salts (e.g. Yagupolskii's and Shreeve’s
reagents), sulfoximine derivatives (e.g. Adachi's and Ishihara’s
reagents), trifluoromethyloxonium compounds, and metal-cat-
alyzed electrophilic trifluoromethylation strategies.” Recent
review articles® on asymmetric trifluoromethylation” reac-
tions utilizing various electrophilic reagents have been intro-
duced in the literature.

In this Review, we wish to provide a synthetic perspective of
the trifluoromethylation reactions of diverse families of organic
substrates of biological interest in which the reagents’ scope
and best reaction conditions are compared and discussed, as
have been introduced in the literature since 2010. Methods
and reagents utilized for trifluoromethylthiolation processes,
for the incorporation of the SCF; group into organic substrates,
will not be considered in this account.

1.1. Reagents’ availability, synthesis, and
scope

Among the electrophilic trifluoromethylating reagents current-
ly employed, the Togni's reagents (1-trifluoromethyl-1,2-benzio-
doxol-3-(1H)-one, 1a, and trifluoromethyl-1,3-dihydro-3,3-di-
methyl-1,2-benziodoxole, 1b, Scheme 1) have very recently
been prepared in an optimized fashion,®® thus rendering
these reagents very appropriate for electrophilic trifluorome-
thylation reactions. The syntheses of various families of electro-
philic trifluoromethylating reagents have been reviewed by
Cahard and Ma.l" A very recent metal-free in situ electrophilic
reagent has been proposed, utilizing the Ruppert-Prakash re-
agent, (Me;SiCF;), Phi(AcO),, and KF to effect trifluoromethyla-
tion reactions on a vast array of nucleophiles."®

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KK These are not the final page numbers!


http://www.chemeurj.org

\\,* ChemPubSoc
rref Europe
O\\C/O\ Fsc\l_o
f |—CF5 <
1a 1b

Togni’s reagents

@@““

TfO™ CF, BF4 CF,
Yapoulskii’s Shreeve’s Umemoto’s
2a 2b 2c
Me _
O Ntye BFe Q
% Ph)k[(sozw3
Ph” CF;
IPh
Shibata’s
3a 3b
R\\ X EWG
| P N O\\S;N
of/S‘CF3 Ph™ cF,
X=COorSO, Adachi’s Ishihara’s
4a 4b

Scheme 1. Different electrophilic trifluoromethylating reagents.

Umemoto,"® ¥ Shreeve,® and Shibata'®? have come up
with sulfur-derived trifluoromethylating reagents that have ex-
panded the scope of organic substrates that can undergo tri-
fluoromethylation reactions (Scheme 1).

1-Trifluoromethyl-1,2-benziodoxol-3-(1 H)-one 1a and tri-
fluoromethyl-3,3-dimethyl-1,2-benziodoxol 1b (Togni's re-
agents; Scheme 1) are known to trifluoromethylate nucleo-
philes including keto derivatives, sulfides, arenes, phosphanes,
alcohols, amines, sulfonic acids, and enol silyl ethers.” Trifluor-
omethyl dibenzothiophenium triflate and tetrafluoroborate
salts™ (2b and 2c, respectively, Shreeve’s and Umemoto's re-
agents; Scheme 1) have been reported to react with a diverse
array of nucleophiles including keto derivatives, sulfides,
arenes, enol silyl ethers, dicyanoalkylidenes, and alkynes.”’ Fi-
nally, [(Oxido)phenyl(trifluoromethyl)-A-sulfanylidene]dimethyl
ammonium tetrafluoroborate 3a (Shibata’s reagent; Scheme 1)
is known to trifluoromethylate keto derivatives, dicyanoalkyli-

denes, and alkynes.?'?

2. Trifluoromethylation of alkenes and alkynes

A recent review article on the trifluoromethylation of unsatu-
rated moieties with different reagents, such as trifluoroacetic
acid (TFA), CFsl, trimethylsilyl trifluoromethane (TMSCF,),
NaSO,CF;, and electrophilic ones such as 1a, or 2b (Scheme 1),
attests to the relevance of these transformations.!"

2.1. Formation of C(sp®)—CF; bonds

Trifluoromethylation of alkenes to form C(sp®)—CF; bonds
(e.g. trifluoromethylation of allylsilanes) employing either re-
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agent 1a or 2b, has been studied™ and was recently summar-
ized by Wu and co-workers."

Transition-metal-catalyzed trifluoromethylation of alkenes to
form C(sp®—CF; bonds with electrophilic fluoroalkylating re-
agents has been recently revisited by Leroux and co-work-
ers." One such strategy was recently reported that relies on
the use of reagent 1a and terminal alkenes, developed by
Wang and co-workers.'"” The scope of the reaction is illustrated
in Scheme 2.

More recently,”™ it was established that the electrophilic tri-
fluoromethylation reagents (CF;*) undergo SET reduction by
a Cu' catalyst, followed by a radical process and then reverse
ET to regenerate the Cu' catalyst (Scheme 3). Aliphatic alde-

(8]
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Scheme 2. Trifluoromethylation of alkenes with reagent 1a towards the con-
struction of C(sp)—CF, bonds.
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Scheme 3. Electrophilic trifluoromethylating reagents (CF;*) undergo SET re-
duction by a Cu' catalyst, followed by a radical process and then back ET to
regenerate the Cu' catalyst.

hydes and the tert-butyldimethylsilyl (TBDMS) group are also
known to tolerate the reaction conditions."”

The postulated reaction mechanism involves intermediate
free radicals,"” as suggested by trapping experiments of re-
agent 1a with 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO).
The authors claim no evidence on the details of the C—C bond
forming step, neither could they trap the allyl radical inter-
mediate using TEMPO.""”

Gouverneur and co-workers recently accomplished the hy-
drotrifluoromethylation of unactivated alkenes employing re-
agent 2b and photocatalyst [Ru(bpy);Cl,]-6 H,O in methanol as
solvent (Scheme 4)."® Unactivated terminal monosubstituted
(Scheme 4) and geminal disubstituted alkenes (not shown) par-
ticipate in the hydrotrifluoromethylation effectively. A wide
range of substrates and functional groups are tolerated,"” in-
cluding esters, unprotected and protected alcohols, amines,
amides, imides, carbamates, enones, heteroarenes and oxazoli-
dinones."” The reaction mechanism is illustrated in Scheme 5.

Irradiation of [Ru(bpy);Cl,] with visible light leads to excited
[Ru(bpy);]*"* which enters an oxidative quenching cycle
(Scheme 5). The reduction potential of reagent 2b (—0.25V
vs. SCE in MeCN™; SCE =saturated calomel electrode) is com-
patible with the reduction process using excited [Ru(bpy);]*"*.
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Scheme 4. Hydrotrifluoromethylation of terminal alkenes with reagent 2b.
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Scheme 5. Proposed reaction mechanism for the hydrotrifluoromethylation
of terminal alkenes with reagent 2b.

A SET reduction of 2b is simultaneous with the oxidation of
[Ru(bpy);1*™* to [Ru(bpy);]*" (—0.81V vs. SCE in MeCN"). The
resulting CF; radicals would add to the double bond of the
alkene substrate. The carbon radical would be converted to
the hydrotrifluoromethylation product by using methanol as
hydrogen atom donor (Scheme 5).

In 2013, Wu and co-workers attempted the copper-catalyzed
trifluoromethylation of allylic alcohols in DMF as solvent,?" '
resulting in a 1,2-migration-driven carbotrifluoromethylation
reaction in good yield (Scheme 6).

The reaction mechanism proposed involves the intervention
of a cyclohexadienyl-type radical, such as that depicted in
Scheme 7. The mechanism (Scheme 7) was postulated on the
basis of the chemoselectivity, which suggested a radical (neo-
phyl) rearrangement via intermediate A (Scheme 7), rather
than a cationic (semipinacol) rearrangement. Reduction of
Togni's reagent (1a) with Cu' generates a CF; radical, which
adds across the double bond of the allyl diaryl alcohol to give
radical A. Subsequent migration of electron-deficient aryl
group via spiro[2,5]octadienyl radical B produces intermediate
C (Scheme 7). Single electron transfer between C and Cu" leads
to the formation of the desired product.l">2"

Sodeoka and co-workers reported in 2013 the 1,2-migration-
driven carbotrifluoromethylation of alkenes catalyzed by iron
acetate (Scheme 8).?
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R'=R?=4-Me 66%
R'=R?=4-Br, 4-Cl 67%, 65%
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Scheme 6. Scope of the copper-mediated trifluoromethylation of diphenyl-
allyl alcohols with reagent 1a.

Scheme 7. Proposed mechanism for the copper-catalyzed trifluoromethyla-
tion of allylic alcohols in DMF as solvent with reagent 1a.

Ortho-substituted aryl groups also worked well as migrating
groups. The authors attempted other asymmetrical substrates
encountering high regioselectivity in several aryl mi-
grating groups, such as those depicted in
Scheme 9.2 For instance, if there is one 4-chloro-
and one 2-chloro-substituted aryl ring, both on the
allylic carbon, only the 4-chloroaryl group migrates
predominantly.

Sodeoka and co-workers noted that the migration
of 2-substituted aryl rings was slower than that of
the phenyl group,”? suggesting that the steric hin-
drance on the aryl ring reduced the migration rate
(cf. Ph and 2-CI-C¢H,, Scheme 9). Also, as observed in
Scheme 9, electronic properties of the aryl ring affect
the migration rate. Electron-withdrawing groups ac-
celerate the aryl migration ability during the particu-
lar trifluoromethylation reaction (cf. 4-CI-C¢H, and 4-
MeO-C¢H,, Scheme 9). The authors did not propose a reaction
mechanism for the process,”? but suggested that the inter-
mediate of this reaction is likely to possess a radical nature
due to the presence of the hydrotrifluoromethylation product.

Comparison of the Wu's and Sodeoka’s methodologies for
achieving the 1,2-migration-driven carbotrifluoromethylation of
alkenes revealed similar product yields and synthetic ap-

Ar'
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Fe (OAc), (15 mol%)

o O\\C,o\ K,CO3 (1 equiv.) 0
+ I—CF3 Ar)kﬁCF
H OX/ @ 1,4-dioxane Ar 3
0.2 mmol, 1 equiv.  1a, 2 equiv.

Ar = 4-Me-CgHy 72%

Ar = 4-OMe-CgH4 78%

Ar = 4-OTBS-CgHy 80%

Ar = 4-F-CgH, 80%

Ar = 4-Cl-CgHy4 92%

Scheme 8. 1,2-Migration-driven carbotrifluoromethylation of symmetrical al-
kenes catalyzed by iron acetate with electrophilic reagent 1a.

proaches. Whereas Wu's methodology relies on the use of Cu'
in DMF as solvent to initiate an ET sequence, Sodeoka’s em-
ploys an Fe" salt in 1,4-dioxane.>2"?}

2.1.2. C(sp®)—CF; bond formation with simultaneous cycliza-
tion

Electrophilic trifluoromethylation reactions of alkenyl moieties
to form C(sp®)—CF; bonds with a simultaneous cyclization have
been studied by several groups. Those involving electrophilic
trifluoromethylating reagents are concerned with the oxytri-
fluoromethylation of unactivated alkenes based on copper-cat-
alyzed oxidative difunctionalization, introduced by Buchwald
and co-workers® and reviewed by Fu and co-workers®¥ (gen-
eral strategy in Scheme 10).

The trifluoromethylation of alkenoic acids towards the syn-
thesis of CF;-substituted lactones has recently been accom-
plished by Akita and co-workers employing the electrophilic
reagent 2c (Scheme 11).%%

Trifluoromethylation-lactonization of both terminal and in-
ternal alkenoic acids by photoredox catalysis is achieved
through the use of [Ru(bpy);]*" photocatalyst. This is the first

Fe (OAC), (15 mol%)

O\\CfO\ K2CO3 (1 equiv.) (e} (e}
+ I—CF
? 1,4-dioxane ArZJJ\/\CFs * A”/lk(\c&
Ar' Ar?

Ar! = 4-CI-CgHy, Ar? = 2-CI-CgHy 25:1 (84%)
Ar' = Ph, Ar? = 2-CI-CgHy4 9:1 (88%)
Ar' = Ph, Ar? = 2-Br-CgH, 12:1 (88%)
Ar! = 4-CI-CgHy, Ar? = 4-MeO-CgHy 10:1 (87%)

Scheme 9. 1,2-Migration-driven carbotrifluoromethylation of asymmetrical substrates cat-
alyzed by iron acetate with electrophilic reagent 1a.

[Cu(MeCN),4]PFg (10 mol%)

o
~""OH Sc-0 2,2 biquinoline (20 mol%) P
'\\ + I—CF3 | Z ,CF3
e T MeCN, 55 °C

1a, 1.1 equiv.

Scheme 10. Oxytrifluoromethylation of unactivated alkenes with Togni'’s re-
agent 1a.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

CHEMISTRY

‘(V"'* ChemPubSoc A European Journal
L Europe Review
[Ru(bpy)s]?* (0.5 mol%) ported the Fe'-catalyzed stereo-
HOZC “ blue LED Jk/c& A C':3 selective trifluoromethylation of
“KHPO,, 2 equiv. e 2R vinylfluoroborates.”?” These
BE acetone or MeCN R methods exhibit limited sub-
4 CF3 :
- | 1 oqui 26 11 oqui from terminal alkenes,  from internal alkenes strate scope with respect to
£ Mol Tequiv. 2e, 11 equiv. R'=R?=H functional groups and heteroaro-
- , matic compounds.
- - - 0,
R =R =HR =REA=1 90% Recently, potassium vinyl tri-
R'=R2=H, R3 = 4-MeO-CgH,, n=1 83% p b h
R'=R2 = H, R? = 4-F-CgHy, n= 1 829% uoroborates were shown to un-
R'=R2=H, R3 = 4-Cl-CgHy, n= 1 82% dergo trifluoromethylation with
R'=R?=H, R®=4-Br-CgH,, n= 1 76% Togni’'s reagent in the presence
1 2 —
R =H,R =Py a=0 82% of the photoredox catalyst [Ru-
R'=H, R2 = 4-MeO-CgH,, 1= 0 75% PE h 311
me 13). In
R'=H, R? = 4-Me-CgH,, n =0 72% (bpy')3]( o2 _(SC eme 3,)
R'=H, R2 = 3,4-F-CqgHg, 7= 0 72% particular, this method is effec-
R'=H, R?=3,4-Cl,-CgHy, n =0 81% tive in the selective and large-
R'=H, R?=4-Br-CgHs, n=0 79% scale synthesis of (E)-trifluorome-
R'=H,R?=3-1-CgHy, n=0 83%

Scheme 11. Trifluoromethylation of alkenoic acids with reagent 2c.

example of a highly endo- and diastereoselective synthesis of
CF;-substituted five-, six-, and seven-membered ring lactones
from internal alkenoic acids.*

Sodeoka and co-workers recently reported the trifluorome-
thylation of carbocycles and heterocycles through copper-
mediated trifluoromethylation of unactivated alkenes bearing
allylic protons coupled with C(sp®)—C,, bond formation (gener-
al strategy in Scheme 12).°

@ . O\\C’O\ Cul (10 mol%) \\ = R? CF
= |-CF3 ——8M8M8 Z 3
X*%,LRZ @ 1,4-dioxane, 80 °C X )n

0.2 mmol, 1 equiv.  1a, 1.2 equiv

X =C(CO,Et),, n=1,R"=R?=H 78%

X = C(COLEt),, n=1,R' = 4-MeO, RZ2=H 63%
X=CHy n=2,R"'=R?=H 76%
X=CHy,n=2,R"=7-Me, R?=H 61%
X=NBoc,n=1,R'=R?=H 85%

X= NTBS,n—1,R1 R?2=H 67%

X =NBoc, n=1,R"=5-MeO, R?=H 84%
X=NBoc,n=1,R"=51,R?=H 82%
X=NBoc,n=1,R"=5-F,R?=H 86%
X=NBoc,n=2,R"=R?=H 93%

Scheme 12. Copper-mediated trifluoromethylation of unactivated alkenes
bearing allylic protons coupled with C(sp®)—C,, bond formation with reagent
1a.

2.2. Formation of C(sp?)—CF; bonds

The strategies developed to trifluoromethylate alkenes in order
to form C(sp?)—CF; bonds can involve the use of prefunctional-
ized alkenes, which can be classified as vinylboronic acids,
vinyl borates, vinyl halides, vinyl sulfonates, or vinyl carboxylic
acids,” ¥ or the use of unfunctionalized alkene substrates
(terminal alkenes). The groups of Shen and Liu showed in 2011
the nonstereoselective trifluoromethylation of vinyl boronic
acids by Cu' catalyst.®¥ In 2012, Buchwald and co-workers re-

Chem. Eur. J. 2014, 20, 1-25 www.chemeurj.org

thylated alkenes bearing a m-de-
ficient aromatic moiety (and het-

Osc-0  IRu(BPY)I(PFo)z, 5 mol%
R/\/ BFK I—CF; R/\/CF3
blue LEDs
0.2 mmol, 1 equiv. 1a, 1.1 equiv. MeOH, RT,

R = 4-Me-CgH, 81%
=4-MeO-CgHy 88%
= 4-Cl-CgHy 790
= 4-CF3-CgHy 79%
= 4-CN-CgH4 78%
= 2-Me-CgHy 70%
= 3-pyridyl 68%
= 3-quinoline 71%

Scheme 13. Trifluoromethylation of vinylborates in the presence of photore-
dox catalyst [Ru(bpy);](PF¢), with electrophilic reagent 1a.

eroaromatic compounds), which are difficult to access by previ-
ous catalytic methods.

Also vinyl borates containing heteroaryl groups such as thio-
phene, pyridine, quinoline, and benzothiazole rendered tri-
fluoromethyl-substituted alkenes.®" A plausible reaction mech-
anism takes into account a SET photoredox process
(Scheme 14).

CF; radicals can be generated by one-electron reduction of
the electrophilic Togni's reagent 1a. These CF; radicals react
with the carbon-carbon double bonds of vinyl trifluoroborates
to afford [-borato-stabilized radical intermediates A
(Scheme 14)®" in a regioselective manner. Subsequent one-
electron oxidation by [Ru(bpy);]** produces B-borato cation in-
termediates B (Scheme 14). Then, trans-selective Petersen elim-
ination of the boron-based group provides (E)-trifluoromethy-
lated alkenes.®" Although this strategy cannot be regarded as
a direct electrophilic process, the participation of radical spe-
cies was confirmed. However, the authors were unable to rule
out radical cation intermediates.®" The involvement of the
photocatalyst enables a radical pathway to intervene.

In 2014, Zhu and co-workers developed a photocatalytic
method to achieve the room-temperature decarboxylative tri-
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[Ru(bpy)al?] =——  [Ru(bpy)sl®*
&/—\ [Ru(bpy)s]**

RN BFK BFsK

Scheme 14. Reaction mechanism for conversion of vinyl trifluoroborates in
vinyl trifluoromethanes using reagent 1a.

fluoromethylation of a,f-unsaturated carboxylic acids with
electrophilic reagent 1a.5® The photocatalyst employed was
fac-[Ir(ppy)s], in conjunction with sodium acetate as additive in
DMSO as solvent, with a 35W fluorescent lamp (Scheme 15).

The E-stereoselectivity in all cases ranged from 96 % to 99%
for the trifluoromethylated olefins obtained.®™ The authors
postulate a radical mechanism (radical addition-decarboxyla-
tive reaction; Scheme 16).

In the mechanism (Scheme 16), the photocatalyst fac-Ir**
(ppy); undergoes photoexcitation to form the excited fac-[Ir' "
(ppy)s]*.B? The electrophilic Togni’'s reagent 1a is reduced by
fac-[Ir* " (ppy),]* to afford the corresponding radical anion 1a™~
(Scheme 16). Collapse of 1a~ generates intermediate A
(Scheme 16), which in turn undergoes radical addition to a,f3-
unsaturated carboxylic acids affording the radical intermediate
B, which is further oxidized by [Ir*"(ppy);] to give the carbocat-
ion C (Scheme 16) through a single-electron oxidation. Inter-
mediate C undergoes decarboxylation to afford the thermody-
namically stable E-alkene D (Scheme 16), which renders the de-
sired trifluoromethylated alkene. The favorable half wave re-
duction potential of [Ir*"(ppy);]

(Eqjoreg= +0.77V vs.SCE) gives
support to the postulated o)
mechanism.5”

Remarkably, the product yields |/o
of the trifluoromethylated olefins 1a CF,

obtained by Zhu and co-workers
starting from a,B-unsaturated
carboxylic acids®' match well
with those reported by Akita
and co-workers starting from
trifluoroborates®"

ey

CF3

[fac-Ir¥* (ppy)s]

fluorescentllight
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[Ir(ppy)3], 1 mol%
35W fluorescent lamp
2 equiv. CH3COONa

4
R c-0 R

* 1 I—CFj

0.2 mmol, 1 equiv.

R2TX
COOH

27

DMSO, RT
CF3

1a, 1.5 equiv.

R'=4-Me-CgH, , R2=H
= 4-MeO-CgHy , R? =
=4-Cl-CgHy ,R2=H
=4-CF5-CgH, ,R?=H
=4-NO,-CgHys ,R?=H
=4-Br-CgH, , R?=H
= 2-pyridyl ,R2=H
= 3-pyridyl , R?=H
= 4-CF3-CgHy , R2 = Me
=4-NO,-CgHy , R? = Me
= 2-thiophenyl, R? = H
= 1-naphthyl, R = H

78%
83%
70%
76%
78%
80%
79%
60%
80%
66%
70%
73%

H

Scheme 15. Decarboxylative trifluoromethylation of o,f-unsaturated carbox-
ylic acids by photoredox catalyst with reagent 1a. E selectivities > 96 %.

the use of fac-[Ir(ppy);]. The novelty of the Zhu's methodology
is the room-temperature photocatalyzed radical addition—de-
carboxylative reaction of acrylic acid derivatives to afford tri-
fluoromethylated olefins.

Methods to achieve trifluoromethylation of alkenes (or al-
kynes) without prefunctionalization of substrates represent un-
doubtedly a more promising synthetic strategy. A trifluorome-
thylation methodology involving nonfunctionalized alkenes
was reported by Xiao and co-workers.*® The copper-catalyzed
trifluoromethylation of terminal aromatic alkenes with reagent
1b utilizing [(MeCN),CulPF, as catalyst, 1,8-diazabicyclo-
[5.4.0]lundec-7-ene (DBU) as base in DMF as solvent is achieved
in very good yields (Scheme 17).2¢ The reaction could tolerate
various functional groups. Notably, all products were obtained
with excellent stereoselectivity (E/Z > 97:3).%

Regarding the reaction mechanism,®® the authors postulat-
ed a pathway involving radical intermediates as evidenced by
trapping experiments with TEMPO, a well-known radical scav-
enger. In this case, the desired trifluoromethylation reaction

Cr

- TR

Ar A
\7/0001-1
Y4
. O _
Ar I S o
F

@)

oY

1a:
CF3

[fac-Ir**(ppy)al

[fac-Ir¥* (ppy)s]

vinyl /\

(Schemes 13 and 15). Both meth- @\ 0._O-H /
ods make use of Togni's reagent I NN 0 AFJ é\ _

la as trifluoromethylating COOH F3C/I £ S F3C/I a
source. The Akita group’s meth- D -CO, c

odology employs [Ru(bpy);](PFe),
as catalyst, whereas the Zhu
group’s methodology requires
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Scheme 16. Proposed reaction mechanism for the photocatalyzed decarboxylation of a,-unsaturated carboxylic
acids with electrophilic reagent 1a.
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FC [(MeCN),Cu]PFg, 20 mol%
N
I—O DBU, 2 equiv.
Ar X + 9 Ar/\/CFs
DMF, 2h, 60 °C
0.2 mmol, 1 equiv. 1b, 2.5 equiv.
Ar = Biphenyl 90%
= 4-MeO-CgH, 91%
= 4-tBu-CgH, 88%
= 4-Me-CgH, 92%
= 2-Br-CgH, 93%
= 3-Br-CgH, 92%
= 4-Br-CgH, 93%
= 4-NO,-CgHy 76%

Scheme 17. Scope of the trifluoromethylation reaction of styrene derivatives
with reagent 1b with unfunctionalized substrates.

was completely suppressed. Based on these results,
the authors proposed the mechanism depicted in
Scheme 18.

In the postulated mechanism (Scheme 18),%9 the
activation of 1b by Cu' leads to the formation of radi- R
cal intermediate A. Decomposition of A produces [{2-

= [N
| ST ~c-0 A
> * I—CF; |
/ CHCl, AF
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Al‘/\/CFS
L DBU
Cu(l) 1b
.
A ~CF3
D
I ocu(l FiCo o
1% ocu(
: O o
B A ~CFs c A
AT CFs.

Scheme 18. Postulated mechanism for the trifluoromethylation of styrene
derivatives with reagent 1b.

[Cul]cat, 10 mol% (0.01 mmol)

01 mmol, 1 equiv.

(2-iodophenyl)propan-2-ylloxylcopper(ll) C and CFy R=H 55%
radicals, which are trapped by alkenes to form the tri- Ei:-mgo 1a, 1.5 equiv. j?z)
=4 o b
fluoromethylated radical intermediate B. Subsequent- : electrophilic addition
ly, the radical intermediate B is oxidized by Cu" (C) to OCOAR
cationic intermediate D, with simultaneous release of N O\\C'O [Cul]eat, 10 Mol% (0.01 mmol) N CF,
catalyst Cu'. In the presence of base, intermediate D ‘ * 'I—CF |
. . . . / / 3 //
undergoes proton elimination to afford the final . CHCl, R
36] 01 mmol, 1 equiv.
product.
N . . R = 4-MeO 15, 1.5 e 86%
Togni's reagent 1a (1-trifluoromethyl-1,2-benzio- R = 2-MeO » 1o equiv. 58%

doxol-3-(1 H)-one) has recently been reported by
Szabd and co-workers to undergo addition reactions
with both alkynes and alkenes in the presence of Cul
catalyst,®” affording vinyl—CF; and alkyl—CF, substi-
tuted products, respectively (Scheme 19). These results and
others were recently summarized by Liu and co-workers.%®3

Thus, a series of alkenes, such as 1,1-diphenylethylene, 1-
phenylthioethylene, and 2-methoxystyrene, and alkynes, such
as phenyldimethylsilyl acetylene, 4-nitrophenyl acetylene, 4-
methoxyphenyl acetylene, and phenylacetylene, was trifluoro-
methylated in yields ranging from 46% to 86%."” Szabé and
co-workers suggested that the allylic C—H trifluoromethylation
with hypervalent iodine reagents takes place by a mechanism
that can involve some electron-transfer character. The reaction
was partially inhibited by TEMPO, suggesting a radical mecha-
nism involving a single electron transfer (SET) process. The tri-
fluoromethylation-benzoyloxylation is a one-pot procedure
with total atom economy.

Togni's reagent 1a was very recently used to effect cyanotri-
fluoromethylation of alkenes in the presence of TMSCN and
Cu(OTf), as catalyst in DMSO as solvent, in very high yields, in
the absence of additives and ligands.*"

Liu and co-workers reported a novel domino copper-cata-
lyzed trifluoromethylated Meyer-Schuster rearrangement reac-
tion with Togni's reagent leading to a-trifluoromethyl enone
products with moderate to good yields.'? Furthermore, a-CF,

Chem. Eur. J. 2014, 20, 1-25 www.chemeurj.org

Scheme 19. Electrophilic trifluoromethylation by copper-catalyzed addition of CF;-trans-
fer reagent. Ar represents electron-rich and electron-poor aryl rings with reagent 1a.

enones can be transformed into important trifluoromethyl-sub-
stituted heterocyclic motifs in a one-pot version (Scheme 20).

Koike and Akita very recently reported the trifluoromethyla-
tion of di- and trisubstituted alkenes by photoredox catalysis
employing electrophilic reagent 2¢, [Ru(bpy);l(PFs), as photo-
catalyst in DMSO as solvent in the absence of additives or base
in good yields.""™ The scope of the transformation is depicted
in Scheme 21.

Diphenylethenes with electron-donating substituents and
halogens produce the trisubstituted CF;-alkenes in good yields

OHR1 Osc-0 Cul (25 mol%) R O
ic acid (10 mol%
/iz . \I*CF;; pyruvic acid (10 mol%) R1)\HLR
R DCE, 50 °C CFy
Meyer-Schuster -

0.1 mmol, 1 equiv. 1a, 2 equiv. rearrangement E selectivity

R = 4-MeO-CgHy, R' = R? = Me 71%

R = 2-MeO-CgHy, R" = R? = Me 51%

R = 4-Cl-CgH,, R' =R% = Me 42%

R = 4-Br-CgHy, R' = R? = Me 39%

R = 4-CF3-CgHy, R' = R? = Me 54%

Scheme 20. Trifluoromethylation of propargyl alcohols with reagent 1a.
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R? [Ru(bpy)s](PFe)2 (2 mol%) R2
1J\(H . O O 425 nm blue LEDs )\(c&
R + R'
R3 _ § DMSO, RT (under Ny) R3
BF; CF,
0.25 mmol, 1 equiv. 2c, 1.2 equiv.
R'=R2=Ph,R3=H 82%
R' = R? =4-MeO-CgHy, R® = H 81%
R'=R? = 4-Cl-CgHy, R®=H 53%
R'=R2=4-Br-CgHs, R®=H 70%
R'=4-MeO-CgH,, R?=Ph, R =H 70%
R' = Ph, R? = 4-NO,-CgH,, R® = H 51%
R" = Ph, R? = 3-pyridyl, R® = H 78%
R'=R?=Ph, R® = Me 82%
R' = 4-MeO-CgH,4, R2 = Ph, R® = Me 59%
R'=R?=R3=Ph 65%
R' = 4-MeO-CgH,, R? =R® = Ph 53%

Scheme 21. Scope of the trifluoromethylation of di- and trisubstituted al-
kenes by reagent 2c.

(Scheme 21%™), Unsymmetrically substituted substrates were
also obtained in moderate yields, but consisted of mixtures of
E- and Z-isomers. Based on the experimental results, the E/Z
ratios are influenced by the electronic structure of the aryl sub-
stituent.*™™ Reactions of trisubstituted alkenes afforded the
corresponding trisubstituted CF;-alkenes in good yields. Koike
and Akita postulated the mechanism depicted in
Scheme 221"

One-electron reduction of reagent 2c¢ by photoactivated Ru
catalyst *[Ru(bpy);]** generates CF; radicals that add to the
alkene, to afford benzyl-type radical intermediate A
(Scheme 22) in a regioselective manner. Subsequent one-elec-

2c
I 24"
e [Ru’(bpy)s]
CF3
R2 " visible
)\(H [Ru"(bpy)s]® light
R
R3
R2 e Ru'(bpy)12*
1 'J\FCFs [Ru’(bpy)s]
R 3 H 2
R R +
A il e M
R! H
B R3

Scheme 22. Proposed mechanism for the trifluoromethylation of substituted
alkenes with reagent 2c.

tron oxidation by [Ru"(bpy);]*" produces -CF; carbocation in-
termediate B (Scheme 22). Deprotonation of B provides the
CF,-substituted alkene.“™

Koike and Akita also very recently reported that styrene de-
rivatives, in the presence of photocatalyst fac-[Ir(ppy);] and re-
agent 1a in DMSO as solvent, produce a-trifluoromethylated
ketones."'” Apparently, a key intermediate in these reactions is
an o-trifluoromethyl-substituted alkoxysulfonium salt produced
from reaction of DMSO with an intermediate of the type B (as

Chem. Eur. J. 2014, 20, 1-25 www.chemeurj.org
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in Scheme 22), which is transformed into a-trifluoromethylated
ketones as is the case in the Kornblum oxidation. Thus, by
changing photocatalyst and electrophilic reagent, different
types of trifluoromethylated products can be obtained from
terminal alkenes (e.g. trifluoromethylated substituted alkenes
with photocatalyst [Ru(bpy);] and 2¢, and a-trifluoromethylat-
ed ketones with photocatalyst fac-[Ir(ppy);] and reagent 1a, in
DMSO, respectively).”'d

2.3. Formation of C(sp)—CF; bonds and synthesis of trifluoro-
methyl-substituted allenes

Alkynyltrifluoroborates were recently trifluoromethylated in
good yields by Huang. Weng, and co-workers (Scheme 23).#?
The authors postulated a plausible reaction mechanism for
the alkynyltrifluoroborate trifluoromethylation (Scheme 24)."?
Initial complexation of CuSCN with 2,2’-bipyridine forms the
copper thiocyanate A (Scheme 24) species. Subsequent trans-
metallation of A with the alkynyltrifluoroborate generates cop-
per(l) acetylide species B as an intermediate (Scheme 24). Nu-
cleophilic attack of the alkynyl group of B at the CF; moiety

CuSCN (30 mol%)

|—o
Ar BFK Ar—=6F;
O—O (30 mol%)
0.1 mmol 1b, 0.12 mmol 4AMS
MeCN, RT
Ar = 4-Me-CgHy 75%
Ar=Ph 75%
Ar = 4-Et-CgHy 78%
Ar =nBu 85%
Ar = 4-F-CgHy 47%
Ar = 4-MeO-C4H, 70%
Ar = 3,4-Cly-CgH, 68%

Scheme 23. Scope of the trifluoromethylation of alkynyltrifluoroborates with
reagent 1b.

R BF3K

KF3B
*|1—CF4

BF3K -
Cu 0]

Scheme 24. Proposed reaction mechanism for the copper-catalyzed trifluor-
omethylation of alkynyltrifluoroborates with electrophilic reagent 1b.
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occurs next, to generate the desired trifluoromethylated acety-
lene product, along with Cu alkoxide complex C. This latter
species undergoes reaction with the alkynyltrifluoroborate to
regenerate B and complete the catalytic cycle.*? This mecha-
nism does not seem to involve radical intermediates
(Scheme 24).

The method depicted in Scheme 23 is remarkable from the
point of view of construction of an C(sp)—CF; bond. It is inter-
esting to note from comparison of Scheme 23 with Scheme 13
(section 2.2.) that trifluoromethylation of both vinyl trifluoro-
borates and alkynyl trifluoroborates can be accomplished by
employing electrophilic trifluoromethylating reagents 1a and
1b, respectively, albeit under very different reaction condi-
tions.[3‘l,42744]

Terminal aryl acetylene derivatives have also been reported
by Weng, Huang and co-workers to be trifluoromethylated
with reagent 1b in the presence of 1,10-phenanthroline as
ligand, Cul as catalyst, KHCO; as base, in CH,Cl, as solvent in
yields ranging from 70-98%,“”! according to Scheme 25.

A plausible mechanism for the trifluoromethylation of termi-
nal alkynes with reagent 1b is depicted in Scheme 26. A bis-N-
ligated [(N,N)CuX] complex (A) would be initially generated
insitu by the reaction of Cul with 1,10-phenanthroline in

F3C_ Cul (20 mol%)
_ I—0 1,10-phenanthroline (40 mol%)
R—=—H % Ar—=—CF,
KHCOj (0.4 mmol)
CH,Cl,, RT
0.20 mmol 1b, 0.3 mmol
Ar = 4-Me-CgH,4 91%
Ar = 3-Me-CgHy 94%
Ar = nPr-CgHy 70%
Ar = 4-H3CO-CgHy 83%
Ar = PhO-CgHy4 70%
Ar = 2-Br-CgHy 1%
Ar = 3-NH,-CgH, 94%
Ar= 4—BI’-C5H4 81%
Ar = 9-Phenanthroline 91%

Scheme 25. Scope of the copper-catalyzed trifluoromethylation of aryl acety-
lenes (unfunctionalized substrates) with reagent 1b.

CH,Cl, as solvent. The coordination/deprotonation of the
alkyne could then follow to form a copper(l) acetylide species
B in the presence of a base. Subsequent oxidative addition of
CF, to species B leads to the formation of a [Cu-
(alkynyl)(trifluoromethyl)] complex C (Scheme 26). Finally, re-
ductive elimination would then furnish the trifluoromethylated
alkyne and regenerate the starting copper complex A to com-
plete the catalytic cycle (Scheme 26). Weng, Huang and co-
workers postulated Cu' and Cu" intermediates,” instead of
radicals as suggested for photocatalytic reactions (for example,
see Scheme 14).

Xiao and co-workers very recently introduced the copper-
mediated trifluoromethylation of propargyl acetates with S-(tri-
fluoromethyl)diphenylsulfonium triflate 2b, leading to trifluor-

omethyl-allenes (Scheme 27).1¢!

Chem. Eur. J. 2014, 20, 1-25 www.chemeurj.org

CHEMISTRY

A European Journal

Review
—CF3
% Cu X \%
\Cu = Ar

(NCuﬂ

: J

Scheme 26. Proposed mechanism for the Cul-catalyzed trifluoromethylation
of aryl-acetylenes with reagent 1b.

OAc Cu (6 equiv.)
+ _—— X
Ar/\R $ Ar/\CYCFs
TfO" CF, DMF, 70 °C R
0.1 mmol, 1 equiv. 2b, 4 equiv.
Ar =Ph, R=nBu 94%
Ar=Ph, R=nPr 90%
Ar =Ph, R=CgHy7 85%
Ar = Ph, R = cyclohexyl 76%
Ar = 4-Me-CgHy, R = nBu 96%
Ar =4-MeO-CgHy, R = nBu 96%
Ar = 2-MeO-CgHy, R = nBu 97%
Ar =4-Br-CgHy, R = nBu 79%
Ar = 4-NO,-CgHy, R = nBu 16%
Ar = B—naphthyl, R =nBu 76%

Scheme 27. Scope of the trifluoromethylation reaction of propargyl acetates
with 2b in DMF as solvent.

This methodology converts a variety of propargyl acetates
into trisubstituted trifluoromethyl allenes.*® The reaction con-
ditions can tolerate various functional groups and afford the
trifluoromethylation products with moderate to excellent
yields (Scheme 27). Electron-rich substituents are favorable for
the reaction. Aryl rings substituted with weak electron-with-
drawing groups could still be converted to the expected prod-
ucts in good vyield. However, strong electron-withdrawing
groups greatly suppressed the desired conversion.®

Xiao and co-workers proposed that the reaction proceeded
via the oxidative addition of propargyl acetate to the CuCF; in-
termediate, which is generated from the reaction of 2a with
copper powder (Scheme 28).*? Propargyl acetate acts as a bi-
dentate ligand and the coordination to CuCF; favors oxidative
addition to afford intermediate A. The reductive elimination of
intermediate A gives the final product (Scheme 28).

In summary, the electrophilic C(sp>~CF;) bond formation re-
actions can be accomplished by electrophilic reagent 1a or 2c¢
and a copper(l) catalyst or by reagent 2b and a photocatalyst.
C(sp?)—CF; bond formation reactions can be carried out with
electrophilic reagent 1a or 1b and a copper(l) catalyst, or with
reagent 2c¢ and a Ru photocatalyst, whereas C(sp)—CF; bond
formation reactions are achieved through the employment of
electrophilic reagent 1b and a copper(l) catalyst.
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Scheme 28. Proposed reaction mechanism for the trifluoromethylation of propargyl acetates with electrophilic re-

agent 2a.

3. Trifluoromethylation of enones, enolates, f3-
ketoesters, acrylamides, carbamates and
hydrazones

Environmentally friendly hypervalent iodine reagents are un-
usually effective promoters of asymmetric a-functionalization
of carbonyl compounds. By using hypervalent iodine reagents,
various substituents can be introduced into the a-position of
carbonyl compounds. A recent review article by Chen and co-
workers surveyed the asymmetric a-functionalization of car-
bonyl compounds reactions catalyzed by these hypervalent
iodine reagents.*”” More recent examples are illustrated in sec-
tion 3.1..

p-Trifluoromethylation of o,f-unsaturated carbonyl com-
pounds can also be achieved through the use of reagents 1a,
24, or 2b and different copper salts. New instances are depict-
ed in section 3.2., whereas enolates and enol ethers in section
3.3., acrylamides in section 3.4., carbamates in section 3.5.,
and hydrazones in section 3.6. are shown to be trifluoromethy-
lated efficiently with the aid of electrophilic trifluoromethylat-
ing reagents. 1a, 1b, 2¢, or 3a.

3.1. a-Trifluoromethylation of «,p-unsaturated ketone deriv-
atives with electrophilic reagents

3.1.1. Synthesis of a-CF;-substituted-a,f3-unsaturated ketones

Nucleophilic trifluoromethylation to conjugated alkenes essen-
tially occurs solely via 1,2-addition. However, Bi and co-workers
very recently accomplished the trifluoromethylation of o,f-un-
saturated ketones with high stereoselectivity and yields,
(Scheme 29),¥ employing electrophilic reagent 1a, and a cop-
per(l) source.

These electrophilic trifluoromethylation reactions proceed in
good-to-excellent yields since the a-position of a,f3-unsaturat-
ed ketones acts as a soft nucleophilic center. However, in the
reaction mechanisms, in the presence of metals, radicals
cannot be excluded as intermediates. The reactions need to be
conducted under N, atmosphere, as poor product yields are
obtained in the presence of air.*®

Chem. Eur. J. 2014, 20, 1-25 www.chemeurj.org
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3.1.2. Trifluoromethylation of

Cu . . .
CuCF, quinone derivatives

Zhang, Wang, and co-workers re-
ported the direct C—H trifluoro-
methylation of quinones using
Togni's reagent 1a in the pres-
ence of Cul in a tBuOH/CH.Cl,
mixture as solvent,'® affording
84% vyield of the trifluoromethy-
lated quinone product
(Scheme 30).

The authors suggested that
the CF; radical is involved in the

<*@

. ,’CUCFg

\/\

Cul (10 mol%) o}
o O4
Sc-Q N F3C R
H R + I-CFy ——— > |
| R
R DMF, 80 °C
0.1 mmol, 1 equiv. 1a, 1.5 equiv.
R = 4-Me-CgHy4, R'= Ph 82%
R i 4-Cl-CgHy, R'_= Ph 70%
R = 4-F-.CGH4, R'= !D_h 83%
R = 2-thiophene, R'= Ph 66%
R=R'=Ph

79%
68%
92%
84%

R = Ph, R'= 4-Cl-CgHy4
R = Ph, R'= 4-MeO-CgH,
R = Ph, R'= 4-HO-CgH,

Scheme 29. Scope of the trifluoromethylation of a,f-unsaturated ketones
with reagent 1a.

CH3 \\C/O Cul (20 mol%) CHs
o )
CF,
tBuOH / CH2C|2 0
%C
0.2 mmol 1a, 0.4 mmol 84%

Scheme 30. Trifluoromethylation of quinones with reagent 1a.

transformation."® At first, Togni's reagent 1a is activated by
Cul, generating radical intermediate A (Scheme 31). Further de-
composition of A affords Cu" species B with simultaneous re-
lease of the CF; radical (Scheme 31). It is possible that the Cu"
species B undergoes a second SET oxidation to produce radical
intermediate A’. The collapse of A’ then produces the CF; radi-
cal and Cu" complex B’ (Scheme 31).

A simultaneous study by Szabé and co-workers on the tri-
fluoromethylation of quinone derivatives using 1a as a trifluor-
omethylating reagent, CuCN, and bis(pinacolato)diboron
(B,pin,) affording good yields of trifluoromethylated quinones
was also recently reported.”® The scope of the reaction is illus-
trated in Scheme 32. The authors postulated a radical mecha-
nism as evidenced by the inhibition of the reaction by TEMPO
and isolation of the TEMPO—CF, adduct.

Comparison of the Zhang group’s™ and the Szabé

group’s™ studies reveals that the two methodologies are simi-
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o  Cu(horcCu(l CF3
(@] —L,
1a A[Cu] = Cu(ll) B [Cu] =
A'[Cu] = Cu(lll) B'[Cu] =
O BorB'
oo @ﬁ} e @@

o Cu(l) or Cu(ll)

Scheme 31. Proposed reaction mechanism for the SET from Cu' and Togni's reagent 1a in the trifluoromethylation

of quinones.

(0] CuCN (0.1 mmol) Rl R3
R! R3 G40 B,pin, (0.005 mmol)

. 'I—CF;3
R? CF
R2 RT, CDCl, 3
5 o)

0.1 mmol, 1 equiv. 1a, 1.5 equiv.
R'=R?=R®=H 89%
R',R?= -(CH)4-, R®=H 76%
R',R?= -(CH),-, R® = Me 71%
R',R?=-(CH);-, R3=Br 67%
R'= R®=Me, R?2=H 72%
R?=R%=Me, R'=H 7%
R'=R2=H,R3=Cl 63%
R2=R3=CI,R'=H 58%
R?2=R%=CI,R"=H 53%
R'=R?=0Me,R®=H 51%
R'=R%®=OMe, R?=H 51%

Scheme 32. Scope of the trifluoromethylation reaction of quinone deriva-
tives with 1a in the presence of CuCN and B,(pin),.

lar but that Szabd's employs B,(pin),, which is claimed to accel-
erate the trifluoromethylation reaction. The optimization of the
reaction conditions in the protocol developed by Szabd, how-
ever, fails to attempt the employment of Cul in the mixture of
tBuOH/CH,CL,, as claimed by Zhang and co-workers to improve
the reaction yields.

3.2. B-Trifluoromethylation of a,f-unsaturated ketone deriv-
atives with electrophilic reagents

The copper-mediated trifluoromethylation at the benzylic posi-
tion by using shelf-stable electrophilic trifluoromethylating re-
agent 2a was recently reported by Shibata and co-workers.®”
More recently, the same authors disclosed the regioselective
1,4-addition of the CF; group into simple conjugated acyclic
enones,®" including chalcones,” using reagent 2a and
a copper system (Scheme 33). However, it is apparent that the
yields are moderate to low.

The authors postulated a reaction mechanism involving radi-
cal species arising from one-electron reduction of 2a in the
presence of copper, affording CF; radicals (Scheme 34).5"

The CF; radicals are reduced by Cu, affording the nucleophil-
ic CuCF; species which provides the 1,4-CF; adduct

Chem. Eur. J. 2014, 20, 1-25 www.chemeurj.org

CHEMISTRY

A European Journal
Review

(Scheme 33) in low to moderate

OI[Cu]
yield. Although the true reactive
o species including CF; radical
and/or CuCF; are not clear, the
cu(lly naked CF; radical should be
Cu(l ruled out since high regioselec-
tivity was observed.®" This
mechanism involves an initial

electrophilic trifluoromethylating
species (2a), which, in the pres-
ence of Cu, affords CF; radicals,
which are ultimately reduced to
a nucleophilic CF; species
(CuCF,) that acts as a soft nucle-
ophile in a 1,4-addition manner
with o,-unsaturated carbonyl

‘ CF3
0

systems.
u (6 equiv.) )]\)\
oy QLD
CF3 -OTf DMSO / H,0
60°C,12h
0.1 mmol, 1 equiv. 2a, 4 equiv.

Ar=R=Ph 37%
=4-Me-CgH4, R=Ph 20%
=4-MeO-CgH,4, R =Ph 11%
=4-Cl-CgHy, R=Ph 22%
= Ph, R =Me 36%
= Ph, R = 4-CI-CgH,4 18%

Scheme 33. Scope of the trifluoromethylation of enones with reagent 2a.

@U@ —— @J@ .

oTf

CF3
Cu
F
Ar R <«——— CuCF;

Scheme 34. Mechanism for the 1,4-trifluoromethylation of enones.

3.3. Trifluoromethylation of enolates and enols with electro-
philic reagents

3.3.1. Synthesis of a-CF;-substituted-f3-keto-esters

A recent review article on another type of electrophilic trifluor-
omethylating species—fluorinated sulfoximines (3a and 3b;
Scheme 1)—attests to the diverse applications of these re-
agents.'”” These reagents are especially useful for the trifluoro-
methylation of a,B-unsaturated carbon nucleophile systems.
Shibata and co-workers accomplished the electrophilic o-tri-
fluoromethylation of (-ketoesters with [(oxido)phenyl(trifluoro-
methyl)-A-sulfanylidene]dimethyl ammonium tetrafluoroborate
3a (Scheme 35) in dichloromethane as solvent in the presence
of base.”

This electrophilic reagent 3a was designed to resemble
Johnson’s reagent 5 (Scheme 36) for the transfer of a CF,
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DBU, CH,Cl,, RT, 1 h

Scheme 35. Trifluoromethylation of carbon nucleophiles with reagent 3a.

Me _
BF.
O '/NiMe 4
P CHy 5

Johnson’s reagent

O,
Nu-CF; + “g”'
|
i Ph

+ -
H Base BF,
Scheme 36. Johnson’s reagent 5, and newly-designed reagent 3a.

group. The transfer of the CF;
group from 3a (Scheme 36) pro-
ceeds via the reaction with the
nucleophiles to afford the tri-
fluoromethylated adducts, and
displacement of the reagent.

Shibata and co-workers
argued that the transfer of CF;
group is not hampered by the
strong basic medium.®® Other
substrates such as dicyanoalkyli-
denes could also be trifluorome-
thylated in good yields.

The enantioselective trifluoromethylation of f-ketoesters
was achieved with reagent 2c in the presence of chiral guani-
dine 6 (Scheme 37)."¥ However, the enantiomeric excesses ob-
tained were very limited and did not surpass 60 %.

The proposed transition-state structure for enantioselective
induction in the above reaction is shown in Scheme 38.

Gade and co-workers recently reported on the highly enan-
tioselective catalytic trifluoromethylation of [3-ketoesters under
mild conditions by using Togni's reagent 1b (1-trifluoromethyl-
1,2-benziodoxol-3,3-(1 H)-dimethyl; Scheme 39)."

o
wcoztsu
H

0.1 mmol

H
Ph,j:N>_
N ~1Me
Ph" H Ph>
(6] chiral guanidine 0
2 :
CO,Me *+ +
B § solvent
BF4 CF;
2c

Scheme 37. Enantioselective trifluoromethylation of 3-ketoesters with reagent 2c.
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Indanone-derived tert-butyl [3-ketoesters generated
the corresponding products in high yields with excel-
lent enantioselectivities (92-99%) regardless of the
nature and the position of the substituents of the 8-

R ketoester derivatives.” In the presence of electron-
%CF3 withdrawing or donating groups, or even methylthio

units on the aromatic ring, very good yields and
enantioselectivities were obtained. Methyl and benzyl

CN

Scheme 38. Proposed transition-state structure for the enantioselective tri-
fluoromethylation of -ketoesters with reagent 2c.

Cu(OTf), (10 mol%)

H O]
Me I N-+Ph
NH (12 mol%)
C Ph
3 N—o Me \ /N]; o)
H o wcoztsu
CH,Cly, RT CF3
4A MS 92% yield, 95% ee
1b, 1.2 equiv.

Scheme 39. Trifluoromethylation with Togni’s reagent 1b.

[-ketoesters also yielded the corresponding products showing
that the size of the ester group has a slight influence on the
enantiocontrol.

3.3.2. Trifluoromethylation of silyl enol ethers

Magnier and co-workers recently attempted to disclose the
mechanism for the electrophilic trifluoromethylation reaction
of carbon nucleophiles with S-(trifluoromethyl)dibenzothiophe-
nium trifluoroacetate.”® Thermodynamic and electronic consid-
erations suggest a nucleophilic attack side-on to the
carbon trifluoromethyl sulfur bond, accompanied by
one- or two-electron exchange®**” The ratio of
ortho/para (8:2) compounds obtained during the tri-
fluoromethylation of aniline cannot be used to dis-
criminate between CF;" or CF; as intermediate spe-
cies. Nevertheless, in previous works employing soft
nucleophiles, such as enamines, the authors proved
that a SET process was involved in the reaction be-
tween enamines and perfluoroalkyl iodides
(Scheme 40).5°

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@'*ChemPubSoc
x Europe
\N/ \"’\i/
@ + Rl (S +RE o+ 1
\N/
. Np
@/\ v %N\/RF
~N
N/ - Nt
| N

Rel

| .
—

Scheme 40. Involvement of radical species in the reaction of enamines with
perfluoroalkyl iodides (R¢l).

To cast some light on the mechanism of the reaction with
soft nucleophiles and trifluoromethyl dibenzothiophenium
salts, Magnier and co-workers developed the reaction depicted
in Scheme 41, utilizing a silyl enol ether.*®

The presence of the spiro compound reveals the intermedia-
cy of a radical species, and the mechanism postulated is
shown in Scheme 42. The solvent of choice was DMF or aceto-
nitrile, and the trifluoromethylating reagent was S-(trifluorome-
thyl)dibenzothiophenium tetrafluoroborate 2c.

OTBS
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The radical-clock experiment confirmed the existence of
a CF; radical in the reaction mixture, which was captured by
both of the double bonds (Scheme 43). Based on the above
and other experimental evidence,®® the postulated mechanism
is depicted in Scheme 44.

The reaction of Cu' with 1a produces CF; radicals which add
to silyl enol ethers to afford a radical intermediate A
(Scheme 44), which would be oxidized by copper(ll) to afford
a cationic intermediate B and to regenerate Cu'. The loss of
the silyl group would produce the a-CF;-substituted ketone.”®

Electrophilic trifluoromethylation of [-ketoesters selectively
occurs on the carbon centers of enolates, rather than on the
corresponding oxygen atoms. The same applies for the enan-
tioselective trifluoromethylthiolation of [-ketoesters in the
presence of reagent 1b and copper-Boxmi complexes
(Boxmi =(12,32)-1,3-bis[{(S)-4-phenyl-4,5-dihydrooxazol-2-yl}me-
thylenelisoindoline).”¥ However, control of C and O regioselec-
tivity in enolate alkylation is one of the oldest subjects in or-
ganic chemistry. The C/O regioisomer ratio is sensitive to the
extent of enolization of substrates that are highly dependent
on the structure of carbonyl compounds and also on the
nature of the alkylating reagents and reaction conditions, in
particular, the solvent and base. It has been shown that C-alky-
lation tends to be occur more frequently with softer electro-
philes, whereas O-alkylation is preferred with harder electro-
philes.[6°'6”

Umemoto and co-workers re-
ported that the reaction path-
way can change from involving

Coy L 0

§ DMF, pyridine
TfO" CF, A
2b

Scheme 41. Trifluoromethylation of soft nucleophiles with trifluoromethyl dibenzothiophenium salts 2b.

Nu + RSoF, — .+ NI+ [RsSCR|°
[RSCFy]° —— » CF® + RS
Ni© +  CF° NUCF,

Scheme 42. SET mechanism postulated in the presence of trifluoromethyl di-
benzothiophenium salts.

More recently, Li, Chen, and
Guo attempted to disclose the
mechanism of the reaction of
silyl enol ethers with reagent 1a
through trapping experiments
and mechanistic probes, with
a radical-clock reaction
(Scheme 43).58

Os

1
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0 a CF;y radical to a CF;* cation,
depending on the nature of the

CF, nucleophile.®? A SET mechanism

has then been suggested in the

9-20% trifluoromethylation reaction

through trapping experiments
with radical scavengers.

Shibata and co-workers pro-
posed that O-fluoroalkylation of
[-ketoesters takes place with monofluoromethyl phenyl sulfox-
imine triflate 7 (Scheme 45) and C-fluoroalkylation of [3-ketoest-
ers is effected by the use of trifluoromethyl phenyl sulfoximine
triflate 7' (Scheme 45).°” Thus, a nucleophilic attack of the f-
carbon atom of the -ketoesters towards 7’ gives rise to the C-
fluoroalkylation product, whereas the O-fluoroalkylation is ob-
served with reagent 7 instead, through a radical pathway.

Even so, Togni and co-workers very recently accomplished
the trifluoromethylation of oxygen nucleophiles derived from

CuSCN (10 mol%
—_—

DMF, 24 h

o) 0
) >
CF; *
CFs

39% yield, RT 40%, RT

Scheme 43. Use of a radical clock substrate.
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Scheme 44. Proposed mechanism for the trifluoromethylation of silyl enol
ethers with reagent 1a.

monofluoromethylation

Scheme 45. Reaction mechanism for the monofluoromethylation and trifluoromethylation of O/C nucleophiles.

N-hydroxyl amines (see section 5.2.) with reagent 1b in excel-
lent yields."**

3.3.3. Trifluoromethylation of oxazolidinones

Togni and Cahard® recently reported a highly diastereoselec-
tive trifluoromethylation of chiral imide enolates with reagent
1a. The scope of the transformation is illustrated in
Scheme 46.

The enolates are generated with lithium hexamethyldisila-
zide (LIHMDS) in THF at —78°C." The high reactivity and se-
lectivity of lithium enolates is explained by the strong Lewis
acidity of the counterion, which is considered to lead to a tight-
er chelation and possibly to partial CFy-reagent activation.’”
Among the chiral auxiliaries, those containing aromatic groups,
preferably with a rigidified skeleton, offered the best diastereo-

1.1 equiv. LIHMDS

R
o+ J—CFg ————— - i
CF;
THF, -78 °C

0.1 mmol, 1 equiv. 1a, 1.4 equiv.

R=Bn 86%, d.r.=90:10
=Ph 83%, d.r.=88:12
= 2-naphthyl 40%, d.r.=77:23
=Me 46%, d.r.=81:19
=iPr 75%, d.r.= 96:4
= c-hex 91%, d.r.= 94:6
=tBu 83%, d.r.=97:3
=0Bn 74%, d.r.= 86:14

Scheme 46. Substrate scope for the trifluoromethylation of oxazolidinone
enolates with reagent 1a.
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selectivity (d.r.) and the reaction scope thereof was studied by
using (R)-4-phenyl-1,3-oxazolidin-2-one (Scheme 46). With in-
creasing steric bulk of the acyl group, the yield of isolated
product increased. The highest d.r. values were obtained with
the most bulky tert-butylacetyl-substituted oxazolidinone.

3.4. Trifluoromethylation of acrylamide derivatives with
electrophilic reagents

In 2014, Cahard and Besset reported the regio- and diastereo-
selective Cu-mediated trifluoromethylation of functionalized al-
kenes (acrylamide derivatives)
utilizing electrophilic reagent 2b

B Ve T en N and a copper catalyst in TFA-N-
' Ph =$=Ni . i ing Z-al-
O\\S"NTMe Ph NMe, \S—NMe, o‘\s\ NMe, 7 methylformamide, affording Z-al
©/ CFH, —— O=S - . O CFs kenes in moderate to good
=N . )

< 0 CFHz _ ~CFH, Q! yields."? In this manner, a- and

7 - = _-CO,Me ° :---CO,Me . X
0 o O___ COMe W p-substituted  N,N-diethylacryla-
QLL)Q(CO?M'E e \., - mides undergo a copper-mediat-

ed direct f-trifluoromethylation
reaction. The amide moiety acts
as a directing group for the
regio- and the stereocontrolled
introduction of the trifluoro-
methyl group. The reaction is
carried out under acidic conditions in the presence of reagent
2b. This method does not require prefunctionalized substrates
and delivers excellent stereoselectivity, albeit the product
yields are moderate to low. The scope of the reaction is illus-
trated in Scheme 47.52

trifluoromethylation

o) Cul (1.1 equiv.) o o
R! TFA (10 equiv.)
fJ\NEtz * | NE
R2 H : $ N-methylformamide (15 equiv.) R? CF3
TfO" CF, DCE, air, 120 °C
0.3 mmol, 1 equiv. 2b, 1.5 equiv.

R'=Ph,R?=H

R' = 4-MeO-CgHg, R2=H
R'=4-1Bu-CgHs, R2=H
R'=4-Cl-CgHy, R2=H
R' = 2-Et-CgHy, R2=H
R'=n-C4Hg, R?2=H
R'=R?=Ph
R'=H,R?=Ph

62%
69%
66%
54%
34%
19%
11%
35%

Scheme 47. Copper-mediated trifluoromethylation a- and B-substituted N,N-
diethylacrylamides with reagent 2b.

Functionalized acrylamides have recently been reported to
undergo trifluoromethylation reactions with Togni's reagent 1a
in very good yields in DMSO as solvent,® with remarkable ste-
reospecificity. The reaction provides the cis trifluoromethylated
stereoisomer.

Sodeoka and co-workers reported the synthesis of oxindole
derivatives with a trifluoroethyl group through acryloanilide
derivatives and Togni's reagent 1a (Scheme 48).¢

The reactions of acryloanilide derivatives incorporating an
electron-donating group (OMe) on the phenyl ring proceeded
smoothly, and the corresponding oxindole derivatives were ob-
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0.2 mmol, 1 equiv.  1a, 1.05 equiv.
R'=H, R?=Me, R®=Ph
R"=3-OMe, R?=R®%= Me
R2=R%=Me
I,R?=R%=Me

Br, R?=R%=Me
R'=Cl,R?=R%=Me
R'=F,R?=R®=Me
R'=CN,R?=R%=Me

R"=H, R? = Me, R® = CH,0Me
R'=H, R?=Me, R®=Ph
R'=H, R?=Ph, R®=Me

94%
91%
91%
97%
90%
91%
95%
38%
93%
94%
95%

Scheme 48. Carbotrifluoromethylation of acryloanilides derivatives with re-
agent 1a.

tained in good yields (Scheme 48). Notably, carbon-halogen
bonds (X=I, Br, Cl, F) withstood the present reaction condi-
tions. Strong electron-withdrawing groups, such as CN, on the
aryl ring retarded the reactions and lowered the oxindole de-
rivative yields.*™™ The authors postulated that the unidentified
active species generated from Togni's reagent 1a interacts
with the C=C double bond of acryloanilide, followed by elec-
tron transfer from the aryl ring through the C=C bond coupled
with simultaneous C—C bond formation to construct the oxin-
dole scaffold.”*®

Trifluoromethylation of N-acryloanilides leading to trifluoro-
methyl-substituted oxindoles has also been achieved utilizing
other non-electrophilic trifluoromethylating reagents such as
TMSCF,®” with Pd(Ac0), as catalyst. On the other hand, the di-
fluoromethylation® of N-acrylanilides towards the construc-
tion of difluoromethyl-substituted oxindoles, has been attained
through the use of PhSO,CF,I reagent and Pd,(dba); as
catalyst.”*”

3.5. Trifluoromethylation of carbamates with electrophilic
trifluoromethylating reagents

Magnier and co-workers recently accomplished the oxytrifluor-
omethylation, aminotrifluoromethylation, and cyanotrifluoro-
methylation of ene-carbamates
employing electrophilic reagent
1a under photocatalytic condi-

0
tions with [Ru(bpy),]*"
(Scheme 49).7% P
\ *
. ) . oF NHCOR
A wide range of 3 éubstltyted 1 O [Ru(bpy)3]2+] "
ene-carbamates bearing either blueED RO 3
a linear or branched alkyl group Ru(bpy)sl?* ROH R® D
reacted efficiently to afford the Ru(bpy)s]**
[Ru(bpy)s] N NHCOR
expected trifluoromethylated ad- NHCOR NaN
. i NHCOR | _cF, CFs
ducts in good to excellent yields CFy® —— oF N3 g2 E
3 2
(60-92%). However, in some NHCOR ‘ T R KCN
cases, the authors found that gz A B ¢ NHCOR
the trifluoromethylated products R NG CF;
were contaminated with impuri- R F

ties (< 10%) that were identified
as the iodinated products.”
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Q O [Ru(bpy)s]2* (5 mol%) o)
AR cQ blue LED R
R °N +  RYX 1—CF3 RSN
h @ vy O
R? R2
0.10 mmol, 1 equiv. 2mL 1a, 1.2 equiv.
R'=Bn, R? = Me, R® = H, RYX = MeOH 76%, d.r. = 55:45
R'=Bn, R? = C,Hs, R® = H, RYX = MeOH 68%, d.r. = 55:45
R'=Bn, R? = iPr, R® = H, RYX = MeOH 61%, d.r. = 50:50
R'=Bn, R? = Ph, R® = H, RYX = MeOH 77%, d.r. = 55:45
R'=Bn, R? = Me, R® = H, RYX = N3Na 65%, d.r. = 55:45
R'=Bn, R?=H, R®=H, RYX = N3Na 70%
R'=Bn, R?=Me, R®=H, RYX = CNK 65%, d.r. = 50:50
R'=Bn, R? = C3Hy, R® = H, RYX = CNK 58%, d.r.= 74:26

R'=Bn, R?=H, R®=H, RYX = CNK 62%

Scheme 49. Scope of the trifluoromethylation of carbamates with reagent
1a.

These side products resulted from the iodination of ene-carba-
mates with iodine generated during the reaction, which had
not previously been reported. The authors could suppress
these side-products by the addition of a catalytic amount of
Ph;P as an iodine trap, and the desired p-trifluoromethyl
amines were produced with similar yields.””

The mechanism proposed by the authors is depicted in
Scheme 50.7% First, irradiation with visible light excites
[Ru(bpy);]*T into a strong reductant species *[Ru(bpy);]*",
which performs a single electron transfer (SET) to generate CF5
radicals from Togni’s reagent 1a. Subsequent regioselective ad-
dition of electrophilic CF; radicals to ene-carbamate A leads to
the a-amido radical B, which can be rapidly oxidized into N-
acyliminium cation C by SET from [Ru(bpy);]*". Final nucleo-
philic trapping by alcohol, NaN;, or KCN, affords the corre-
sponding trifluoromethylated adducts D, E, or F, respectively. It
is also worth noting that in the case of amino- and carbotri-
fluoromethylation, the desired products E or F were not ob-
served on sequential addition of NaN; or KCN, respectively,
thus suggesting that the equilibrium between hemiaminal
D (R=H) and N-acyliminium cation C does not take place
during the reaction and that C is directly trapped by NaN; or
KCN.I®!

Scheme 50. Proposed reaction mechanism of ene carbamates with reagent 1a photocatalyzed by [Ru(bpy);]*".
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3.6. Trifluoromethylation of A NNHR?2 base L NNR2 . N=NR

hydrazones — ZH " RI— H VN - R = 7 cr,
1a 2

Wang and co-workers recently A @[ B

reported the trifluoromethyla- I

tion of a,p-alkynyl hydrazones

with reagent 1a and CsCO; as

base, in MeCN/H,O as a solvent /‘\ )

mixture towards the synthesis of R2 U NNR? Rl N=NR? base i NHR

3-trifluoromethylpyrazoles in NN =— = T CF3

moderate to good yields.”" The
scope of the transformation is il-
lustrated in Scheme 51.

R2
NNERZ OSc-0 CsCO;3 (2 equiv.) \N"\{
B p CF
R HH * 1=CFs oo 1,0 RN
25°C, N,
0.20 mmol, 1 equiv. 1a, 1.3 equiv.
R'=R%2=Ph 70%
R' = 4-Me-CgHy, R2 = Ph 59%
R" = 2-Me-CgHy4, R? = Ph 62%
R' = biphenyl, RZ = Ph 58%
R' = 4-MeO-CgH,4, R? = Ph 63%
R' = 4-Cl-CgH,, R? = Ph 65%
R'=4-1-CgH4, R? = Ph 64%
R' = 4-CF3-CgHy, R? = Ph 55%
R" = 4-NO,-CgH,4, R? = Ph 72%
R = 2-thiophenyl, R? = Ph 57%
R' = 3-pyridyl, R? = Ph 52%
R"=Ph, R? = Boc 30%

R" = 4-Me-CgHy, R? = H,NO,S-CgHy 52%, celocoxib

Scheme 51. Scope of the trifluoromethylation of a,B-alkynyl hydrazones to-
wards the synthesis of 3-trifluoormethylpyrazoles with reagent 1a.

The reaction exhibits good functional group tolerance in
general. The reaction of electron-neutral o,B-alkynic hydra-
zones and o,p-alkynic hydrazones with electron-withdrawing
groups on the aromatic ring, provides the corresponding 3-tri-
fluoromethylpyrazoles in  moderate to good Yyields
(Scheme 51). Chloro- and iodo-substituted aryl alkynic hydra-
zones, undergo smooth conversion. The strong electron-with-
drawing groups CF; and NO, (Scheme 51) are also compatible
with the reaction conditions. Substrates bearing thiophene
and pyridine moieties afford good yields of substituted pyra-
zoles.”" With this protocol, the drug celocoxib (Scheme 51,
R'=4-Me-C¢H,, R*=H,N-0,5-C¢H,) was obtained in 52% yield.

Use of TEMPO in the standard reaction conditions reduced
the yields of substituted-products, but it did not suppress the
reaction entirely. These observations, according to the au-
thors,”" do not support a pure trifluoromethyl radical pathway.
Condensation of phenyl alkynyl trifluoromethyl ketone (Ph-C=
C-C(O)—CF;) with phenyl hydrazine (PhNHNH,), affords 1,5-di-
phenyl-3-(trifluoromethyl)-1 H-pyrazole in good yields.”" Based
on the evidence, Wang and co-workers proposed the reaction
mechanism depicted in Scheme 52.

Chem. Eur. J. 2014, 20, 1-25
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Scheme 52. Proposed mechanism for the trifluoromethylation of alkynyl hydrazones with reagent 1a.

The reaction is initialized with deprotonation of a,f3-alkynic
hydrazones with a base to form the anionic intermediate A
(Scheme 52), which reacts with a highly electrophilic Togni's re-
agent 1a to form the C—CF; bond, affording azo intermediate
B or a,B-alkynic hydrazone C.”" Species B or C undergoes a de-
protonation/cyclization/protonation sequence to give 1,5-
diaryl-3-(trifluoromethyl)-1 H-pyrazole.”" However, since the tri-
fluoromethyl radical has been trapped by TEMPO in this reac-
tion, a radical mechanism cannot be strictly ruled out, accord-
ing to the authors.”" Further studies are needed to firmly es-
tablish the reaction mechanism.

In summary, the electrophilic trifluoromethylation of enones
can be performed through the use of electrophilic reagent 1a
and a copper(l) catalyst, or reagent 2a and copper. (3-Ketoest-
ers are trifluoromethylated with electrophilic reagent 1b, 2c¢,
or 3a in good yields, employing a base. Imide enolates are tri-
fluoromethylated with reagent 1a in the presence of base,
whereas ene-carbamates can undergo a trifluoromethylation
reaction with reagent 1a and a photocatalyst.

4. Electrophilic trifluoromethylation of aromat-
ic and heteroaromatic rings

In 2012, Beller and co-workers published a review article on tri-
fluoromethylation reactions of arenes and heteroarenes, where
some of the processes employ electrophilic trifluoromethylat-
ing reagents.’”

The trifluoromethylation of 2,4,6-trimethylphenol with 1-tri-
fluoromethyl-1,3-dihydro-3,3-dimethyl-1,2-benziodoxole 1b af-
forded a mixture of compounds (Scheme 53)."*

OCF;

F;C, (] o)
I—O

OH i NaH i @f GFs

. E— CF,4
DMF, RT to 60 °C o} CF3

|
asevs

F3C o]

Scheme 53. Electrophilic trifluoromethylation of phenol derivative with elec-
trophilic reagent 1b in dimethylformamide.
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In contrast, the nucleophilic difluoromethylation of phenols
with fluoroform leads to difluoromethyl aryl ethers in excellent
yields.” For this class of substrates, the nucleophilic method-
ology surpasses the electrophilic approach in terms of reaction
yields.

In 2012, Weng and co-workers reported an efficient room-
temperature copper-catalyzed trifluoromethylation of organo-
trifluoroborates using the electrophilic trifluoromethylating re-
agent 1b in good yields (Scheme 54).7*

7 N\

\ /) (0.030 mmol)
=N N
I*O CFy

© ©/k Cu(TFA), (0.030 mmol) A

MeCN 4A MS R

RT
0.10 mmol 1b, 0.12 mmol
R = 4-tBu 91%
R =4-BnO 92%
R =4-Ph 95%
R =3-Ph 82%
R =4-Me 69%
R = 4-MeO 60%
R = 2,3-Me, 65%
R = 4-MeC(O) 42%
R = 4-CHO 39%
R =4-Cl 50%

Scheme 54. Scope of the trifluoromethylation reaction of aryl trifluorobo-
rates with reagent 1b.

A plausible mechanism for the trifluoromethylation of potas-
sium arylborates with Togni's reagent 1b is proposed in
Scheme 55.

The bipyridine-ligated  [(N,N)Cu(CF;CO,),] complex (A;
Scheme 55) could be initially generated in situ. A then under-
goes the transmetallation reaction with potassium arylborate
to give a copper(ll) intermediate B. Subsequent nucleophilic
attack of the aryl group of B on the CF;* moiety in Togni's re-
agent 1b might proceed to form the product and a Cu-alkox-
ide complex (C), which can further react with potassium aryl-
borate to regenerate B to complete the catalytic cycle. This
mechanism bears some resem-
blance to that depicted in
Scheme 24 (section 2.3.).

The Pd"-catalyzed ortho-C—H
trifluoromethylation of benzyla-
mines was achieved by Yu and
co-workers utilizing the electro-
philic CF; reagent 2c. Additives,
such as H,0 and Ag,0, were

0.1 mmol

found to be crucial for obtaining R! = 2-Me
good yields.” The general reac- = 3.Me
tion scope is depicted in =4-Me
Scheme 56. This protocol is =H
useful for the preparation of fg"\CAfO

ortho-trifluoromethyl-substituted
benzylamines.
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Scheme 55. Proposed reaction mechanism for the trifluoromethylation of
aryl trifluoroborates with reagent 1b.

Recently, Ma and co-workers accomplished the visible-light-
promoted radical trifluoromethylation of free anilines with
electrophilic reagent 1a in reasonable to good yields. The pho-
tocatalyst employed was tris[2-phenylpyridinato-C Nliridium-
(my, firppy)s].””

Trifluoromethylation of heterocycles was recently reviewed
by Shermolovich and co-workers.”® Electrophilic trifluorome-
thylation of heterocycles, such as pyrrole, indole, 3-methylin-
dole, imidazoles, benzimidazoles, and pyridines with Togni’s re-
agent has also been carried out in good yields.”

Yu and co-workers reported on the ArPd" species generated
from C—H activation of aromatic rings and secondary reaction
with reagent S-(trifluoromethyl)dibenzothiophenium triflate
2b,® and obtained the CF,-substituted aryl ring in excellent
yields (Scheme 57).768"

Yu and co-workers examined the substrate scope and
showed that electron-donating groups on the aryl ring are
well tolerated.®®” Moderate electron-withdrawing groups such
as Cl are also compatible with this protocol. The use of sub-
strates containing strong electron-withdrawing groups such as

Pd(AcO), (10 mol%)
Cu(OAc), (0.20 mmol)
Ag,0 (15 mol%)

TFA (0.5 mmol)

CICH,CH,CI/ H,0, 130 °C, 12h

NHBoc

A
CF;

then Boc,O (0.3 mmol), NaOH (5 mmol)

1,4-dioxane / H,O

25°C,12h
79%
60%
30%
24%
42%
28%

Scheme 56. Ortho-C—H trifluoromethylation of benzylamines with electrophilic reagent 2 c.
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alyst. C—H trifluoromethylation of aryl rings has been
| | performed by electrophilic reagent 2¢ and Pd" and

=
~ ‘ Cu(OAc), (0.2 mmol, 1 equiv.)
RN Y s

_ $ TFA (2.0 mmol)
: O™ ok DCE, 110 °C

0.2 mmol 2b, 0.3 mmol

R =2-Me
-Me
-Me
-MeO
-MeO
-MeO
-Cl
-Cl
-Cl

PONPWONPW

Scheme 57. Electrophilic trifluoromethylation of 2-phenylpyridine with Pd(OAc),,
Cu(OAc), as co-oxidant with TFA as additive in dichloroethane as solvent with reagent

2b.

keto, ester, and nitro functionalities was found to
afford the desired products in yields lower than 20 %.

Magnier and co-workers carried out the trifluoro-
methylation of aromatic nuclei with reagent 2b in
ionic liquids, obtaining good substitution yields.®?

Togni and co-workers accomplished the trifluoro-
methylation of a series of heteroaromatic compounds
using the hypervalent iodine reagent 1-(trifluoro-
methyl)-1,2-benziodoxol-3-(1 H)-one 1a (Scheme 58)
and methyltrioxorhenium (MTO) as catalyst. Very re-
cently, reagent 1a was also used in the perfluoroalky-
lation of phenanthridines through a radical mecha-
nism in dioxane as solvent, in the absence of MTO
catalyst.’*

The authors argue that the C—H bond breaking
process is the rate limiting step, and proposed the
mechanism shown in Scheme 59.%*

The first stage of the reaction starts with the acti-
vation of 1a by coordinating the Lewis acid (MTO) A,
making the hypervalent iodine reagent more electro-
philic (hence a better oxidant) promoting the SET
from the benzene moiety in the encounter complex

B. This forms an aromatic radical cation species C, which is
coupled with singlet diradical. The cage pair collapses transfer-
ring CF;~ to afford the radical intermediate D (Scheme 59), H
which, upon H atom loss, affords the CF;-substituted aryl ring.

In summary, electrophilic trifluoromethylation of aryl trifluor-
obotates can be accomplished with reagent 1b and a Cu" cat-

Me
o (5-8 %)
X, %9 Og
V/ I—-CF3 ————
CDCl3, 70 °C
1.5 equiv. 1a, 0.1 M, 1 equiv.
X=0 43% (2-CF3/3-CF5 2.4:1)
X=8
X=NH

Scheme 58. Use of Togni’s reagent 1a and methyltrioxorhenium as catalyst

for the trifluoromethylation of heteroaromatic compounds.
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JCF,

Cu" catalysts. C—H trifluoromethylation of heteroaryl
rings has been achieved with reagent 1a and a Re
complex.

84%
83%
83%
78%
54%
68%
55%
75%
2%

5. Electrophilic trifluoromethylation of
heteroatoms and isonitriles

5.1. Trifluoromethylation of N-centers

Direct electrophilic trifluoromethylation at nitrogen
atoms of benzotriazole and a series of imidazole de-
rivatives has been attempted by Togni and co-work-
ers in acetonitrile as solvent (Scheme 60).¥

5 5.\0
1
FaC~—Q-~Re=0
0
FsC~1—0
(6]
1a
Me
O:ﬁe¢
[¢]
20
ReZ
ion pair collapse Q 170
o
R B
— SET
FsC _A
c : 0

Scheme 59. Mechanism for the trifluoromethylation of aromatic compounds with Togni’s
reagent 1a and methyltrioxorhenium as catalyst.

F3C

N, “l—O  HNTF (10 mol%) N
N . il i 3 @ N
N MeCN N
8 %
1 mmol, 1 equiv. 1b, 1.5 equiv \
CF,

Scheme 60. Reaction of benzotriazole with reagent 1b: The catalyst is bis(-
trifluoromethanesulfonyl)imide (HNTF,).

The postulated mechanism where acetonitrile intervenes in
the reaction sequence is depicted in Scheme 61.

The protonated form of reagent 1b (A, Scheme 61) is the re-
active species. A coordinated acetonitrile (B, Scheme 61) subse-
quently undergoes the formation of N-trifluoromethyl nitrilium

45% (2-CF3/3-CF3/7-CF3 1.1:1:1)  jon C by a reductive -elimination process, as the rate-determin-
59% (2-CF3/3-CF3/7-CF3 3.4:1:1)

ing step. The nitrilium ion is then rapidly trapped by benzotria-
zole to form product 8, thus releasing a proton and complet-
ing the catalytic cycle (Scheme 61).%
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Scheme 61. Proposed mechanism for the acid-catalyzed Ritter-type reaction
of reagent 1b with benzotriazole.

In a more recent work, Togni and co-workers accomplished
the trifluoromethylation of azoles, with a series of additives
and base.®™ Thus the use of 1,1,1,3,3,3-hexamethyldisilazane
(HMDS), in the presence of catalytic silica sulfuric acid (SSA),
followed by trifluoromethylation in highly concentrated CH,Cl,
at 35°C, in the presence of catalytic amounts of bis(trifluoro-
methanesulfonyl)imide (HNTF,), afforded the N-trifluoromethy-
lated products (Scheme 62).

1) cat SSA

- X=X
RXX " Hups RE™™
< N C .N
N 2) FsC 1b N
I—O CF;
1.1. equiv. w 1 equiv.
X =N, CR 2 mol% LiNTf,

12 mol% HNTF,
CH,Cly, 35 °C

Scheme 62. Trifluoromethylation of heterocycles with Togni’s reagent 1b.

Heterocycles with electron-donating groups afford higher
yields of N-trifluoromethylated products.®™ This can be ex-
plained by the fact that electron-poor groups lead to slower
reactions allowing formation of side products. Indazoles are
preferentially trifluoromethylated at the N-2 position.

5.2. Trifluoromethylation of O-centers

A recent review article by Leroux and co-workers on the syn-
thesis of trifluoromethyl ethers (and thioethers) revealed the
peculiar properties that OCF; (and SCF;) groups impart to mol-
ecules.®™ Very recently, Togni and co-workers reported the tri-

Chem. Eur. J. 2014, 20, 1-25 www.chemeurj.org
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fluoromethylation of N,N-disubstituted hydroxylamines to-
wards the synthesis of N—O—CF; compounds in moderate to
good yields, employing the electrophilic reagent 1a or 1b."
The authors found that for simple aliphatic hydroxylamines
(N,N-disubstituted), the best reaction conditions involved the
use of electrophilic reagent 1b, Hiinig's base (N,N-diisopropyl
ethyl amine) in CH,Cl, as solvent, at room temperature
(Scheme 63). However, for cyclic hydroxylamines, the reaction

F3C\I & TMSOTf (1.5 equiv.)
AP - TMG (1.1. equiv.
T T ey
|
OCF
CH,Cl,, -78 °C S
0.2 mmol, 1 equiv. 1b, 1.1. equiv.
R"=Ph, R?=1Bu 54%
R'=Ph, R = CH,CN 72%
R" =Bu, R? = -CH(Ph)(4-MeO-CgH,) 82%
F3C_ TMSOTY (1.5 equiv.)
=0 MG (1.1. equiv.)
N._ e
oH @X N-ocF,
R CH,Cly, -78 °C R
0.2 mmol, 1 equiv. 1b, 1.1. equiv.
R= Me 31%
= CHyPh 68%
= 2-HOCH,-CgHy4 32%

Scheme 63. Scope for the trifluoromethylation of N-hydroxylamines with re-
agent 1b.

conditions had to be varied employing a powerful silylating
agent such as trimethylsilyl trifluoromethanesulfonate
(TMSOTY) in combination with a strong amine base, such as
tetramethyl guanidine (TMG).*® However, for both classes of
substrates, the combination of TMSOTf and TMG afforded
better product yields. Reaction scopes for both acyclic and
cyclic N-hydroxylamines are presented in Scheme 63.

Esters as well as nitrile functionalities are tolerated in the tri-
fluoromethylation reaction. Primary and tertiary amide sub-
strates can be trifluoromethylated, as well as primary and sec-
ondary alcohol groups. The method is not sensitive to the
steric bulk of the R substituents (Scheme 63).”*

To provide evidence for the radical nature of the process,
Togni and co-workers employed the radical scavenger TEMPO,
which was added to the reaction mixture in a stoichiometric
amount.®@ Under these reaction conditions, competitive tri-
fluoromethylation of the excess amount of TEMPO completely
suppressed the formation of product derived from dibenzyl-N-
hydroxyl amine substrate. They considered this result a strong
indication for a radical pathway with a CF; radical as the key
intermediate. However, trifluoromethylation of the potential
radical clock 1-allyl-3,4-dihydroisoquinolin-2(1 H)-ol failed to
provide a single product.®

The proposed reaction mechanism (Scheme 64) involves
a proton transfer pre-equilibrium followed by SET affording
radical pairs leading to the recombination products.®® This
transformation is quite surprising since, as shown in
Scheme 45 (section 3.3.2.), only monofluoromethylation rather
than trifluoromethylation of oxygen nucleophiles is observed.
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Scheme 64. Proposed reaction mechanism for the trifluoromethylation of N-
hydroxylamines with 1b.

5.3. Trifluoromethylation of S-centers

Sulfur centers can easily be trifluoromethylated by the employ-
ment of hypervalent iodine(lll)—CF; reagents.®”” An interesting
example is presented in Scheme 65.

Aryl sulfinate salts have recently been shown to be trifluoro-
methylated in good vyields by the use of electrophilic Togni's
reagent 1a, in the presence of catalysts.®™™ The optimum reac-
tion conditions are depicted in Scheme 66.

The electrophilic trifluoromethylation of S-hydrogen phos-
phorothioates was also accomplished by the same group in
good yields (Scheme 67).%

The mechanism of the reaction is depicted in Scheme 68!
It is proposed that, after the protonation of the reagent and
coordination to the iodonium core, the remote methoxy group
further stabilizes the intermediate, thereby slowing down the

90]

OAc F.C
3
ﬁ/ ) i T
(o] +
AcO _ >
AcO SH AcO Q SCF3
OAG CH,Cl,
AcO OAc
1 equiv. 1b, 1 equiv.

Scheme 65. Trifluoromethylation of S-centers with reagent 1b.

Cu(TFA); (20 mol%)
BuyNF (0.25 mmol)

o 7\
SONa  Osc0 = (40 mol%) SO,CF,
T e &
DMSO  130°C e

0.5 mmol 1a, 1.25 mmol

Scheme 66. Optimum reaction conditions for the trifluoromethylation of sul-
finate salts with reagent 1a.

F3C_
_O.1 I—O 2
RO P-sh + . R”O\P\S
o} o I
R CDCly & CF;
1.25 equiv. 1b, 1 equiv.

75% (R = iPr)

Scheme 67. Electrophilic trifluoromethylation of S-hydrogen phosphoro-
thioates with reagent 1b.
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Scheme 68. Mechanism of the electrophilic trifluoromethylation of S-hydro-
gen phosphorothioates with reagent 1b.

reductive elimination step (Scheme 68, step 3), resulting in
a lower overall relative rate. This kind of stabilization has al-
ready been noted before for different hypervalent iodine(lll)
reagents.’®

5.4, Trifluoromethylation of P-centers

Aryl and alkylphophines can be trifluoromethylated with the
use of Togni’s reagent 1a or 1b in excellent yields.”*® Hydro-
gen phosphates have also been reported to be trifluoromethy-
lated with reagent 1b.”" Togni and co-workers reported an ac-
celeration of the reaction due to increased steric bulk of the
substrates’ substituents.”” The yields of trifluoromethylated
phosphates are rather low. Later, the trifluoromethylation of
primary phosphines was achieved, towards the synthesis of
useful p-bis(trifluoromethyl) binaphthyl (BINAP) derivatives.®

5.5. Trifluoromethylation of isonitriles

Very recently, Studer and co-workers reported the trifluorome-
thylation of isonitriles, towards the synthesis of 2-substituted
trifluoromethyl indole derivatives in fairly good yields, employ-
ing electrophilic reagent 1a (one equivalent), and substrate
(1.2 equivalents; Scheme 69).5%

If the reaction conditions are varied so that reagent 1a is
used in excess (3 equivalents) with regards to the substrate
(1.2 equivalents), bis-trifluoromethylation is  observed
(Scheme 70).°

Either two or three C—C bonds are formed in the synthesis
of 2-trifluoromethylindoles starting with readily prepared isoni-
triles and Togni’s reagent 1a as CF; radical precursor. These
transformations occur in the absence of transition metals, and
products are obtained in moderate to good yields with excel-
lent diastereoselectivity.”

Yu and co-workers have attempted the trifluoromethylation
of biphenyl isocyanides towards the synthesis of phen-
anthridine derivatives with electrophilic Umemoto’s reagent
2¢.® In this manner, the preparation of 6-(trifluoromethyl)phe-
nanthridine derivatives was carried out using ionic isocyanide
insertion from biphenyl isocyanide derivatives and reagent 2c¢
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H R 4 BuNI (0.2 equiv.) R2
| Sc-Q KoCO3 (2 equiv.) HT
= —CFgm——————— >
Fic—¢
Ns —di N
R 1,4-dioxane N
1.2 equiv. 1a, 0.2 mmol, 1 equiv.

R'=CH;, R?=Ph

R' = CHz, R? = 4-Me-CgH,
R' = CHj3, R? = 4-MeO-CgH,
R" = CHj3, R? = 4-Br-CgHy
R' = CHj3, R? = 4-CI-CgH,
R'=C,Hs, R?=Ph

R' = CHj, R? = thiophenyl
R'=H, R? = CO,Et

67%, E/Z =171
65%, E/Z =121
70%, E/Z = 12:1
70%, E/Z = 22:1
71%, E/Z = 14:1
73%, E/Z = 29:1
56%, E/Z = 6:1
52%

Scheme 69. Trifluoromethylation of isonitriles employing reagent 1a.

- BuyNI (0.2 eql.Jiv.) R CF,
“c-Q KCO3 (2 equiv.) HT
+ I-CFg — o
C( Fc—
N 1,4-dioxane, 80 °C, 5h N

Ar

0.2 mmol, 1 equiv. 1a, 3 equiv.

R'=R%=H, R? = CO,Me 72%

R'=H, R2= CO,Me, R3 = 4-F 66%
R'=H, R?=CO,Me, R® = 3-F 62%
R'=H, R? = CO,Me, R® = 4-Cl 66%
R"=H, R? = CO,Me, R® = 3-Cl 66%
R'=H, R?=CO,Me, R® = 2,4-Cl, 65%, Z/E = 21:1
R'=H, R? = CO,Me, R® = 4-Cl 63%
R"=H, R?=R®= CO,Et 45%
R'=H, R? = CO,Et, R® = 4-Me 65%, Z/E = 36:1

Scheme 70. Scope of the bis-trifluoromethylation of isonitriles with reagent
1a.

in dimethylacetamide (DMAC) as solvent (Scheme 71). These
reactions were promoted only by inorganic base, resulting in
good-to-excellent chemical
yields without any external stoi-
chiometric oxidants or radical in-
itiators.”¥ The scope of the reac-
tion is depicted in Scheme 71.

The mechanism of the reac-
tion is depicted in Scheme 72.
Umemoto’s reagent 2c gener-
ates trifluoromethyl radicals,
which add onto isocyanide A
(Scheme 72) to give imidoyl radi-
cal B. The imidoyl radical B un-
dergoes intramolecular homolyt-
ic aromatic substitution to pro-
vide radical C, which is oxidized
by 2c to give cation D. After de-
protonation, the desired product
E is obtained (Scheme 72).%4
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Nay,HPO, (2 equiv.)

DMAC

BFs CF,

0.1 mmol, 1 equiv. 2c, 1.5 equiv
89%
73%
73%
78%
67%
83%
67%
76%
71%
1%
79%
22%

R'=4-Me,R?=H
R'=R?=H
R'=4,6-Me,, R2=H
R'=5-MeO, R?=H
R'=4-F,R?=H
R'=4,6-F,, R?=H
R'=5-NO,, R2=H
R'=5-CF3, R2=H
R'=H, R?=4-Ph,
R'=H,R2=4-C|
R'=H, R% = 4-MeO
R!=H, R = 2-MeO

Scheme 71. Scope of the trifluoromethylation of isocyanides towards the
synthesis of 6-CF;-substituted phenanthridine derivatives with electrophilic
reagent 2c.

6. Summary and Outlook

Outstanding progress has recently been made in the develop-
ment of methodologies and shelf-stable electrophilic trifluoro-
methylation reagents; however, there are still important chal-
lenges due to the current limitations of these reagents. Within
the examples described in this account, a wide variety of soft
and hard nucleophiles has been successfully used as substrates
affording the trifluoromethylated products in good to excellent
yields which renders them important synthetic targets and in-
termediates in the pharmaceutical and agrochemical industries.
Mechanistic studies with appropriate analytical tools should be
conducted in order to obtain a thorough insight into the trans-
fer of the electrophilic CF; group. A bimolecular nucleophilic
substitution, Sy2 type mechanism, is often suggested, although

Qi

]
CF, BFs
2c

Scheme 72. Proposed reaction mechanism for the production of 6-CF;-substituted phenanthridines with electro-

philic reagent 2c.
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a single electron transfer mechanism cannot be ruled out de-
pending on the reagent and reaction conditions. The interven-
tion of metals and metal-organic catalyst promote the ET char-
acter in the reactions. Despite remarkable advancements in
asymmetric introduction of trifluoromethyl groups, further de-
velopments are necessary for chiral non-racemic trifluorome-
thylated molecules. We hope that this review will stimulate the
design of new reagents and optimization of the present ones
for selective electrophilic trifluoromethylation reactions of
a wider range of substrates.

Note added in proof: At the time this article was under review,
a review article on electrophilic trifluoromethylation reactions
using Togni's reagents appeared: J. Charpentier, N. Fru, A
Togni, Chem. Rev. 2014. DOI: 10.1021/cr500223h.

Acknowledgements

The authors wish to acknowledge the Argentine Research Na-
tional Council (Conicet), The University of Buenos Aires, and
Agencia Nacional de Promocién Cientifica y Técnica (ANPCyT)
for financial support. A.P. is a research member of Conicet.

Keywords: electrophilic addition - fluorinated compounds -
radical reactions - synthetic methods - trifluoromethylation

1] J.-A. Ma, D. Cahard, J. Fluorine Chem. 2007, 128, 975-996.

2] N. Shibata, A. Matsnev, D. Cahard, Beilstein J. Org. Chem. 2010, 6, 65.
3] Y. Macé, E. Magnier, Eur. J. Org. Chem. 2012, 2479 -2494.

4] a)J. Nie, H.-C. Guo, D. Cahard, J.-A. Ma, Chem. Rev. 2011, 111, 455-529;
b) J.-A. Ma, D. Cahard, Chem. Rev. 2004, 104, 6119-6146.

V. Bizet, T. Besset, J.-A. Ma, D. Cahard, Curr. Topics Med. Chem. 2014, 14,
901 -940.

K. Rauniyar, A. D. Lackner, G. L. Hamilton, F. D. Toste, Science 2011, 334,
1681-1684.

G. Valero, X. Company®¢, R. Rios, Chem. Eur. J. 2011, 17, 2018-2037.

V. MatouSek, E. Pietrasiak, R. Schwenk, A. Togni, J. Org. Chem. 2013, 78,
6763 -6768.

a) G. K. S. Prakash, J. Hu in Science of Synthesis Vol. 22, (Ed. A. B. Char-
ette), Thieme, Stuttgart, 2005; b) N. Fiederling, J. Haller, H. Schramm,
Org. Process Res. Dev. 2013, 17, 318-319.

Reviews: a) C. Xu, J. Liu, W. Ming, Y. Liu, J. Liu, M. Wang, Q. Liu, Chem.
Eur. J. 2013, 19, 9104-9109; b) . Umemoto, Chem. Rev. 1996, 96, 1757;
¢) T. Umemoto in Efficient Preparations of Fluorine Compounds (Ed. H. W.
Roesky), Wiley, Hoboken, 2013, 279-289; d) . Umemoto in Fluorine-
Containing Synthons (Ed.V.A. Soloshonok), ACS, Washington, 2005;
e)J.M. Shreeve in Efficient Preparations of Fluorine Compounds
(Ed. H. W. Roesky), Wiley, Hoboken, USA, 2013, 121-126; f) N. Shibata,
S. Mizuta, H. Kawai, Tetrahedron: Asymmetry 2008, 19, 2633.

a) T. Umemoto in Efficient Preparations of Fluorine Compounds (Ed. H. W.
Roesky), Wiley, Hoboken 2013, 279-289; b)J. M. Shreeve in Efficient
Preparations of Fluorine Compounds (Ed. H. W. Roesky), Wiley, Hoboken,
2013, 121-126.

V. Bizet, R. Kowalczyk, C. Bolm, Chem. Soc. Rev. 2014, 43, 2426 -2438.
E. Merino, C. Nevado, Chem. Soc. Rev. 2014, 43, 6598 - 6608.

L. Liy, L. Chu, Q. Feng-Ling, Org. Lett. 2013, 15, 894-897.

X. Liu, X. Wu, Synlett 2013, 24, 1882 -1886.

G. Landelle, A. Panossian, S. Pazenok, J.-P. Vors, F. R. Leroux, Beilstein J.
Org. Chem. 2013, 9, 2476-2536.

X. Wang, Y. Ye, S. Zhang, J. Feng, Y. Xu, Y. Zhang, J. Wang, J. Am. Chem.
Soc. 2011, 133, 16410-16413.

[18] X. Wang, Y. Ye, G. Ji, Y. Xu, S. Zhang, J. Feng, Y. Zhang, J. Wang, Org.
Lett. 2013, 15, 3730-3733.

[
[
[
[

[5

[6

[7]
[8]

)

[10]

[11]

[12]
[13]
[14]
[15]
[16]

[17]

Chem. Eur. J. 2014, 20, 1-25

These are not the final page numbers! 22

www.chemeurj.org

23

[19]

[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
31]
[32]
[33]

[34]

[35]

[36]

[37]

[38]
[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]
[49]

[50]

[51]

[52]
[53]

[54]

CHEMISTRY

A European Journal
Review

S. Mizuta, S. Verhoog, K. M. Engle, T. Khotavivattana, M. O'Duill, K.
Wheelhouse, G. Rassias, M. Médebielle, V. Gouverneur, J. Am. Chem. Soc.
2013, 135, 2505-2508.

Y. Yasu, T. Koike, M. Akita, Angew. Chem. 2012, 124, 9705-9709; Angew.
Chem. Int. Ed. 2012, 51, 9567 -9571.

X. Liu, F. Xiong, X. Huang, L. Xu, P. Li, X. Wu, Angew. Chem. 2013, 125,
7100-7104; Angew. Chem. Int. Ed. 2013, 52, 6962 - 6966.

a) H. Egami, R. Shimizu, Y. Usui, M. Sodeoka, Chem. Commun. 2013, 49,
7346-7348; b) H. Egami, R.Shimizu, Y. Usui, J. Fluorine Chem. 2014. DOI:
10.1016/j.jfluchem.2014.05.009.

R. Zhu, S. L. Buchwald, J. Am. Chem. Soc. 2012, 134, 12462 -12465.

J. Xu, J. X. Xiaoyang, Y. Fu, Tetrahedron Lett. 2014, 55, 585-594.

Y. Yasu, Y. Arai, R. Tomita, T. Koike, M. Akita, Org. Lett. 2014, 16, 780—
783.

H. Egami, R. Shimizu, S. Kawamura, M. Sodeoka, Angew. Chem. 2013,
125, 4092 -4095; Angew. Chem. Int. Ed. 2013, 52, 4000-4003.

E. J. Cho, S. L. Buchwald, Org. Lett. 2011, 13, 6552-6555.

A. Hafner, S. Brase, Adv. Synth. Catal. 2011, 353, 3044 -3048.

A.T. Parsons, T.D. Senecal, S.L. Buchwald, Angew. Chem. 2012, 124,
3001-3004; Angew. Chem. Int. Ed. 2012, 51, 2947 - 2950.

Z-B. He, T. Luo, M.-Y. Hu, Y-J. Cao, J.-B. Hu, Angew. Chem. 2012, 124,
4010-4013; Angew. Chem. Int. Ed. 2012, 51, 3944-3947.

Y. Yasu, T. Koike, M. Akita, Chem. Commun. 2013, 49, 2037 -2039.

Z. Li, Z. Cui, Z.-Q. Liu, Org. Lett. 2013, 15, 406 -409.

Y. Li, L. Wu, H. Neumann, M. Beller, Chem. Commun. 2013, 49, 2628 -
2630.

a)J. Xu, D.F. Luo, Z.J. Xiao, Z.J. Liu, T.J. Gong, Y. Fu, L. Liu, Chem.
Commun. 2011, 47, 4300; b) T. Liu, Q. Shen, Org. Lett. 2011, 13, 2342-
2345.

P. Xu, A. Abdukader, K. Hu, Y. Cheng, C. Zhu, Chem. Commun. 2014, 50,
2308-2310.

X.-P. Wang, J.-H. Lin, C.-P. Zhang, J.-C. Xiao, X. Zheng, Beilstein J. Org.
Chem. 2013, 9, 2635 -2640.

P. G. Janson, I. Ghoneim, N. O. Lichenko, K. J. Szabd, Org. Lett. 2012, 14,
2882 -2885.

P. Chen, G. Liu, Synthesis 2013, 45, 2919-2939.

L. T. Pilarski, N. Selander, D. Bose, K. J. Szabd, Org. Lett. 2009, 11, 5518 -
5511.

Y-T. He, L-H. Li, Y-F. Yang, Z.-Z. Zhou, H.-L. Hua, X.-Y. Liu, Y.-M. Liang,
Org. Lett. 2014, 16, 270-273.

a) Y-P. Xiong, M.-Y. Wu, X.-Y. Zhang, C.-L. Ma, C. Huang, L.-J. Zhao, B.
Tan, X.-Y. Liu, Org. Lett. 2014, 16, 1000-1003; b) R. Tomika, Y. Yasu, T.
Koike, M. Akita, Beilstein J. Org. Chem. 2014, 10, 1099-1106; c)R.
Tomita, Y. Yasu, T. Koike, M. Akita, Angew. Chem. 2014, 126, 7272-7276;
Angew. Chem. Int. Ed. 2014, 53, 7144-7148.

H. Zheng, Y. Hunag, Z. Wang, H. Li, K-W. Huang, Y. Yuan, Z. Weng, Tet.
Lett. 2012, 53, 6646 —6649.

S. Alazet, L. Zimmer, T. Billard, Angew. Chem. 2013, 125, 11014-11017;
Angew. Chem. Int. Ed. 2013, 52, 10814-10817.

R. Pluta, P. Nikolaienko, M. Rueping, Angew. Chem. 2014, 126, 1676-
1679; Angew. Chem. Int. Ed. 2014, 53, 1650- 1653.

Z. Weng, H. Li, W. He, L. F. Yao, J. Tan, J. Y. Chen, K. W. Huang, Tetrahe-
dron 2012, 68, 2527 -2531.

Y. L. Ji, J. ). Kong, J. H. Lin, J. C. Xiao, Y. C. Gu, Org. Biomol. Chem. 2014,
12, 2903 -2905.

Z.L. Wang, D. Q. Dong, S. H. Hao, C. Chen, Org. Biomol. Chem. 2014, 12,
4278-4289.

Z. Fang, Y. Ning, P. Mi, P. Liao, X. Bi, Org. Lett. 2014, 16, 1522-1525.

N. O. lichenko, P.G. Janson, K.J. Szabd, Chem. Commun. 2013, 49,
6614-6616.

a) H. Kawai, K. Tachi, E. Tokunaga, M. Shiro, N. Shibata, Org. Lett. 2010,
12, 5104-5107; b) K. Kawai, T. Furukawa, Y. Nomura, E. Tokunaga, N. Shi-
bata, Org. Lett. 2011, 13, 3596 -3599.

S. Okusu, Y. Sugita, E. Tokunaga, N. Shibata, Beilstein J. Org. Chem. 2013,
9,2189-2193.

T. Besset, D. Cahard, X. Pannecoucke, J. Org. Chem. 2014, 79, 413-418.
S. Noritake, N. Shibata, T. Toru, M. Shiro, Eur. J. Org. Chem. 2008, 3465 -
3468.

a) S. Noritake, N. Shibata, Y. Nomura, Y. Huang, A. Matsnev, S. Nakamura,
T. Toru, D.J. Cahard, Org. Biomol. Chem. 2009, 7, 3599-3604; b)Y.
Zheng, J. A. Ma, Adv. Synth. Catal. 2010, 352, 2745-2750.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1016/j.jfluchem.2007.04.026
http://dx.doi.org/10.1016/j.jfluchem.2007.04.026
http://dx.doi.org/10.1016/j.jfluchem.2007.04.026
http://dx.doi.org/10.1002/ejoc.201101535
http://dx.doi.org/10.1002/ejoc.201101535
http://dx.doi.org/10.1002/ejoc.201101535
http://dx.doi.org/10.1021/cr100166a
http://dx.doi.org/10.1021/cr100166a
http://dx.doi.org/10.1021/cr100166a
http://dx.doi.org/10.1021/cr030143e
http://dx.doi.org/10.1021/cr030143e
http://dx.doi.org/10.1021/cr030143e
http://dx.doi.org/10.1126/science.1213918
http://dx.doi.org/10.1126/science.1213918
http://dx.doi.org/10.1126/science.1213918
http://dx.doi.org/10.1126/science.1213918
http://dx.doi.org/10.1002/chem.201001546
http://dx.doi.org/10.1002/chem.201001546
http://dx.doi.org/10.1002/chem.201001546
http://dx.doi.org/10.1021/op400035b
http://dx.doi.org/10.1021/op400035b
http://dx.doi.org/10.1021/op400035b
http://dx.doi.org/10.1002/chem.201301585
http://dx.doi.org/10.1002/chem.201301585
http://dx.doi.org/10.1002/chem.201301585
http://dx.doi.org/10.1002/chem.201301585
http://dx.doi.org/10.1021/cr941149u
http://dx.doi.org/10.1016/j.tetasy.2008.11.011
http://dx.doi.org/10.1039/c3cs60427f
http://dx.doi.org/10.1039/c3cs60427f
http://dx.doi.org/10.1039/c3cs60427f
http://dx.doi.org/10.1039/C4CS00025K
http://dx.doi.org/10.1039/C4CS00025K
http://dx.doi.org/10.1039/C4CS00025K
http://dx.doi.org/10.1021/ol400032g
http://dx.doi.org/10.1021/ol400032g
http://dx.doi.org/10.1021/ol400032g
http://dx.doi.org/10.3762/bjoc.9.287
http://dx.doi.org/10.3762/bjoc.9.287
http://dx.doi.org/10.3762/bjoc.9.287
http://dx.doi.org/10.3762/bjoc.9.287
http://dx.doi.org/10.1021/ja207775a
http://dx.doi.org/10.1021/ja207775a
http://dx.doi.org/10.1021/ja207775a
http://dx.doi.org/10.1021/ja207775a
http://dx.doi.org/10.1021/ol4016095
http://dx.doi.org/10.1021/ol4016095
http://dx.doi.org/10.1021/ol4016095
http://dx.doi.org/10.1021/ol4016095
http://dx.doi.org/10.1021/ja401022x
http://dx.doi.org/10.1021/ja401022x
http://dx.doi.org/10.1021/ja401022x
http://dx.doi.org/10.1021/ja401022x
http://dx.doi.org/10.1002/ange.201205071
http://dx.doi.org/10.1002/ange.201205071
http://dx.doi.org/10.1002/ange.201205071
http://dx.doi.org/10.1002/anie.201205071
http://dx.doi.org/10.1002/anie.201205071
http://dx.doi.org/10.1002/anie.201205071
http://dx.doi.org/10.1002/anie.201205071
http://dx.doi.org/10.1002/ange.201302673
http://dx.doi.org/10.1002/ange.201302673
http://dx.doi.org/10.1002/ange.201302673
http://dx.doi.org/10.1002/ange.201302673
http://dx.doi.org/10.1002/anie.201302673
http://dx.doi.org/10.1002/anie.201302673
http://dx.doi.org/10.1002/anie.201302673
http://dx.doi.org/10.1039/c3cc43936d
http://dx.doi.org/10.1039/c3cc43936d
http://dx.doi.org/10.1039/c3cc43936d
http://dx.doi.org/10.1039/c3cc43936d
http://dx.doi.org/10.1021/ja305840g
http://dx.doi.org/10.1021/ja305840g
http://dx.doi.org/10.1021/ja305840g
http://dx.doi.org/10.1016/j.tetlet.2013.11.108
http://dx.doi.org/10.1016/j.tetlet.2013.11.108
http://dx.doi.org/10.1016/j.tetlet.2013.11.108
http://dx.doi.org/10.1021/ol403500y
http://dx.doi.org/10.1021/ol403500y
http://dx.doi.org/10.1021/ol403500y
http://dx.doi.org/10.1002/ange.201210250
http://dx.doi.org/10.1002/ange.201210250
http://dx.doi.org/10.1002/ange.201210250
http://dx.doi.org/10.1002/ange.201210250
http://dx.doi.org/10.1002/anie.201210250
http://dx.doi.org/10.1002/anie.201210250
http://dx.doi.org/10.1002/anie.201210250
http://dx.doi.org/10.1021/ol202885w
http://dx.doi.org/10.1021/ol202885w
http://dx.doi.org/10.1021/ol202885w
http://dx.doi.org/10.1002/adsc.201100528
http://dx.doi.org/10.1002/adsc.201100528
http://dx.doi.org/10.1002/adsc.201100528
http://dx.doi.org/10.1002/ange.201108267
http://dx.doi.org/10.1002/ange.201108267
http://dx.doi.org/10.1002/ange.201108267
http://dx.doi.org/10.1002/ange.201108267
http://dx.doi.org/10.1002/anie.201108267
http://dx.doi.org/10.1002/anie.201108267
http://dx.doi.org/10.1002/anie.201108267
http://dx.doi.org/10.1002/ange.201200140
http://dx.doi.org/10.1002/ange.201200140
http://dx.doi.org/10.1002/ange.201200140
http://dx.doi.org/10.1002/ange.201200140
http://dx.doi.org/10.1002/anie.201200140
http://dx.doi.org/10.1002/anie.201200140
http://dx.doi.org/10.1002/anie.201200140
http://dx.doi.org/10.1039/c3cc39235j
http://dx.doi.org/10.1039/c3cc39235j
http://dx.doi.org/10.1039/c3cc39235j
http://dx.doi.org/10.1021/ol3034059
http://dx.doi.org/10.1021/ol3034059
http://dx.doi.org/10.1021/ol3034059
http://dx.doi.org/10.1039/c2cc36554e
http://dx.doi.org/10.1039/c2cc36554e
http://dx.doi.org/10.1039/c2cc36554e
http://dx.doi.org/10.1039/c1cc10359h
http://dx.doi.org/10.1039/c1cc10359h
http://dx.doi.org/10.1021/ol2005903
http://dx.doi.org/10.1021/ol2005903
http://dx.doi.org/10.1021/ol2005903
http://dx.doi.org/10.1039/c3cc48598f
http://dx.doi.org/10.1039/c3cc48598f
http://dx.doi.org/10.1039/c3cc48598f
http://dx.doi.org/10.1039/c3cc48598f
http://dx.doi.org/10.3762/bjoc.9.299
http://dx.doi.org/10.3762/bjoc.9.299
http://dx.doi.org/10.3762/bjoc.9.299
http://dx.doi.org/10.3762/bjoc.9.299
http://dx.doi.org/10.1021/ol3011419
http://dx.doi.org/10.1021/ol3011419
http://dx.doi.org/10.1021/ol3011419
http://dx.doi.org/10.1021/ol3011419
http://dx.doi.org/10.1021/ol9023369
http://dx.doi.org/10.1021/ol9023369
http://dx.doi.org/10.1021/ol9023369
http://dx.doi.org/10.1021/ol403263c
http://dx.doi.org/10.1021/ol403263c
http://dx.doi.org/10.1021/ol403263c
http://dx.doi.org/10.1021/ol403741m
http://dx.doi.org/10.1021/ol403741m
http://dx.doi.org/10.1021/ol403741m
http://dx.doi.org/10.1002/ange.201403590
http://dx.doi.org/10.1002/ange.201403590
http://dx.doi.org/10.1002/ange.201403590
http://dx.doi.org/10.1002/anie.201403590
http://dx.doi.org/10.1002/anie.201403590
http://dx.doi.org/10.1002/anie.201403590
http://dx.doi.org/10.1016/j.tetlet.2012.09.083
http://dx.doi.org/10.1016/j.tetlet.2012.09.083
http://dx.doi.org/10.1016/j.tetlet.2012.09.083
http://dx.doi.org/10.1016/j.tetlet.2012.09.083
http://dx.doi.org/10.1002/ange.201305179
http://dx.doi.org/10.1002/ange.201305179
http://dx.doi.org/10.1002/ange.201305179
http://dx.doi.org/10.1002/anie.201305179
http://dx.doi.org/10.1002/anie.201305179
http://dx.doi.org/10.1002/anie.201305179
http://dx.doi.org/10.1002/ange.201307484
http://dx.doi.org/10.1002/ange.201307484
http://dx.doi.org/10.1002/ange.201307484
http://dx.doi.org/10.1002/anie.201307484
http://dx.doi.org/10.1002/anie.201307484
http://dx.doi.org/10.1002/anie.201307484
http://dx.doi.org/10.1016/j.tet.2011.12.085
http://dx.doi.org/10.1016/j.tet.2011.12.085
http://dx.doi.org/10.1016/j.tet.2011.12.085
http://dx.doi.org/10.1016/j.tet.2011.12.085
http://dx.doi.org/10.1039/c3ob42575d
http://dx.doi.org/10.1039/c3ob42575d
http://dx.doi.org/10.1039/c3ob42575d
http://dx.doi.org/10.1039/c3ob42575d
http://dx.doi.org/10.1021/ol5004498
http://dx.doi.org/10.1021/ol5004498
http://dx.doi.org/10.1021/ol5004498
http://dx.doi.org/10.1039/c3cc43357a
http://dx.doi.org/10.1039/c3cc43357a
http://dx.doi.org/10.1039/c3cc43357a
http://dx.doi.org/10.1039/c3cc43357a
http://dx.doi.org/10.1021/ol102189c
http://dx.doi.org/10.1021/ol102189c
http://dx.doi.org/10.1021/ol102189c
http://dx.doi.org/10.1021/ol102189c
http://dx.doi.org/10.1021/ol201205t
http://dx.doi.org/10.1021/ol201205t
http://dx.doi.org/10.1021/ol201205t
http://dx.doi.org/10.3762/bjoc.9.257
http://dx.doi.org/10.3762/bjoc.9.257
http://dx.doi.org/10.3762/bjoc.9.257
http://dx.doi.org/10.3762/bjoc.9.257
http://dx.doi.org/10.1021/jo402385g
http://dx.doi.org/10.1021/jo402385g
http://dx.doi.org/10.1021/jo402385g
http://dx.doi.org/10.1002/ejoc.200800419
http://dx.doi.org/10.1002/ejoc.200800419
http://dx.doi.org/10.1002/ejoc.200800419
http://dx.doi.org/10.1039/b909641h
http://dx.doi.org/10.1039/b909641h
http://dx.doi.org/10.1039/b909641h
http://dx.doi.org/10.1002/adsc.201000545
http://dx.doi.org/10.1002/adsc.201000545
http://dx.doi.org/10.1002/adsc.201000545
http://www.chemeurj.org

e

el

[55]
[56]
[571
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]

[66]
[67]

[68]
[69]
[70]
[71]
[72]
[73]

[74]
[75]

Chem. Eur. J. 2014, 20, 1-25

:(\,: ChemPubSoc

Europe

Q. H. Deng, H. Wadepohl, L.H. Gade, J. Am. Chem. Soc. 2012, 134,
10769-10772.

a) Y. Macé, C. Pdet, M. Popkin, J. C. Blazejewski, E. Magnier, Tetrahedron
Lett. 2010, 57, 5388-5391.

J. A. Ma, D. J. Cahard, J. Org. Chem. 2003, 68, 8726 -8729.

L. Li, Q. Y. Chen, Y. Guo, J. Org. Chem. 2014, 79, 5145-5152.

Q. H. Deng, C. Rettenmeier, H. Wadepohl, L. H. Gade, Chem. Eur. J. 2014,
20, 93-97.

Y. D. Yang, X. Lu, G. Liu, E. Tokunaga, N. Shibata, ChemistryOpen 2012, 1,
221-226.

a) 0. O. Grygorenko, O. S. Artamonoy, L. V. Komaroy, P. K. Mykhailiuk, Tet-
rahedron 2011, 67, 803-823; b) G. K. S. Prakash, Z. Zhang, F. Wang, C.
Ni, G. A. Olah, J. Fluorine Chem. 2011, 132, 792-798.

T. Umemoto, K. Adachi, S. Ishihara, J. Org. Chem. 2007, 72, 6905-6917.
M. Matousek, E. Pietrasiak, L. Sigrist, B. Czarniecki, A. Togni, Eur. J. Org.
Chem. 2014, 2014, 3087 -3092.

V. Matousek, A. Togni, V. Bizet, D. Cahard, Org. Lett. 2011, 13, 5762-
5765.

C. Feng, T.P. Loh, Angew. Chem. 2013, 125, 12640-12643; Angew.
Chem. Int. Ed. 2013, 52, 12414-12417.

H. Egami, R. Shimizu, M. Sodeoka, J. Fluorine Chem. 2013, 152, 51-55.
X. Mu, T. Wy, H. Y. Wang, Y. L. Guo, G. Liu, J. Am. Chem. Soc. 2012, 134,
878-881.

a) J. M. Zhu, F. Wang, W. Z. Huang, Y. C. Zhao, W. C. Ye, B.J. Hu, Synlett
2011, 899.

J.Y. Wang, Y. M. Sy, F. Yin, Y. Bao, X. Zhang, Y. M. Xu, X. S. Wang, Chem.
Commun. 2014, 50, 4108-4111.

A. Carboni, G. Dagousset, E. Magnier, G. Masson, Org. Lett. 2014, 16,
1240-1243.

G. Ji, X. Wang, S. Zhang, Y. Xu, Y. Ye, M. Li, Y. Zhang, J. Wang, Chem.
Commun. 2014, 50, 4361-4363.

X. F. Wu, H. Neumann, M. Beller, Chem. Asian J. 2012, 7, 1744-1754.

K. Stanek, R. Koller, A. Togni, J. Org. Chem. 2008, 73, 7678 -7685.

C. S. Thomoson, W. R., Jr. Dobier, J. Org. Chem. 2013, 78, 8904 -8908.

Y. Huang, X. Fang, X. Lin, H. Li, W. He, K. W. Huang, Y. Yuan, Z. Weng, Tet-
rahedron 2012, 68, 9949 -9953.

[76]
[77]

[78]
[79]
[80]
[81]

[82]

[83]
[84]

[85]

[86]

[87]

CHEMISTRY

A European Journal
Review

M. Miura, C. G. Feng, S. Ma, J. Q. Yu, Org. Lett. 2013, 15, 5258 -5261.

J. Xie, X. Yuan, A. Abdukader, C. Zhu, J. Ma, Org. Lett. 2014, 16, 1768 -
1771.

A. A. Gakh, Y. Shermolovich, Curr. Top. Med. Chem. 2014, 14, 952-965.
a) M. S. Wiehn, E. V. Vinogradova, A. Togni, J. Fluorine Chem. 2010, 131,
951-957; b) S. Barata-Vallejo, A. Postigo, Coord. Chem. Rev. 2013, 257,
3051-3069.

X. Wang, L. Truesdale, J. Q. Yu, J. Am. Chem. Soc. 2010, 132, 3648 -3649.
T. Besset, C. Schneider, D. Cahard, Angew. Chem. 2012, 124, 5134-5136;
Angew. Chem. Int. Ed. 2012, 51, 5048 -5050.

B. Pégot, Y. Macé, C. Urban, P. Diter, J. C. Blazejewski, E. Magnier, J. Fluo-
rine Chem. 2012, 134, 156 -159.

E. Mejia, A. Togni, ACS Catal. 2012, 2, 521-527.

a) K. Niedermann, N. Fruh, E. Vinogradova, M. S. Wiehn, A. Moreno, A.
Togni, Angew. Chem. 2011, 123, 1091 -1095; Angew. Chem. Int. Ed. 2011,
50, 1059-1063; b) T. Furuya, A.S. Kamlet, T. Ritter, Nature 2011, 473,
470-477.

K. Niedermann, N. Fruth, R. Senn, B.R.V. Czarniecki, A. Togni, Angew.
Chem. 2012, 124, 6617-6621; Angew. Chem. Int. Ed. 2012, 51, 6511—
6515.

G. Landelle, A. Panossian, R. F. Leroux, Curr. Top. Med. Chem. 2014, 14,
941-951.

L. Kieltsch, P. Eisenberger, A. Togni, Angew. Chem. 2007, 119, 768-771;
Angew. Chem. Int. Ed. 2007, 46, 754-757.

X. Lin, K. W. Huang, H. Li, Y. Huang, W. He, D. Ye, K. W. Yuan, Y. Yuan, Z.
Weng, Tetrahedron 2013, 69, 2628 -2632.

N. Santschi, A. Togni, J. Org. Chem. 2011, 76, 4189-4193.

P. Eisenberger, L. Kieltsch, N. Armanino, A. Togni, Chem. Commun. 2008,
1575-1577.

N. Santschi, P. Geissbuhler, A. Togni, J. Fluorine Chem. 2012, 135, 83 -86.
N. Armanino, R. Koller, A. Togni, Organometallics 2010, 29, 1771-1777.
B. Zhang, A. Studer, Org. Lett. 2014, 16, 1216-1219.

Y. Cheng, H. Jiang, Y. Zhang, S. Yu, Org. Lett. 2013, 15, 5520-5523.

Published online on 1A I, 0000

www.chemeurj.org

24

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KK These are not the final page numbers!


http://dx.doi.org/10.1021/ja3039773
http://dx.doi.org/10.1021/ja3039773
http://dx.doi.org/10.1021/ja3039773
http://dx.doi.org/10.1021/ja3039773
http://dx.doi.org/10.1016/j.tetlet.2010.07.154
http://dx.doi.org/10.1016/j.tetlet.2010.07.154
http://dx.doi.org/10.1016/j.tetlet.2010.07.154
http://dx.doi.org/10.1016/j.tetlet.2010.07.154
http://dx.doi.org/10.1021/jo034881e
http://dx.doi.org/10.1021/jo034881e
http://dx.doi.org/10.1021/jo034881e
http://dx.doi.org/10.1021/jo500713f
http://dx.doi.org/10.1021/jo500713f
http://dx.doi.org/10.1021/jo500713f
http://dx.doi.org/10.1002/chem.201303641
http://dx.doi.org/10.1002/chem.201303641
http://dx.doi.org/10.1002/chem.201303641
http://dx.doi.org/10.1002/chem.201303641
http://dx.doi.org/10.1016/j.tet.2010.11.068
http://dx.doi.org/10.1016/j.tet.2010.11.068
http://dx.doi.org/10.1016/j.tet.2010.11.068
http://dx.doi.org/10.1016/j.tet.2010.11.068
http://dx.doi.org/10.1016/j.jfluchem.2011.04.023
http://dx.doi.org/10.1016/j.jfluchem.2011.04.023
http://dx.doi.org/10.1016/j.jfluchem.2011.04.023
http://dx.doi.org/10.1021/jo070896r
http://dx.doi.org/10.1021/jo070896r
http://dx.doi.org/10.1021/jo070896r
http://dx.doi.org/10.1002/ange.201307245
http://dx.doi.org/10.1002/ange.201307245
http://dx.doi.org/10.1002/ange.201307245
http://dx.doi.org/10.1002/anie.201307245
http://dx.doi.org/10.1002/anie.201307245
http://dx.doi.org/10.1002/anie.201307245
http://dx.doi.org/10.1002/anie.201307245
http://dx.doi.org/10.1016/j.jfluchem.2013.03.009
http://dx.doi.org/10.1016/j.jfluchem.2013.03.009
http://dx.doi.org/10.1016/j.jfluchem.2013.03.009
http://dx.doi.org/10.1021/ja210614y
http://dx.doi.org/10.1021/ja210614y
http://dx.doi.org/10.1021/ja210614y
http://dx.doi.org/10.1021/ja210614y
http://dx.doi.org/10.1039/c3cc49315f
http://dx.doi.org/10.1039/c3cc49315f
http://dx.doi.org/10.1039/c3cc49315f
http://dx.doi.org/10.1039/c3cc49315f
http://dx.doi.org/10.1021/ol500374e
http://dx.doi.org/10.1021/ol500374e
http://dx.doi.org/10.1021/ol500374e
http://dx.doi.org/10.1021/ol500374e
http://dx.doi.org/10.1039/c4cc01280a
http://dx.doi.org/10.1039/c4cc01280a
http://dx.doi.org/10.1039/c4cc01280a
http://dx.doi.org/10.1039/c4cc01280a
http://dx.doi.org/10.1002/asia.201200211
http://dx.doi.org/10.1002/asia.201200211
http://dx.doi.org/10.1002/asia.201200211
http://dx.doi.org/10.1021/jo8014825
http://dx.doi.org/10.1021/jo8014825
http://dx.doi.org/10.1021/jo8014825
http://dx.doi.org/10.1021/jo401392f
http://dx.doi.org/10.1021/jo401392f
http://dx.doi.org/10.1021/jo401392f
http://dx.doi.org/10.1016/j.tet.2012.09.083
http://dx.doi.org/10.1016/j.tet.2012.09.083
http://dx.doi.org/10.1016/j.tet.2012.09.083
http://dx.doi.org/10.1016/j.tet.2012.09.083
http://dx.doi.org/10.1021/ol402471y
http://dx.doi.org/10.1021/ol402471y
http://dx.doi.org/10.1021/ol402471y
http://dx.doi.org/10.1021/ol500469a
http://dx.doi.org/10.1021/ol500469a
http://dx.doi.org/10.1021/ol500469a
http://dx.doi.org/10.1016/j.jfluchem.2010.06.020
http://dx.doi.org/10.1016/j.jfluchem.2010.06.020
http://dx.doi.org/10.1016/j.jfluchem.2010.06.020
http://dx.doi.org/10.1016/j.jfluchem.2010.06.020
http://dx.doi.org/10.1016/j.ccr.2013.07.004
http://dx.doi.org/10.1016/j.ccr.2013.07.004
http://dx.doi.org/10.1016/j.ccr.2013.07.004
http://dx.doi.org/10.1016/j.ccr.2013.07.004
http://dx.doi.org/10.1021/ja909522s
http://dx.doi.org/10.1021/ja909522s
http://dx.doi.org/10.1021/ja909522s
http://dx.doi.org/10.1002/ange.201201012
http://dx.doi.org/10.1002/ange.201201012
http://dx.doi.org/10.1002/ange.201201012
http://dx.doi.org/10.1002/anie.201201012
http://dx.doi.org/10.1002/anie.201201012
http://dx.doi.org/10.1002/anie.201201012
http://dx.doi.org/10.1016/j.jfluchem.2011.03.004
http://dx.doi.org/10.1016/j.jfluchem.2011.03.004
http://dx.doi.org/10.1016/j.jfluchem.2011.03.004
http://dx.doi.org/10.1016/j.jfluchem.2011.03.004
http://dx.doi.org/10.1021/cs300089y
http://dx.doi.org/10.1021/cs300089y
http://dx.doi.org/10.1021/cs300089y
http://dx.doi.org/10.1002/ange.201006021
http://dx.doi.org/10.1002/ange.201006021
http://dx.doi.org/10.1002/ange.201006021
http://dx.doi.org/10.1002/anie.201006021
http://dx.doi.org/10.1002/anie.201006021
http://dx.doi.org/10.1002/anie.201006021
http://dx.doi.org/10.1002/anie.201006021
http://dx.doi.org/10.1038/nature10108
http://dx.doi.org/10.1038/nature10108
http://dx.doi.org/10.1038/nature10108
http://dx.doi.org/10.1038/nature10108
http://dx.doi.org/10.1002/ange.201201572
http://dx.doi.org/10.1002/ange.201201572
http://dx.doi.org/10.1002/ange.201201572
http://dx.doi.org/10.1002/ange.201201572
http://dx.doi.org/10.1002/anie.201201572
http://dx.doi.org/10.1002/anie.201201572
http://dx.doi.org/10.1002/anie.201201572
http://dx.doi.org/10.1002/ange.200603497
http://dx.doi.org/10.1002/ange.200603497
http://dx.doi.org/10.1002/ange.200603497
http://dx.doi.org/10.1002/anie.200603497
http://dx.doi.org/10.1002/anie.200603497
http://dx.doi.org/10.1002/anie.200603497
http://dx.doi.org/10.1016/j.tet.2013.01.041
http://dx.doi.org/10.1016/j.tet.2013.01.041
http://dx.doi.org/10.1016/j.tet.2013.01.041
http://dx.doi.org/10.1021/jo200522w
http://dx.doi.org/10.1021/jo200522w
http://dx.doi.org/10.1021/jo200522w
http://dx.doi.org/10.1039/b801424h
http://dx.doi.org/10.1039/b801424h
http://dx.doi.org/10.1039/b801424h
http://dx.doi.org/10.1039/b801424h
http://dx.doi.org/10.1016/j.jfluchem.2011.08.014
http://dx.doi.org/10.1016/j.jfluchem.2011.08.014
http://dx.doi.org/10.1016/j.jfluchem.2011.08.014
http://dx.doi.org/10.1021/om100015s
http://dx.doi.org/10.1021/om100015s
http://dx.doi.org/10.1021/om100015s
http://dx.doi.org/10.1021/ol5001395
http://dx.doi.org/10.1021/ol5001395
http://dx.doi.org/10.1021/ol5001395
http://dx.doi.org/10.1021/ol4026827
http://dx.doi.org/10.1021/ol4026827
http://dx.doi.org/10.1021/ol4026827
http://www.chemeurj.org

CHEMISTRY

:@'* ChemPubSoc A European Journal
el Europe Review

REVIEW

Trifluoromethylation of alkenes, al- -0 L N I Trifluoromethylation

kynes, o,B-unsaturated carbonyl com- @'_CFS ©/%

pounds, hard nucleophiles such as alco- S. Barata-Vallejo, B. Lantaro, A. Postigo*
hols, thiols, and also aromatic com- @\Q O O O O EE-EE

pounds can be achieved through the S $ ~ S

use of electrophilic trifluoromethylating i x o BF4 ¢y Recent Advances in

reagents, such as Togni’s, Umemoto’s, o miMe 6, & Trifluoromethylation Reactions with
and Shibata’s reagents. These reagents Ph;s’\c':3 Ph)S(SOzCFs Electrophilic Trifluoromethylating
produce an electrophilic trifluoromethy- a i Reagents

lating (CF;™) species that undergoes re- |\\ x/;N o, ,,NI'EWG

action with nucleophiles. ~ & cFs P cr,

Trifluoromethylation

Electrophilic trifluoromethylation reactions with recently
discovered reagents, such as Togni's, Umemoto's,
Yagupolskii's, Shreeve's, and Shibata’s reagents, is a highly
prominent approach to achieving the fluoroalkylation of

a diverse array of compounds, as discussed by Postigo et al.
in their Review on page H M ff. Trifluoromethylation of
alkenes, alkynes, o,f-unsaturated carbonyl compounds, hard
nucleophiles such as alcohols, thiols, and also aromatic
compounds can be achieved through the use of these
electrophilic trifluoromethylating reagents. These reagents
produce an electrophilic trifluoromethylating (CF; ") species
that undergoes reaction with nucleophiles.

Chem. Eur. J. 2014, 20, 1-25 www.chemeurj.org 25 © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

These are not the final page numbers! 22


http://www.chemeurj.org

