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1. INTRODUCTION

“All new is well-forgotten old”, the proverb goes. The current
“fluorine boom”1 is news only to a novice in the field: the
exceptional importance of fluorinated organic compounds in
numerous areas has been known for a long time. The sharpest
increase in the number of fluorine-containing pharmaceuticals2

and agrochemicals3 is dated back to 30 years ago. Also around
that time (1979), the first monograph4 devoted to industrial
applications of organofluorine compounds was published, cover-
ing not only fluorine-containing biologically active materials but

also refrigerants, propellants, surfactants, textile chemicals, poly-
mers, and dyes.

The increasingly broad realization of the key role of organo-
fluorine compounds in numerous areas has recently attracted
many new scientists to the field. The development of new
methods for the selective introduction of fluorine and fluorine-
containing groups into organic molecules for biologically active
and other useful materials has become a hot area. Over 100
reviews, book chapters, and highlights on this subject have
appeared in the literature in the past few years. As citing all of
these publications in this review article is impossible, we provide
references to only the most recent, general, and comprehensive
ones.2-17

Molecules bearing a trifluoromethyl group constitute one of
the most important classes of selectively fluorinated compounds.
As early as 1928, Lehmann18 reported his observations of
biological activity of some trifluoromethylated organic deriva-
tives and already in 1959 Yale19 published a detailed review
article entitled “The Trifluoromethyl Group in Medicinal Chem-
istry”. Since then, numerous books and reviews have appeared in
the literature covering various aspects of trifluoromethylated
organic20-46 and organometallic32,43,45,47,48 compounds. Within
this family, derivatives bearing the CF3 group on aromatic rings
are particularly numerous and important. Some examples of such
compounds used as active ingredients of pharmaceuticals and
agrochemicals are shown in Scheme 1.

Trifluoromethylated building blocks and intermediates are
clearly needed to make such molecules. The simplest trifluo-
romethylated aromatic compound, benzotrifluoride, was origin-
ally prepared by Swarts49 at the end of the 19th century. In his
work, Swarts treated benzotrichloride with “two thirds of its
weight of antimony fluoride” to obtain a mixture of PhCF2Cl and
PhCF3, from which the two were separated and isolated pure by
distillation. In the early 1930s, two industrial groups, one from
Kinetic Chemicals, Inc.50 and one from I. G. Farbenindustrie
AG51 patented their discoveries on the successful use of HF
instead of SbF3 for the Swarts reaction. These inventions were
the starting point for the modern large-scale manufacturing of
trifluoromethylated aromatics. Other methods have been devel-
oped for conversion of various C1 units on the ring to CF3 with a
variety of fluorinating agents.20-23,38,44,52

While representing an outstanding discovery and a classic of
organic and organofluorine chemistry, the Swarts reaction is
nonetheless neither atom-economical nor environmentally be-
nign, as it deals with stoichiometric quantities of hazardous
chemicals and generates large amounts of chlorine waste. To
convert a CH3 group on the ring to CF3, the methyl is first
exhaustively chlorinated to produce 3 equiv of HCl as a
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byproduct. The CCl3 derivative is then fluorinated to coproduce
3 more equiv of HCl per each equivalent of the desired
trifluoromethylated compound. By stoichiometry, 3 equiv of Cl2
are consumed and 6 equiv ofHCl are generated per each equivalent
of the aromatic trifluoromethylated product made. In reality,
however, the quantity of the chlorine waste produced is commonly
superstoichiometric, because the yields are not quantitative. The
Swarts reaction nonetheless still remains the onlymethod for large-
scale manufacturing of trifluoromethylaromatics, entirely because
of the lack of an industrially feasible alternative.

A totally different approach to the synthesis of trifluoromethy-
lated aromatic compounds is based on the introduction of the CF3
group into the aromatic ring. Radical perfluoroalkylation of aromatic
compounds has been known for a long time.44 However, as was
demonstrated as early as 1960,53 the formation of diperfluoroalky-
lated side products is hard to avoid, even if the arene substrate is used
in a large excess. Furthermore, radical perfluoroalkylation reactions,
as expected, usually exhibit poor positional selectivity,54a-f although
a limited number of exceptions exist.54a,b,g-i

On May 21, 1965, McLoughlin and Thrower applied for a
patent to protect their groundbreaking invention of the first
metal-mediated polyfluoroalkylation of aromatic compounds. In
1968, the U.S. Patent was issued,55 and a detailed full report
followed quickly to appear in the open literature in 1969.56

McLoughlin and Thrower discovered that polyfluoroalkyl io-
dides reductively couple with iodoarenes in the presence of
copper to produce the corresponding polyfluoroalkylaromatic
compounds (eq 1). Much higher conversions, yields, and selec-
tivities were obtained for X = I than for X = Br. Importantly, it was
found that the incoming perfluoroalkyl group always appeared
on the carbon atom originally bearing the halogen substituent.

Although the McLoughlin-Thrower reaction (eq 1) employs
stoichiometric amounts of copper and costly iodinated starting

Scheme 1
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materials, its importance to the field is difficult to overestimate.
The very possibility of selective aromatic perfluoroalkylation
opened up a new area for research toward the development of an
industrially viable alternative to the Swarts reaction. Unsurpris-
ingly, therefore, the discovery of the Cu-mediated aromatic
perfluoroalkylation (eq 1) immediately prompted further work
in the area. Already in 1969, Kobayashi and Kumadaki57 pre-
liminarily communicated their optimization of the reaction
for Rf = CF3 and preparation of a series of trifluoromethylated
arenes and heteroarenes, following the McLoughlin-Thrower
lead.55

Since the late 1960s, the area of aromatic trifluoromethyla-
tion with metals has been continuously growing. Results of
these studies by numerous research groups have been described
in a number of surveys, including the particularly in-depth
review articles by Burton and Yang (1992),45 McClinton and
McClinton (1992),44 Burton and Lu (1997),43 and more
recently by Schlosser (2006),38 Davis and Burton (2009),32

and Kumadaki’s group (2010).29 A recent brief essay on the
subject by Fors58 is available online. In the last 5 years, however,
particularly significant progress has been made in the field. The
most recent achievements include the first examples of Ar-CF3
bond formation at a Pd(II) center59 and with a well-defined
Cu(I) complex60 as well as aromatic trifluoromethylation reac-
tions that are catalytic in copper61,62 and palladium.63,64 Some
of these results have been briefly highlighted65 and one of us has
recently reviewed his own work in the area.66 A few sketchy
essays on aromatic trifluoromethylation have recently appeared
in the Chinese and Japanese literature.67 However, we are
unaware of an overview that provides a comprehensive cover-
age of aromatic trifluoromethylation and perfluoroalkylation
reactions with metals, including recent achievements in
the area.

The goal of this review article is to describe and analyze, in
considerable detail, aromatic C-CF3 and C-Rf bond-forming
reactions using metals and their complexes in both stoichio-
metric and catalytic amounts. Special attention will be paid to
organometallic and mechanistic aspects of the chemistry, as we
strongly believe that those are of particular importance for
further progress in the field. We will also provide an outlook
for future studies with emphasis on practical features and
requirements for industrial feasibility. Selective difluoromethyla-
tion and monofluoromethylation reactions that have been recently
reviewed,68 asymmetric trifluoromethylation,41 and radical perfluoro-
alkylation54 are beyond the scope of this article.

2. TRIFLUOROMETHYL SOURCES

In 2007, Ma and Cahard36 published a review entitled
“Strategies for Nucleophilic, Electrophilic, and Radical Trifluo-
romethylations”. Although aromatic trifluoromethylation is not
covered in the Ma-Cahard overview, the article presents an
elaborate classification and uses of all three types of trifluoro-
methylating reagents. Most recently, stable electrophilic trifluoro-
methylating reagents were thoroughly reviewed.28 However,
electrophilic28,69 and radical44,54 metal-promoted aromatic per-
fluoroalkylation reactions are rare. It is worth noting that
although some radical perfluoroalkylation reactions employ
metal compounds (e.g., Cu,54c,g,h Zn,54d-f and Fe54i), the metals
are not directly involved in the Ar-Rf bond-forming step but
rather are needed to generate the perfluoroalkyl radical from RfX
(X= I, Br). As themain subject of this review is trifluoromethylation

of nonactivated aromatic electrophiles, we will focus mainly on
CF3 sources for those metals that are particularly capable of
efficiently activating the poorly reactive Ar-X bonds (X = I, Br,
Cl, OTf, etc.): palladium, copper, and nickel.

Trifluoromethyl iodide (CF3I), bromide (CF3Br), and other
perfluoroalkyl halides have been widely used to synthesize
various transition metal47,48 and main group43,45,70 organome-
tallic compounds. The first metal-promoted perfluoroalkylation
of haloarenes (eq 1)55,56 employed the “RfCu” reagents prepared
from RfI and copper metal.

Trifluoromethyl silicon compounds of the general formula
CF3SiR3 (R = alkyl) have become particularly popular in both
organic and organometallic synthesis. The most used reagent for
a broad variety of trifluoromethylation reactions is CF3SiMe3,
which is often referred to as Ruppert’s reagent or the Ruppert-
Prakash reagent. Five years after the original report by Ruppert
et al.71 on the synthesis of CF3SiMe3 in 1984, the compound was
shown to cleanly trifluoromethylate electrophiles. In 1989, Kruse
et al.,72 Prakash et al.,73 and Stahly74 reported a series of trifluo-
romethylation reactions of carbonyl compounds and quinones
with CF3SiR3. Interestingly, Stahly’s research

74 was aimed at the
synthesis of otherwise hardly accessible 4-trifluoromethylated
phenols and anilines. We present this elegant work by Stahly
herein (Scheme 2), despite the fact that the bond formation
between the CF3 group and the “aromatic to be” carbon is not
metal-promoted and is limited to only certain isomers of
trifluoromethylated phenols and anilines.

Applications of Ruppert’s reagent in synthesis have been
extensively reviewed.37,42,75-78 Since the demonstration of suc-
cessful trifluoromethyl transfer from CF3SiMe3 to main group

79

and transition80 metal centers, Ruppert’s reagent has been widely
used for the synthesis of trifluoromethyl metal compounds
(section 3) and trifluoromethylated aromatics. Ruppert’s reagent
and its analogues are currently the most popular CF3 and Rf

sources for aromatic trifluoromethylation (sections 4.1.4 and 5)
and perfluoroalkylation (section 6).

Trifluoroacetic acid salts and derivatives (CF3CO2X, where
X =Na, K,Me, etc.) are attractive CF3 sources. It has been known
since 1981 that alkali metal trifluoroacetates can transfer the CF3
group to copper upon decarboxylation to produce CuCF3
species that can trifluoromethylate aryl halides.81 Since the
original publication, a considerable number of papers have
appeared in the literature reporting the use of alkali metal
trifluoroacetates and also methyl trifluoroacetate82 (section
4.1.2). Although cost-wise alkali metal trifluoroacetates are much

Scheme 2
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more attractive than most of the reagents described above, there
are certain problems associated with their use,82 including the
necessity to employ them in large excess to achieve good yields.

Trifluoromethane or fluoroform (CF3H)
83 is, perhaps, the

most attractive CF3 source. A side-product in TeflonÒ manu-
facturing, fluoroform is readily available, inexpensive, atom-
economical, nontoxic, and not ozone-depleting.84-86 Fluoro-
form is a gas (bp = ca. -82 �C)87 that is easily soluble in many
organic solvents. There have been only a limited number of
publications reporting the use of CHF3 as a CF3

- anion
synthon.84-86,88-93 Trifluoromethane is a weak acid (pKa = 27
in water),94 considerably less acidic than chloroform. Therefore,
a strong base such as dimsyl potassium or t-BuOK is required to
deprotonate CHF3. To avoid the notoriously facile formation of
difluorocarbene, the deprotonation is conventionally performed
at a low temperature in DMF to form a more stable hemiami-
nolate that is then used in situ for reactions with electrophiles,
such as carbonyl compounds84,85,88-93 (e.g., eq 2).

Numerous attempts to directly cuprate or zincate fluoroform
have failed.85 However, multistep procedures to indirectly gen-
erate CF3Cu from CF3H have been reported85,86 and are
described in section 4.1.1 below.

Difluoromethyl derivatives (CF2Cl2, CF2ClBr, CF2Br2,
CF2ClCO2X, etc.) can sometimes be very efficient CF3 sources.
In 1985, Burton and Wiemers95 reported a remarkably simple
and high-yielding (80-95%) preparation of trifluoromethyl Zn
and Cd reagents from the corresponding metal and CF2X2 (X =
Br, Cl) in DMF. The proposed mechanism involves the forma-
tion of difluorocarbene via electron transfer to the polyhalo-
methane from the metal, followed by fluoride addition to give
“CF3

-”. The fluoride source is the ionized form of HCF2NMe2
that is produced, along with a molecule of CO, from DMF
and CF2. Decarboxylative trifluoromethylations have also
been developed.96-98 Methyl fluorosulfonyldifluoroacetate
FSO2CF2CO2Me99 is a commercially available reagent that has
been found100 to efficiently generate CF3Cu upon decarboxyla-
tion and loss of SO2.

Other CF3 sources are available, including fluoral and its
derivatives.93 Apart from their efficiency, toxicity, and ease of
handling, commercial trifluoromethyl sources should also be
considered from the perspective of availability and cost. An over-
simplified cost comparison was most recently presented for eight
commercially available CF3 sources.

101 All prices in US dollars
per mole were calculated using the 2009-2010 Aldrich cata-
logue for the largest available quantities, including CF3SiMe3
($2254.40), CF3SiEt3 ($11 789.70), CF3I ($755.23), and tri-
fluoroacetic acid ($23.70). Although these figures are far from the
bulk market prices, they provide some comparison of the costs. A
number of trifluoromethyl sources are on the Montreal Protocol
list of substances that deplete the ozone layer,102 including
CF3Cl, CF3Br, CF2Cl2, CF2ClBr, and CF2Br2. As a result, the
availability of, and access to, some of these materials for research
are limited in certain countries.

3. TRIFLUOROMETHYL AND PERFLUOROALKYL DERI-
VATIVES OF CATALYTIC METALS: SYNTHESIS, BOND-
ING, AND REACTIVITY

In this section, we will first provide a brief general overview of
metal perfluoroalkyls, including their synthesis, general proper-
ties, and reactivity patterns. Special attention will be paid to
electronic and steric effects of CF3 as a ligand. This analysis will
then be followed by a more detailed discussion of perfluoroalkyl
derivatives of Cu, Pd, and Ni, the metals that can activate
aromatic carbon-halogen bonds and hence are of particular
importance to the subject of this review article.

3.1. A Brief Overview of Metal Perfluoroalkyls
Physical properties of a CF3 group are compiled in the review

article by McClinton and McClinton44 and will be summarized
herein only briefly. The van der Waals radius and volume of CF3
are considerably larger than those of CH3: 2.7 Å and 42.5 Å3 vs
2.0 Å and 16.8 Å3, respectively.103 The trifluoromethyl group is
highly lipophilic, as follows from its hydrophobicity parameter
value of 1.07 that is considerably higher than that of CH3 (0.51)
but lower than for t-Bu (1.68).44

As discussed in detail in recent monographs,20-23 perfluo-
roalkyl groups, CF3 included, form strong and usually poorly
reactive bonds to carbon atoms in organic molecules. On the
other hand, the stability of metal perfluoroalkyls strongly de-
pends on the nature of both the Rf and the metal, as described
and analyzed in a number of reviews on perfluoroalkyl derivatives
of both the main group elements32,43,45,70 and the transition
metals.47,48,104-106 In general, the M-Rf bonds are considerably
stronger and much less reactive than those of the conventional,
nonfluorinated metal alkyls. Hughes47 writes: “It is now well
accepted that compounds containingmetal-perfluoroalkyl (M-Rf)
bonds are in some ways less reactive and are invariably more
thermally stable than analogues containing hydrocarbon alkyl
(M-R) linkages.”Although inmost instances the metal-carbon
bond is shorter for M-CF3 than for the analogous M-CH3

species, this is not always the case.60,107 The C-F bonds in metal
trifluoromethyls are usually longer and weaker than in organic
CF3 derivatives.

There are many methods to synthesize metal perfluo-
roalkyls.32,43,45,47,48,70,104-106 These include Klabunde’s metal
atom condensation with perfluoroalkyl halides108 and reactions
of various metal species with CF3 radicals generated from the
glow discharge of C2F6, developed by Lagow.

109 These methods
require special equipment and have been reviewed,48 so they will
not be considered herein. The most general and widely used
routes to metal perfluoroalkyls include (i) oxidative addition of
polyfluorohaloalkanes to metals and their complexes, (ii) trans-
metalation, and (iii) decarboxylation and decarbonylation of
metal perfluoroalkylcarboxylates and perfluoroacyls.

Formally an oxidative addition, the reaction of polyfluoroalkyl
halides with metals has been widely used to prepare RfM com-
pounds. It is this method that was used by Emeleus and
Haszeldine110 over 60 years ago to synthesize the first metal
trifluoromethyl derivatives, (CF3)2Hg and CF3HgI, from CF3I
and amalgams of Cd, Zn, Ag, Cu, and Mg. Reactions of
polyfluoroalkyl halides with metal powders have found broad
use in the generation of RfCu species, as described in the original
McLoughlin-Thrower report,56 and Zn and Cd trifluoro-
methyls from CF2X2 (X = Br, Cl).95 Two types of oxidative
addition reactions of RfX

48,104 to coordinatively unsaturated
metal complexes are exemplified by eqs 3111 and 4.112 The
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reaction of Vaska’s complex with CF3I leads to an Ir(III) adduct
that is stable and can be isolated; evidence has been presented for
the adduct being trans.111 In the other type of RfX oxidative
addition, the transient high-valent complex is unstable and
undergoes reductive elimination that does not involve the just
formed M-Rf bond. This is the case with the transformation
shown in eq 4, where the highly unstable Pd(IV) intermediate
instantly reductively eliminates methyl idodide.112

Transmetalation, that is, Rf transfer from one metal (element)
to another, is probably the most widely used laboratory method
to prepare metal perfluoroalkyls. Several M-CF3 sources have
been developed and proven useful for the synthesis of trifluoro-
methyl derivatives of other elements. These include CF3 transfer
fromMorrison’s (CF3)2Cd 3DME to a variety of metals48,113 and
the synthesis of trifluoromethyl copper using CF3 derivatives of
Hg, Cd, and Zn.43-45,95,114 Over the past decade, however,
commercially available Ruppert’s reagent has become by far
the most widely used source of CF3 to synthesize trifluoromethyl
metal complexes. This method is general, as exemplified by the
two reactions involving an early (eq 5)115 and a late (eq 6)116

transition metal. The synthesis of Cu, Pd, and Ni trifluoromethyl
complexes with Ruppert’s reagent will be discussed in detail in
sections 3.3-3.5 below.

Decarbonylation of perfluoroacyl derivatives is the method
that was used to prepare the first CF3 complex of a d-block metal
(eq 7).117 An excellent, high-yielding decarboxylation method
has been developed by Dyatkin et al.118 for the synthesis of
(CF3)2Hg from (CF3CO2)Hg (eq 8).

The most characteristic transformation of the CF3 ligand is
R-elimination leading to a carbene species (eq 9). The latter can
be extremely unstable, even at very low temperatures, instanta-
neously decomposing toMF andCF2, as is the case with CF3Li,

45

or stable and isolable, as often is the case with a number of
transition metal complexes.47,48,104 Mechanistically, R-elimina-
tion may be viewed as intramolecular nucleophilic attack of a
fluorine atom of the CF3 ligand on the metal. The process could
also be rationalized106 in terms of interaction of the filled d
orbitals on the metal with the antibonding orbital of the C-F σ-
bond, so-called “negative hyperconjugation” or M(dπ)-CF3(σ*)
back-donation. It is noteworthy, however, that in the ground
state such interactions are weak. Importantly, difluorocarbene
(and other dihalocarbenes) on themetal can exhibit both electro-
philic and nucleophilic behavior, and hence, such complexes are
difficult to define as either Fischer or Schrock carbenes.104,119

The R-fluorine migration process (eq 9) may be fully rever-
sible, as can be exemplified by the CF3 analogue of Wilkinson’s
catalyst (eq 10). Both the trifluoromethyl complex and the
difluorocarbene fluoride have been isolated and fully character-
ized, including single crystal X-ray diffraction.120 Fluorine atoms
in theR-position of a perfluoroalkyl on a metal center are suscep-
tible to electrophilic attack by Brønsted and Lewis acids.104 This
chemistry is rich and has been recently reviewed.106 Unlike free
dihalocarbenes, which are not easily hydrolyzable, their metal
complexes readily react with water to produce carbonyls.104,106

This reactivity has been used to develop a CO-free, Pd-catalyzed
carbonylation reaction where the source of carbonyl was CCl2
generated in situ from chloroform and alkali and hydrolyzed to
CO upon coordination to Pd.121

3.2. Electronic Effects of CF3: Is It an Electron Acceptor or
Donor?

Electronic properties of CF3 as a ligand have been one of the
most intriguing and controversial issues in the chemistry of
trifluoromethyl metal complexes. In organic chemistry, the CF3
group is conventionally viewed as an inductive electron
acceptor.20,122 Indeed, the Hammett, Swain-Lupton (modified),
and Taft electronic parameters for CF3 are σm = 0.43, F = 0.38, and
σF = 0.46, respectively.

122 In accord with this, electrochemical data
shows that benzotrifluoride is oxidized more reluctantly and
reduced more easily than toluene and benzene.123 A similar trend
has been observed for a series of trifluoromethyl complexes and
their methyl counterparts.124,125 Furthermore, Pt(II) has been
shown to become less prone to oxidative addition upon re-
placement of methyls on the metal with CF3 ligands,

126 although
it is unknown to what degree steric effects of the much bulkier
trifluoromethyl group contribute to the overall reactivity pattern
(see below).

On the other hand, numerous observations point to consider-
able electron donation from CF3 to the metal atom in trifluoro-
methyl complexes. The CF3 ligand has been found to effica-
ciously stabilize derivatives of certain metals in high oxidation
states.127-129 It has been widely recognized since the early 1970s130

that the trans influence131 of CF3 as a ligand is very strong, being
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comparable to that of the methyl group.47,48,112,120,132-135 Exam-
ples of facile abstraction by Agþ of a halide trans to CF3 in
octahedral Ir,111 Ru,111b and Pt130,136 complexes have been re-
ported, pointing to the significant trans effect of the trifluoromethyl
ligand. A convincing illustration of the strong structural trans
influence of CF3 is presented in Figure 1, displaying the super-
imposed molecules of [(dppe)Pd(CF3)(Cl)] and its nonfluori-
nated congener [(dppe)Pd(CH3)(Cl)].

135 The two show
essentially identical coordination geometry around Pd, including
the Pd-P bond distances trans to the CF3 [2.345(1) Å] and to the
CH3 [2.339(1) Å] ligands. The recently reported125 crystallo-
graphic data for [(BOXAM)Ni(X)] (Scheme 3) show that
the structural trans influence is virtually the same for X = CH3,
Ph, and CF3, as follows from the Ni-N bond distances trans
to X: 1.933(3), 1.939(2), and 1.921(3) Å, respectively. As the
trans influence is directly linked to ligand’s ability to serve as a
σ-donor,131,137-139 the CF3 ligand appears to be a strong one. In
full accord with this, computed natural atomic charges for
[(H3P)3Rh(CF3)] and [(H3P)3Rh(CH3)] show (Scheme 4) that
theRh atom in theCF3 species bears a large negative charge (-0.52)
that even exceeds that for themethyl complex (-0.48).120 This is
in spite of the opposite, strong charges on the carbon atoms of the
CF3 (þ0.79) and theCH3 (-0.96) ligands. A similar trendwasmore
recently observed for two pairs of Cr(V) and Cr(II) complexes
bearing CH3 and CF3 ligands.140 The extreme fluxionality of
[(Ph3P)3Rh(CF3)] in solution is convincingly linked to the
powerful electron donation from the trifluoromethyl ligand to
the metal in both the ground and transition states.120

One might see a dichotomy in the two sets of data related to
electronic properties of the trifluoromethyl group: indeed, some

observations point to its strong electron-withdrawing effect,
whereas others imply powerful electron donation. Note that in
both organic122,141 and metal CF3 derivatives, π-effects are
minor. Strong M(dπ)-CF3(σ*) interaction (back-donation)
that was proposed in the early reports on the subject in the
1960s has not found support142-145 since its original MO
analysis by Hall and Fenske.146 Leyssens, Harvey, and co-
workers145 have recently estimated the π-acidity of the CF3
ligand to be similar to that of pyridine and PR3 (R = H, Me, Ph).
Therefore, it is appropriate to consider mostly inductive (field)
effects of the CF3 group/ligand in a rationale for the apparent
“contradiction” between the facts pointing to its either electron-
withdrawing or electron-donating character.

A closer and broader look at the literature data, however,
suggests that in fact there might be little contradiction, if any. As
early as 1975, Holmes and Thomas147 published a report entitled
“Electron Distribution in Trifluoromethylbenzenes. Electron
Donation by the Trifluoromethyl Group”. In that paper, core-
electron ionization potentials were measured by ESCA for
PhCF3, 1,3-(CF3)2C6H4, and 1,4-(CF3)2C6H4 to study the
distribution of charge within these molecules. These distribu-
tions are shown in Scheme 5, indicating that while conferring
electron-deficiency on the entire system, the CF3 group serves as
an electron donor to an adjacent carbon, in agreement with the
even earlier reported theoretical calculations by Taft and
Brownlee148 and the π-inductive model used by Holtz.141

Confirmed by others,149-151 this charge distribution pattern

Scheme 3

Scheme 4

Scheme 5

Figure 1. The superimposed molecules of [(dppe)Pd(CF3)Cl] and
[(dppe)Pd(CH3)Cl], showing essentially identical coordination geo-
metry around Pd.135
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represents a case of the general Pople-Gordon152 β-effect
described as early as 1967: substitution of F for H on a carbon
atom of an organic molecule increases the negative charge on the
next C or H atom. The charges induced by this substitution
alternate in a decaying manner, Fδ-r Cδþr Cδδ-r Cδδþ, etc.,
and hence for aCF3 substituent this polarization [F3C]-Cδδ--Cδδþ

results in a dipole that reinforces the primary Fδ-Cδþ

moment.152 The Pople-Gordon model has received support for
both trifluoromethylated aromatic (see above) and aliphatic153,154

compounds. For instance, the Mulliken and NAO negative charges
on the carbon atom of the CH3 group are considerably larger in
CH3CF3 than in ethane.154 The computed charges on the central
carbon atom of propane,155 CF3CH2CH3,

156 and CF3CH2CF3 are
similar, which is in accord with the fact that CF3CH2CF3 is not
nearly as CH-acidic as CF3CH2CN.

157 Apparently, the β-effect
might well take place in trifluoromethyl complexes of metals, as can
be seen from the remarkably similar charge distribution trends
shown in Schemes 4 and 5.

Considering the above, we propose that the seeming “dichotomy”
of electronic properties of a CF3 group/ligand emerges from an
overlap of two effects. On replacement of a hydrogen atom or an
alkyl group on a molecule with CF3, the three strongly electro-
negative fluorine atoms confer extra electron deficiency on the
molecule as a whole. This certainly accords with the aforemen-
tioned electrochemical124,125 and ESCA142 data for M-CF3
complexes and their M-CH3 analogues. At the same time, the
charges induced by this replacement of CF3 for H or Alk on a
carbon or a metal atom alternate, so that the atom adjacent to the
CF3 becomes more negatively (or less positively) charged.

Can our simple model, however, account for the aforemen-
tioned fact126 that Pt(II) becomes less reactive toward oxidative
addition upon replacement of the methyls on the metal with CF3
ligands? Apparently it can and it does. Simple electrostatic field
considerations suggest that all d orbitals on the metal in a square
planar complex L3M-CX3 should be more stabilized for X = F than
for X = H, because the carbon atom bonded to M bears a strong
positive charge for X=F but a negative charge for X=H. Indeed, this
has been observed experimentally (ESCA) and confirmed compu-
tationally by Bancroft, Puddephatt, and co-workers142 for a series of
[L2Pt(CF3)2] and analogous [L2Pt(CH3)2] complexes. While this
should translate into diminished nucleophilicity of the metal centers
for the CF3-ligated complexes, the replacement of the methyl with
CF3 does not necessarily result in more positive charge on Pt.
According to the calculations,120,158 both [(H3P)3Rh(CF3)] and
[(H3P)3Rh(CH3)] have a complete set of four occupied d-orbitals
and the higher lying unoccupied d(x2-y2). Pairwise comparison of
each d orbital for the two molecules shows that in the CF3 system
the orbitals are 9-15 kcal mol-1 (3000-5000 cm-1) more
stable than in the CH3 analog. Yet, the charge on Rh in
[(H3P)3Rh(CF3)] is more negative than in [(H3P)3Rh(CH3)]
(Scheme 4), as determined in the same computational study. In
other words, CF3 makes the metal more negatively charged while
bringing down in energy all of its d orbitals, thusmaking it less reactive
toward oxidative addition reactions predominantly controlled by
overlap of metal’s HOMO with reagent’s LUMO. As strange as an
increase in the negative charge on an atom with simultaneous
stabilization of its HOMOmight look upon initial consideration, such
phenomena are actually quite common in chemistry. A large negative
charge on an atom is no guarantee for its high nucleophilicity:
numerous inorganic anions such as SO4

2-, NO3
-, and PO4

3- have
strongly negatively charged oxygen atoms while being extremely poor
nucleophiles. Another good example is numerous reactions of

bidentate nucleophiles such as CN-, SCN-, NO2
-, various enolates,

etc., which, in frontier orbital-controlled reactions, attack electrophiles
not by the atom bearing the strongest negative charge but by the one
having the highest orbital density (HOMO).159 Interestingly, the
sulfite ion SO3

2- most often (albeit not always) attacks electrophiles
with its sulfur despite the fact that the O atoms bear a strong negative
charge and that the S atom is positively charged.160

Steric factors might also be a significant contributor to the
decrease of reactivity of Pt(II) toward oxidative addition upon
replacement of the methyls on the metal with CF3 ligands. As has
been known since the 1966 Chock-Halpern report,161 the rate of
oxidative addition of CH3I to [(Ph3P)2Ir(CO)(X)] follows the
order X = Cl > Br > I, in contrast with the reverse, “normal” order
observed for the reactions of H2 and O2 with the same Vaska-type
complexes. Being of SN2 character, the CH3I oxidative addition
reaction appears to be more sensitive to the steric bulk rather than
electronic properties of the halide on Ir. The difference in the van der
Waals radii of Cl (1.75 Å), Br (1.85 Å), and I (1.98 Å)162 is much
smaller than that of CH3 (2.0 Å) and CF3 (2.7 Å).

44 This suggests
that steric effects should not be neglected when comparing reactivity
of M-CF3 complexes and their M-CH3 counterparts toward
oxidative addition reactions, at least those of SN2 type.

Finally, another point that is worth making deals with the inverse
relation between the trans influence of a ligand and its
electronegativity.138 The value of 3.5 cited44 for the electronegativity
of CF3 on the Pauling scale is similar to that of oxygen. Others163

have assigned to CF3 electronegativities between that of fluorine
(4.0) and that of chlorine (3.0). These numbers suggest that CF3
should be a weak trans influence ligand. However, this is not the case
as in fact the trans influence of CF3 is very strong, being comparable
to that of CH3 and Ph (see above). Again, this contradiction is only
seeming in the light of the above and of the recent work of Thomas,
Gard, and co-workers.164 Their ESCA studies show that the core
ionization energies reflecting the effect of the CF3 group on an
adjacent atom and on a remote atom within the same molecule are
different, which translates into different electronegativity values for
CF3 depending on which site of the molecule is probed. Thus, the
group electronegativity for CF3 has been shown164 to be as low as
that of bromine for a proximal atom, yet greater than that of fluorine
for amore remote atom. (This is the opposite of the effect of fluorine
whose effect is large on an adjacent atom but small on a distal atom.)
It is also noteworthy that CF3

- has been placed in the same category
of “less electronegative ligands” as H-.165

As follows from the above, the recent views of Rf groups as
“hard” ligands with a marked electron-withdrawing ability129

and of the CF3 ligand exhibiting “extreme electron-withdrawing
properties”125 are somewhat far-fetched and may be misleading.

3.3. Copper
In their original article reporting perfluoroalkylation of haloarenes

with perfluoroalkyl iodides in the presence of Cu metal (eq 1),
McLoughlin and Thrower56 presented solid evidence for Cu-Rf
intermediates in the reaction. They clearly demonstrated that the
perfluoroalkylation can be carried out not only in one pot but also in
two separate steps. It was shown that copper powder reactedwith RfI
to produce an organocopper reagent. The latterwas then heatedwith
ArX to bring about the Ar-Rf bond formation (Scheme 6).

The formation of the RfCu reagents readily occurred inDMSO at
100-120 �C or in pyridine at 70-100 �C. The pregenerated
solutions of perfluoroalkyl copper reagents were found to be air-
sensitive yet quite stable to hydrolysis. For instance, addition of 5
equiv of water to the preformed “n-C7F15Cu” in DMSO under
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O2-free conditions resulted in sluggish hydrolysis to only 10-15%of
n-C7F15H after 3 days at room temperature. Furthermore, the
perfluoroheptylcopper was isolated under argon by diluting its
DMSO solution with water, followed by ether extraction, drying
with MgSO4, and evaporation. That produced a viscous oil which
solidified on standing at ambient temperature and analyzed for Cu as
C7F15Cu 3OEt2. The compound was remarkably stable inDMSOor
DMF in the absence of air, exhibiting no signs of decomposition and
retaining its reactivity toward iodobenzene even after 3 months at
room temperature. The RfCu reagents were found to bemuchmore
thermally stable than conventional copper alkyls.

In 1980, Kondratenko, Vechirko, and Yagupolskii166 de-
scribed the formation of “CF3Cu” from (CF3)2Hg or CF3HgI
and Cu powder in NMP or DMAC. In 1985, CF3 transfer from
Zn or Cd to Cu was demonstrated for trifluoromethylation of
iodobenzene in 80% yield.95 However, it was not until 1986 that
the first spectroscopic study of a copper perfluoroalkyl was
reported by Wiemers and Burton.167 They found that on
treatment of CuBr with CF3CdX in DMF at -50 �C, a CF3Cu
species [A] was produced that resonated at -28.8 ppm in the
19F NMR spectrum. After HMPA was added, no change in the
spectral pattern was observed at-50 �C or room temperature.
However, when the solution was allowed to warm to room
temperature in the absence of HMPA, two new CF3Cu species,
[B] and [C], were detected by 19F NMR, displaying signals at
-32.3 and-35.5 ppm, respectively. As these two peaks from [B]
and [C] grew while the original one from [A] was diminishing
in intensity, parallel formation of a CF3CF2Cu complex
occurred, and after 11 h at room temperature the CF3CF2Cu
compound was the only 19F NMR-observable RfCu species. It
was concluded that in the absence of HMPA, the originally
produced [A] is converted to [B] and [C] and eventually to
[C], which then slowly decomposed to the C2F5Cu derivative.
The latter is likely formed via R-F-elimination, leading to
difluorocarbene, which then inserts into the Cu-CF3 bond.
The three complexes [A], [B], and [C] exhibited markedly
different reactivity toward hydrolysis, air-oxidation, and tri-
fluoromethylation of organic halides. Later on, the 19F NMR
signals from [A], [B], and [C] were assigned to [(CF3)Cu] 3 L
(L = “metal halide”), [(CF3)2Cu]

-, and [Cu(CF3)4]
-.127,168

However, detailed structural information on [A], [B], and [C]
could not be obtained, and it is not surprising that Wiemers and
Burton themselves identified the thus generated trifluoromethyl-
copper as an “elusive and complex species”.167 More recently,
Kolomeitsev and co-workers168 reported that a spectroscopically
similar CF3Cu reagent can be efficiently prepared from
CF3SiMe3, CuBr, and KF in DMF-DMI at 0 �C. They have
proposed that the three 19F NMR-observable CF3Cu species in
this system are [(CF3)Cu] 3KBr (-28.8 ppm), K[(CF3)2Cu]
(-32.4 ppm), and K[Cu(CF3)4] (-35.7 ppm). The latter, a

Cu(III) species, has been shown to remain the only trifluoromethyl
Cu complex in the mixture after its exposure to dry air for 2 days.168

Most recently, similar 19FNMRpatterns were reported for solutions
of “CF3Cu” obtained upon treatment of CuBr with Zn-
(CF3)Br 32DMF in DMF.114 The signals at -32.0, -28.4, and
-35.1 ppm were assigned to CuCF3, Cu[Cu(CF3)2], and
Cu[Cu(CF3)4], respectively. It is noteworthy that the assignments
of the 19FNMR signals observed by all three groups114,127,168 are still
tentative because unambiguous structural information on these
species remains nonexistent. Note that 19F NMR chemical shifts of
-33.2 and -31.5 ppm have been reported for structurally char-
acterized PPNþ [Cu(CF3)4]

- and [(SIMes)2Cu]
þ [Cu(CF3)2]

-,
respectively (see below).

The first reported structurally characterized CuCF3 species
were Cu(III) complexes.127,128a Oxidation of a compound for-
mulated as [CdI]þ [Cu(CF3)2]

- with thiuramdisulfide pro-
duced [(Et2NCS2)Cu(CF3)2].

127 A striking structural feature
of this compound is the vastly different Cu-CF3 bond distances,
1.863(5) and 2.026(5) Å. A series of remarkably stable salts Xþ

[Cu(CF3)4]
- have been prepared by oxidation of CuCF3 in

DMF with various oxidants such as XeF2, I2, Br2, Cl2, or ICl.
128a

The products have been reliably characterized, including
X-ray diffraction for X = PPN [Cu-CF3 = 1.967(6) Å]. On
treatment of [(Ph3P)3Cu(OR)] [R = Ph, CH(CF3)2] with
Ruppert’s reagent [(Ph3P)3Cu(CF3)] was produced, isolated
in 30-92% yield, and characterized by NMR, IR, and elemental
analysis.169

Vicic and co-workers60 have reported the first fully character-
ized Cu(I) trifluoromethyl complexes. Surprisingly, the treat-
ment of [(IPr)Cu(OBu-t)] with Ruppert’s reagent gave rise to a
ca. 1:4 mixture of the expected product [(IPr)Cu(CF3)] and its
analog bearing a SiMe3 group on the NHC ring (eq 11). The
“anomalous” product was isolated and fully characterized, in-
cluding X-ray analysis. The Cu-CF3 bond distance in this
complex [1.967(6) Å] is ca. 0.05 Å longer than that in a similar
nonfluorinated complex [(IPr)Cu(CH3)].

To avoid the silylation of the imidazolium ring (eq 11)
Vicic et al. then prepared saturated NHC-stabilized Cu-CF3
complexes [(SIiPr)Cu(CF3)],

60 [(SIMes)Cu(CF3)],
170 and

[(SIPr)Cu(CF3)]
125 from the corresponding t-BuOCu deriva-

tives and CF3SiMe3 (eq 12). The starting t-BuOCu complexes
were monomeric for NHC = SIMes and SIPr, whereas the SIiPr
alkoxide was a dimer. All these CuCF3 derivatives have been
characterized, including a single crystal diffraction study of
[(SIiPr)Cu(CF3)]

60 and an electrochemical study of
[(SIPr)Cu(CF3)].

125

Scheme 6



4483 dx.doi.org/10.1021/cr1004293 |Chem. Rev. 2011, 111, 4475–4521

Chemical Reviews REVIEW

While [(SIiPr)Cu(CF3)] and [(SIPr)Cu(CF3)] retain their
structures in solution, [(SIMes)Cu(CF3)] has been found170 to
slowly (ca. 100 h at 25 �C) equilibrate with the corresponding
cuprate [(SIMes)2Cu]

þ [Cu(CF3)2]
- (eq 13) that has been

structurally characterized. Again, the Cu-C bond distance in the
anion [Cu(CF3)2]

- [1.970(6) Å] is slightly (0.02-0.05 Å)
longer than in [Cu(CH3)2]

-.170 The 19F NMR chemical shift
of the signal from [(SIMes)2Cu]

þ[Cu(CF3)2]
- (-31.5 ppm) is

close to those (-32.3 and-32.4 ppm) assigned by others127,167,168

to [Cu(CF3)2]
- spontaneously generated from “ligandless”CuCF3

(see above). Trifluoromethylation reactions with well-defined
NHC Cu(I) trifluoromethyl complexes are discussed in section
4.1.5 below.

3.4. Palladium
The first perfluoroalkyl palladium complexes were reported by

Stone, Maitlis, and Rosevear171,172 as early as the 1960s. They
prepared [(bpy)Pd(CH3)(n-C3F7)],

171 [(bpy)Pd(n-C3F7)2],
171

[(Ph3P)2Pd(CF3)(I)],
172 and [(dppe)Pd(CF3)(I)]

172 using oxi-
dative addition reactions of the corresponding perfluoroalkyl
iodides. For instance, passing CF3I through a solution of
[(Ph3P)4Pd] produced [(Ph3P)2Pd(CF3)(I)] in 78% yield.
Some Rf-Pd species have been obtained by Klabunde’s108 metal
atom condensation with perfluoroalkyl halides and by Lagow’s109

method employing CF3 radicals generated from the glow discharge
of C2F6 (see section 3.1 above). Both methods require special
equipment that is not common in a conventional organometallic
chemistry laboratory. Krause and Morrison113b have reported the
formation of [(Et3P)2Pd(CF3)(Br)] and [(Et3P)2Pd(CF3)2] from
[(Et3P)2Pd(Br)2] and (CF3)2Cd 3DME.Oxidative trifluoromethy-
lation of [(Ph3P)4Pd] with (CF3)2TlOAc has been mentioned

113c

to give 5% of [(Ph3P)2Pd(CF3)2], whereas the reaction of
[(Et3P)2Pd(Cl)2] withCF3PbPh3 afforded [(Et3P)2Pd(CF3)(Cl)]
in 62% yield.113d

Hughes et al.112,134 have prepared a series of complexes of the
type [(tmeda)Pd(CH3)(Rf)], where Rf = C2F5, n-C3F7, i-C3F7,
n-C4F9, as shown in eq 4. These complexes were thoroughly
characterized in solution and in the solid state. Jordan and co-

workers173 have found that [(tmeda)Pd(CH3)(n-C3F7)] reacts
with dppp to give [(dppp)Pd(CH3)(n-C3F7)], which then can
be converted to [(dppp)Pd(NMePh2)(n-C3F7)]

þ[B(C6F5)4]
-

on treatment with [HNMePh2]
þ[B(C6F5)4]

-. This cationic
complex does not react with ethylene or vinyl chloride but is
readily converted to [(dppp)Pd(CO)(n-C3F7)]

þ[B(C6F5)4]
-

when exposed to CO.
In 2004, Naumann’s group174 reported a remarkable observa-

tion that is particularly important for the chemistry of trifluo-
romethylpalladium complexes in general and for Pd-catalyzed
trifluoromethylation with Ruppert-type reagents in particular. It
was found that on treatment of [(Ph3P)2MCl2] (M = Pd, Pt)
with CF3SiMe3 in the presence of [Me4N]

þF-, the generated
CF3

- carbanion equivalent can easily displace not only the
chloro ligands but also the phosphines on the metal (eqs 14
and 15).174 Nonselective displacement of halide and phosphine
ligands with CF3 has also been observed59,135 for Pd aryls
stabilized by monodentate and weakly bound bidentate phos-
phines. However, tightly binding diamino and diphosphino
ligands on Pd are sufficiently resistant to this type of substitution
by CF3, which has allowed for the preparation of a large series of
well-defined trifluoromethyl Pd complexes (e.g., eq 16),135

usually in good to high yield (Table 1).66,135,175,176

The problem of displacement of weakly bound phosphine
ligands on Pd with CF3

- deals with its facile uncontrolled release
from CF3SiMe3/F

-. To obviate this problem, the desired
trifluoromethylation can be performed on a Pd-F starting
material with Ruppert’s reagent in the absence of an external
activator such as F-. This way [(Ph3P)2Pd(Ph)(CF3)] and
[(Xantphos)Pd(Ph)(CF3)] have been prepared in high yield
(eq 17) and fully characterized, including X-ray diffraction.59,66

The corresponding Pd fluorides may be preisolated or used
in situ. Interestingly, although both [(Ph3P)2Pd(Ph)(F)]

177 and
[(Ph3P)2Pd(Ph)(CF3)]

59 are trans and [(Xantphos)Pd(Ph)(F)]
is also trans, [(Xantphos)Pd(Ph)(CF3)] is cis in the solid
state and predominantly cis in solution.59 Most recently,
Buchwald and co-workers63 reported the synthesis of triflu-
oromethyl Pd(II) aryls stabilized by BrettPhos (eq 18). We
propose that the modest yields of 37-38% are because of
partial displacement of the BrettPhos ligand with CF3.
The X-ray structure of [(BrettPhos)Pd(4-MeOC6H4)(CF3)] is
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Table 1. Trifluoromethyl Complexes of Pd(II) Prepared with Ruppert’s Reagent, Optionally Followed by Ligand Exchange
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remarkable in that the Pd atom is chelated by the P center and the
methoxy group in its vicinity, as shown in eq 18. Also very
recently, a few CF3Pd(IV) complexes were reported.176,178 The
reaction of [(t-Bu-bpy)Pd(4-C6H4F)(CF3)] with N-fluoro-2,4,6-
trimethylpyridinium triflate produced octahedral [(t-Bu-bpy)
Pd(CF3)(F)(OTf)(C6H4F)] that was isolated in 53% yield and

structurally characterized.176 Another CF3Pd(IV) complex,
[(bzq)Pd(CF3)(OAc)2(OH2)], has been prepared in 2-65%
yield via electrophilic trifluoromethylation of [(bzq)Pd(OAc)] dimer
with 3,3-dimethyl-1-(trifluoromethyl)-1,2-benziodoxole, 1,3,3-tris-
(trifluoromethyl)-1,2-benziodoxole, 1- (trifluoromethyl)-1,2-benzio-
doxol-3(1H)-one, or 5- (trifluoromethyl)dibenzothiophnium triflate

Table 1. Continued
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or tetrafluoroborate.178 The structure of [(bzq)Pd(CF3)(OAc)2
(OH2)] has been determined by X-ray diffraction.

All recently prepared trifluoromethyl Pd aryls have been made in
order to study Ar-CF3 reductive elimination, a highly sought after
process required for Pd-catalyzed trifluoromethylation of haloar-
enes, as described in sections 4.2 and 5. During the quest for Ar-CF3
bond formation at Pd, however, some interesting transforma-
tions have been found that are worth mentioning. The thermal
decomposition of [(dppe)Pd(Ph)(CF3)] in the presence of PhX
(X = I, Cl) was originally hoped to produce PhCF3 along with
[(dppe)Pd] to be trapped by PhX oxidative addition, leading to
[(dppe)Pd(Ph)(X)].135 A totally unexpected reaction occurred
instead, giving rise to [(dppe)Pd(CF3)(X)] and Ph2 (Scheme 7).
A thorough study of this striking transformation showed that it
was catalyzed by minute quantities of adventitious water. The
mechanism of catalysis is remarkable, involving H2O-induced
reduction of a small quantity of the initial Pd(II) complex to
Pd(0). Two routes from [(dppe)Pd(Ph)(CF3)] and H2O to
Pd(0) have been identified and studied in detail.135 One is
initiated by R-F-elimination followed by hydrolysis of the
resultant difluorocarbene to carbonyl, migratory insertion,
and reductive elimination of PhC(X)O, where X = F, OH,
or OOCPh. The other pathway involves the Pd(II)/P(III) to
Pd(0)/P(V) redox process,179 leading to dppeO, Pd(0), and
CHF3.

135 As shown in Scheme 8, the Pd(0) produced these ways
oxidatively adds PhX to give a σ-Ph-Pd(II) species. The latter then
undergoes transmetalation with [(dppe)Pd(Ph)(CF3)], followed

by Ph-Ph reductive elimination, leading to the final products and
regenerating Pd(0).

3.5. Nickel
The first perfluoroalkyl complexes of Ni were synthesized by

Stone’s group in the 1960s.180-182 The earlymethods were based
on oxidative addition of perfluoroalkyl iodides to Ni com-
plexes,180-185 e.g., the formation of [LNi(Rf)(L0)] (where L =
dppe, L0 = I, Rf = C2F5, n-C3F7;

180 L = Cp, L0 = CO, Rf = CF3,
C2F5, n-C3F7

181) upon treatment of [(dppe)Ni(CO)2] or
[CpNiCO]2 with the corresponding RfI. Nickel perfluoroalkyls
have been proposed186 as products of the reaction of [Ni(CO)4]
with RfI in donor solvents. The first structural characterization
of aNi perfluoroalkyl, [CpNi(PPh3)(CF3)],was reported in 1970.

187

A series of trifluoromethyl nickel aryls [(dippe)Ni(Ar)(CF3)]
has been recently prepared by Vicic (eq 19)188 using
the methodology previously developed for the synthesis
of similar Pd complexes (cf. eq 16).135 Double trifluoromethyla-
tion of [(dippe)Ni(I)2] with CF3SiMe3/CsF afforded
[(dippe)Ni(CF3)2] in 26% yield.188 Two of the complexes,
[(dippe)Ni(2-naphthyl)(CF3)] and [(dippe)Ni(CF3)2], have
been structurally characterized. The structure of the latter
revealed that the Ni-C bond distances were similar, whereas
Ni-P bonds were longer than those previously determined for
the nonfluorinated analogue [(dippe)Ni(CH3)2].

4. STOICHIOMETRIC Ar-CF3 BOND FORMATIONWITH
METALS

The vast majority of metal-promoted aromatic trifluoro-
methylation reactions employ copper (section 4.1). Only in
the last 5 years have the first examples of aromatic C-CF3 bond
formation at Pd and Ni centers been reported. These transfor-
mations are reviewed in section 4.2. Catalytic trifluoromethyla-
tion of aromatic compounds is described in section 5.

Scheme 7 Scheme 8
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4.1. Copper-Promoted Reactions
All existing methods for Cu-promoted aromatic trifluoro-

methylation can be divided into five groups by the nature of CF3
source: (i) polyfluorinated methanes (CF3I, CF3Br, CF2Br2,
CF3H, etc.); (ii) derivatives of trifluoroacetic and fluorosulfo-
nyldifluoroacetic acids; (iii) CF3Cu species generated from
trifluoromethyl derivatives of Hg(II), Zn(II), and Cd(II) via
metathesis; (iv) Ruppert’s reagent CF3SiMe3 and its ethyl
analogue CF3SiEt3; and (v) well-defined trifluoromethyl cop-
per complexes. Excellent reviews by Burton and Yang45 and by
McClinton and McClinton,44 both published in 1992, provide
an exhaustive description of methods (i)-(iv) up to the early
1990s. In this section, we present a general overview that covers
both earlier publications andmost recent reports on the subject.
All copper-promoted trifluoromethylation reactions of iodo-,
bromo-, and chloroarenes are summarized in Tables 2, 3, and 4,
respectively.
4.1.1. PolyfluorinatedMethanes as CF3 Sources. In their

pioneering work of the 1960s, McLoughlin and Thrower55,56

found that perfluoroalkyl-substituted aromatic compounds
can be prepared directly from iodoperfluoroalkanes and io-
doarenes in the presence of copper powder (eq 1). Although
their work was mostly focused on higher perfluoroalkyl iodides
(see section 6) and only one example of trifluoromethylation
was reported (eq 20), the new method was thoroughly
investigated to become key for further developments in the
area.

As described in section 3.3 above, it was shown that RfCu
reactive species are produced on treatment of RfI with Cu
powder and that these species can then react with haloarene
substrates to give the corresponding perfluoroalkylarenes. Of
many other metals screened, only copper promoted the coupling.
Both DMSO and DMFwere found to be the best solvents for the
reaction, although pyridine, HMPA and DMAC could be used as
successfully. The reaction required temperatures up to 150 �C,
up to 4-fold excess of Cu metal, and up to 2-fold excess of
iodoarene substrate.
Following the original McLoughlin-Thrower patent publica-

tion55 Kobayashi and Kumadaki57 improved the trifluoromethy-
lation reaction. The best yields were obtained in DMF with a 3-
12-fold excess of both CF3I and Cu powder that had been freshly
precipitated from an aqueous solution of copper sulfate with zinc
dust. The reaction proceeded at 130-140 �C for 11-20 h.57,189

As expected, aryl bromides and especially chlorides were much
less reactive: PhBr gave rise to PhCF3 in only 11% yield, whereas
PhCl did not react at all. However, more electron-deficient
1-chloro-4-nitrobenzene as well as chloro- and bromo-substi-
tuted quinolines and isoquinolines did undergo trifluoromethy-
lation under such conditions to furnish the desired products in
11-74% yield (Scheme 9).
Kobayashi et al. have also developed trifluoromethylation of

simple heteroaromatic systems such as halopyrimidines190 and
more complicated substrates, halopyrimidine and halopurine
nucleosides (Scheme 10).190,191 Rather electron-rich 2- and
3-bromobenzofurans were trifluoromethylated in 53-60%
yield,192 although since then it has been found193 that these
reactions are not regioselective, giving rise tomixtures of isomers,
especially when performed in pyridine.

Scheme 9

Scheme 10
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The McLoughlin-Thrower reaction has been widely used for
the synthesis of trifluoromethylated building blocks and com-
pounds of particular interest, of which some are shown in
Scheme 11.194-203 In this and some other schemes, a halogen
atom in parentheses next to the CF3 groups indicates if the
trifluoromethylation was carried out using the corresponding
iodo, bromo, or chloro starting material.
As CF3I is expensive, a number of attempts have been made to

replace it with a lower cost reagent. Kobayashi and Kumadaki204

observed considerably lower yields for trifluoromethylation
of iodobenzene (22%) and 3-bromoquinoline (11%) upon
replacement of CF3I with CF3Br under the same conditions. It

has been reported205 that solutions of “ligandless” CuCF3 can be
efficiently produced from CF3Br and Cu in pyridine/DMF/
4-(dimethylamino)pyridine and subsequently used (eq 21).
Another approach involves use of CF3Br in an electrolytic cell

with a copper anode (Scheme 12).206 Two procedures have
been developed. In one (protocol I in Scheme 12), a CF3Cu
compound is pregenerated by bubbling CF3Br through the
cell containing a DMF solution of Bu4NBr as supporting
electrolyte and PPh3. The latter was added to avoid pre-
cipitation of the CuBr byproduct. After passing constant
current through thatmixture for 6 h, the substrate was then added to
undergo trifluoromethylation. The second, more convenient pro-
cedure (protocol II in Scheme 12) employed an autoclave that was
charged with all reagents. In protocol II, better yields were obtained
when tmeda was used in place of PPh3. The two methods gave
comparable yields that were high for iodoarenes, good to high for
electron-deficient bromoarenes, and poor for electron-enriched
bromoarenes (Scheme 12).
Highly electron-deficient aryl chlorides have been trifluoro-

methylated with Cu/CF2Br2 in DMAC (Scheme 13).207,208 The
method is only applicable to chloroarenes bearing the most
powerful electron-withdrawing groups. In some cases,208 better
yields were obtained in the presence of charcoal, e.g. 89% vs 59%
for 1-nitro-2-(trifluoromethyl)benzene. The nature of the ben-
eficial effect of charcoal is unclear.

Scheme 11

Scheme 12
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More examples of trifluoromethylation with Cu/CF2Br2 have
been reported209-214 to synthesize the compounds shown in
Scheme 14.
Fluoroform CHF3 could be an ideal CF3 source (see section

2), yet its use in aromatic trifluoromethylation has been limited.
Direct cupration and zincation of CHF3 even with strong Cu and
Zn bases have been unsuccessful.85 Deprotonation of CHF3 with
dimsyl potassium or t-BuOK usually leads to difluorocarbene,

unless carried out at low temperatures in DMF, where the
primary product, CF3

-, is stabilized as its adduct (eq 2). The
latter has been shown85 to react with CuI to first produce
Me2NC(H)(CF3)OCu and then eventually CuCF3 species
(19F NMR). These species are stable in 1:1 DMF/DMI at room
temperature and have been shown to react with 4-iodoanisole to
give 4-(trifluoromethyl)anisole in 40% yield (Scheme 15).
Phenyl trifluoromethyl sulfone and sulfoxide that may be

prepared from CHF3 have been used86 to generate a “CF3
-”

synthon on treatment with t-BuOM (M = K, Na). In the
presence of CuI at -50 �C, a CuCF3 species was formed that
was then treated with PhI to give benzotrifluoride in 26% yield
(eq 22).

4.1.2. Trifluoroacetic and Fluorosulfonyldifluoroacetic
Acid Derivatives as CF3 Sources. In 1981, Kondo’s group81

reported Cu-promoted decarboxylative trifluoromethylation of aryl
halides with sodium trifluoroacetate, an inexpensive CF3 source
(Scheme 16). Although the reaction occurs under harsh conditions

Scheme 14

Scheme 15

Scheme 16

Scheme 13
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and requires excess of CF3COONa, good yields can be obtained.
More publications quickly followed215,216 to report this type of
trifluoromethylation for a broader range of aromatic and
heteroaromatic halides, as well as mechanistic studies of the
reaction. It has been shown that premade trifluoromethyl
benzoate does not undergo decarboxylation under the coupling
reaction conditions and that CF3COONa produces fluoroform
when heated in aqueous NMP, with CuI increasing the rate of
decarboxylation.216 The Hammett plot constructed using a
series of substituted iodobenzenes in the reaction gave F =
0.46, pointing to an accelerating effect of electron-withdrawing
groups. Numerous examples of aromatic trifluoromethylations
with CF3CO2Na,

217-221 CF3CO2K,
222 and CF3CO2NR4

222a,223

(R = Me, n-Bu) have been communicated.
A drawback of the decarboxylative trifluoromethylation with

alkali metal trifluoroacetates on a larger scale is their hygroscopicity
and limited solubility in solvents suitable for the reaction. Also, in
order to reach high conversions and yields, sodium trifluoroacetate
must be used in large excess, up to 10-fold. To eliminate these
problems, Langlois et al.82 recently developed a similar process
employing methyl trifluoroacetate (Scheme 17). However, the
Langlois method still employs high temperatures and uses a 5-fold
excess of the trifluoromethylating agent and 2.5 equiv of CsF that is
needed for the Krapcho-type decarboxylation step.
It has been found224 that FSO2CF2CF2OCF2CO2K can easily

decompose in the presence of CuI to generate reactive CF3Cu at
as low as 45 �C (Scheme 18). Although the sulfur-free analogues
CF3(OCF2)nCO2M (n = 1, M = K, Na; n = 2, M = K) trifluo-
romethylate iodoarenes at a higher temperature (115 �C), the
yields (19F NMR) are high, especially when CF3OCF2CO2K is
employed.225 Thus, iodobenzene, 1-iodonaphtalene, and 4-ni-
troiodobenzene gave the corresponding trifluoromethylated
derivatives in 100%, 97%, and 86%, respectively. Less reactive
4-nitrobromobenzene was converted to 4-(trifluoromethyl)-1-
nitrobenzene in only 25% yield under similar conditions.

Chen and Wu100 have found that FSO2CF2CO2Me readily
eliminates CO2 and SO2 in the presence of CuI inDMF at as low as
60-80 �C to produce CuCF3 species that can be used for aromatic
trifluoromethylation. This remarkable reaction can be catalytic in
Cu and will be discussed in more detail in section 5 below. Surp-
risingly, numerous articles226-243 and patents210,221,244-263 report
aromatic trifluoromethylationwith FSO2CF2CO2Meusing stoichio-
metric rather than catalytic amounts of Cu, e.g., for the synthesis of
compounds shown in Scheme 19. Chen’s group has also repor-
ted264,265 Cu-promoted trifluoromethylation of bromoporphyrins
with FSO2CF2CO2Me in the presence of Pd2(dba)3 3CHCl3 (5-
10 mol %) and, optionally,264 AsPh3 (40 mol %). The presence of
catalytic quantities of Pd has been reported264,265 as crucial for these
trifluoromethylations to be successful. This interesting observation
and the role of Pd are discussed in section 5 below.
Decarboxylative trifluoromethylation has also been

performed with BrCF2CO2K
266 or XCF2CO2Me, where

X = Cl,96-98 Br,98 I,98a or FSO2(CF2)2O.
267 While the latter,

FSO2(CF2)2OCF2CO2Me, already contains a “masked” CF3
fragment, the other halodifluoroacetates do not. Therefore, the
trifluoromethylation with FSO2(CF2)2OCF2CO2Me smoothly
proceeds in the absence of an additional source of fluoride,
whereas 1 equiv of KF is needed to achieve better yields when
chloro-, bromo-, and iododifluoroacetic acid derivatives are used.
Both FSO2(CF2)2OCF2CO2Me and ClCF2CO2Me undergo
decarboxylation at higher temperatures (up to 120 �C) than
BrCF2CO2Me and ICF2CO2Me, which decompose at 85-
90 �C. All four reagents give comparable yields of ca. 80% for
PhI and simple substituted iodobenzenes. It has been proposed
that the mechanism of these reactions (Scheme 20) involves the
formation of the corresponding Cu(I) carboxylate, followed by
decarboxylation and generation of difluorocarbene, which, in the
presence of fluoride, gives rise to a CF3Cu species. However,
attempts to trap the proposed carbene intermediate with olefins
have been unsuccessful. Methyl chlorodifluoroacetate has been

Scheme 18

Scheme 17
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widely used268-282 in the synthesis of important intermediates
and compounds, some of which are shown in Scheme 21.
Closely related to the reactions employing FSO2CF2CO2Me and

FSO2(CF2)2OCF2CO2Meare the trifluoromethylations performed
with fluorosulfonyl difluoromethyl iodide FSO2CF2I and Cu metal
(Scheme 22).283

A single electron transfer scavenger (4-dinitrobenzene) and a
free radical inhibitor (hydroquinone) have been found to par-
tially suppress the reaction. Difluorocarbene is believed to

mediate these transformations that produce detectable quantities
of 1,1-difluoro-2,2,3,3-tetramethylcyclopropane when carried
out in the presence of 2,3-dimethylbut-2-ene. A product of
addition of the FSO2CF2 radical to an olefin has also been
detected. A proposed mechanism accounting for these observa-
tions is shown in Scheme 23.
Another CF3 source for aromatic trifluoromethylation, CF3

N(NO)SO2CF3, has been developed by Umemoto.284 This
reagent is prepared in two steps from CF3NO, NH2OH, and

Scheme 20

Scheme 21

Scheme 19

Scheme 22
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CF3SO2F in overall 58% yield. The thermal decomposition of
CF3N(NO)SO2CF3 in the presence of Cu metal and an
aromatic halide in HMPA or NMP affords the corresponding
benzotrifluoride (Scheme 24). It has been briefly mentioned
without experimental details that CF3SO2Cl reacts with Cu in
DMAC to generate CF3Cu that can trifluoromethylate
1-chloro-2,4-dinitrobenzene.285

4.1.3. Trifluoromethylcopper Reagents via Transmeta-
lation. As described in section 3.3 above, the first example of

CF3 transfer to Cu from another metal was reported by Yagu-
polskii’s group in 1980.166 They found that Hg(CF3)2 reacted
with Cu powder to give a reactive CuCF3 species that trifluoro-
methylated iodoaromatic compounds (Scheme 25).
Trifluoromethyl derivatives of Cd(II) and Zn(II) have been

used to generate CuCF3 via transmetalation with Cu(I) halides.
Burton and Wiemers95,167 have reported that Cd(II) and Zn(II)
trifluoromethyl reagents can be prepared from difluorodihalo-
methanes (CF2Br2, CF2Cl2, CF2BrCl) and the corresponding
metal in DMF. It has been proposed that the mechanism of these
reactions (Scheme 26) involves reduction of CF2X2 to give
difluorocarbene. The latter is captured by DMF to give CO
and R,R-difluorotrimethylamine that is known to be a fluoride
source. Addition of the F- to :CF2 leads to “CF3

-” which forms
M(CF3)nX2-n (M =Cd, Zn; X = Cl, Br; n = 1, 2). These reagents
readily transfer the CF3 group to copper of CuBr in DMF, the
reaction being much faster for cadmium than for zinc. The
formation of CuCF3 from the CdCF3 species readily occurs even
at -50 �C.
The Wiemers-Burton 19F NMR studies of the CF3Cu

species generated on the transmetalation are discussed in

Scheme 23

Scheme 24

Scheme 25

Scheme 26
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section 3.3 above. Although the system is very complex,167,286

in DMF-HMPA the Cu reagent is stable and smoothly
trifluoromethylates aryl iodides in high yields (Scheme 27).
Both ZnCF3

114,287,288 and CdCF3
289,290 reagents have been

used by other groups for Cu-promoted aromatic trifluoro-
methylation. Very recently, Kremlev et al.114 reported the
generation of CuCF3 solutions from Zn(CF3)Br 3 2DMF and
CuBr in DMF. The Zn reagent solution that was prepared from
CF3Br and zinc dust can be stored for a long period (6-12
months) under an inert atmosphere at low temperatures and
used when desired for aromatic trifluoromethylation, e.g.,
Scheme 28. When less reactive aryl halides were used, the coupling
was less selective because of the competing transformation of
CuCF3 to CuCF2CF3. As a result, the formation of both trifluoro-
methylated and pentafluoroethylated products was observed.
4.1.4. Ruppert’s Reagent CF3SiMe3 and its Ethyl Ana-

logue CF3SiEt3. Soon after CF3SiMe3 was reported to be
an excellent reagent for trifluoromethylation of carbonyl
compounds, its ethyl analogue CF3SiEt3 was found to be
useful to generate CuCF3 species for coupling with iodo-
arenes (Scheme 29).291

This methodology has been applied, with minor modifica-
tions, for the synthesis of trifluoromethyl-substituted pyridines
from polyhalopyridines.292-295 Under similar conditions, bro-
mopyridines react ca. 50 times slower, while chloropyridines
remain intact. Unsurprisingly, when different halogens are pre-
sent on the ring, it is the heavier halide that is selectively displaced
(Scheme 30). The same trend has been observed for polyhalo-
naphthalenes (Scheme 31).296

In highly activated aromatic systems bearing several strong
electron-withdrawing substituents, C-F and even C-CN bonds
can be trifluoromethylated, albeit in low yield (Scheme 32).297a It is
worth noting, however, thatmost closely related, highly electrophilic
substrates such as pentafluoropyridine, perfluorotoluene, and per-
fluorobiphenyl undergo facile nucleophilic displacement of fluorine
with CF3 upon treatment with [Me3SiF2]

--activated CF3SiMe3 in
the absence of copper or any other metal catalyst/promoter at room
temperature.297b

Kolomeitsev and co-workers168 have recently prepared a series
of very interesting polytrifluoromethylated benzenes using
CuCF3 pregenerated from CF3SiMe3, CuBr, and KF in DMF
at 0 �C and additionally stabilized with DMI. Treatment of C6I6

Scheme 27

Scheme 28

Scheme 29

Scheme 30
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with this reagent solution afforded C6(CF3)6 (45%) along with
C6(CF3)5(OK) (20%) and C6H(CF3)5 (14%). In recent years
Ruppert’s reagent has become a particularly popular CF3 source
for Cu-promoted trifluoromethylation of aryl halides.298-325

Some examples of important compounds made by this method
are shown in Scheme 33.
4.1.5. Well-Defined CF3Cu Complexes. The first example

of aromatic trifluoromethylation with a well-defined CuCF3 com-
plex was reported by Willert-Porada, Burton, and Baenziger127 in
1989. When structurally characterized [(Et2NCS2)Cu(CF3)2] (see

section 3.3) was heated with iodobenzene, 4-bromoanisole, or
1-bromo-4-iodobenzene, the corresponding trifluoromethylated
arenes were formed. As the trifluoromethylating agent was aCu(III)
compound, it is likely that it underwent reduction prior to reaction
with the aromatic electrophiles.
Vicic and co-workers60,170 have recently prepared and char-

acterized a series of new CF3Cu complexes stabilized by NHC
ligands (see section 3.3). The Me3Si-IPrCuCF3 complex has
been found to slowly react with PhI at room temperature to give
PhCF3 in 33% yield after 44 h (eq 23).60

Scheme 32

Scheme 31

Scheme 33
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Table 2. Copper-Promoted Trifluoromethylation Reactions of Aryl Iodides
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Table 3. Copper-Promoted Trifluoromethylation Reactions of Aryl Bromides
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Table 4. Copper-Promoted Trifluoromethylation Reactions of Aryl Chlorides
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Saturated NHC-stabilized CuCF3 complex [(SIiPr)Cu(CF3)]
60

has also been shown to trifluoromethylate iodoarenes. Although
quite low in THF (Scheme 34), the yields are excellent in DMF,
where the reactive complex is generated in situ from its t-BuOCu
precursor (Scheme 35).
The bulkier NHC analogue [(SIMes)Cu(CF3)] exhibits si-

milar reactivity toward iodoarenes (Scheme 36).170 In solution
this complex equilibrates with its cuprate form [(SIMes)2Cu]

þ

[Cu(CF3)2]
- (see section 3.3).

Most recently, the same group101 preparedNHC-stabilizedCu(I)
fluoroacetates [(SIiPr)Cu(CF3CO2)], [(SIiPr)Cu(CF2ClCO2)],
and [(SIMes)Cu(CF3CO2)]. Decarboxylation of these

complexes at 160 �C in neat iodobenzene, 4-bromotoluene, or
their solutions in DMAC gave the corresponding trifluoromethy-
lated products in low to moderate yield (Scheme 37).

4.2. Ar-CF3 Bond Formation at PalladiumandNickel Centers
Just 5 years ago a chemist would laugh at the idea of Pd-

catalyzed nucleophilic trifluoromethylation of aryl halides. In-
deed, any plausible catalytic loop for such transformation (e.g.,
Scheme 38)66 would inevitably involve Ar-CF3 reductive
elimination59,135 as a key step. Until recently, this step was con-
sidered hopeless because of the exceptional strength and inert-
ness of late transition metal bonds to perfluoroalkyls.47,48

Indeed, [(dppbz)Pd(2-Tol)(CF3)] has been found to remain
intact at 130 �C for days.175 Both [(dppe)Pd(Ph)(CF3)] and
[(dppp)Pd(Ph)(CF3)] have been reported135 to produce PhCF3
but only in 10-60%yield after longhours at 145 �C.For comparison,
Ar-CH3 reductive elimination from analogous nonfluorinated com-
plexes easily occurs at 15-40 �C.326 Although the thermal

Table 4. Continued

Scheme 35

Scheme 34
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decomposition of [(Ph3P)2Pd(Ph)(CF3)] is facile, readily occurring
at 60 �C in benzene in the presence of PhI, no Ph-CF3 bond forma-
tion takes place.59 Instead, Ph-PPh3 reductive elimination initiates
the reaction that eventually leads to a 2:1:1 mixture of
[(Ph3P)2Pd(Ph)I], [Ph4P]

þ[(Ph3P)Pd(CF3)3]
-, and Ph2

(eq 24). A plausible mechanism for this complex yet highly selective
transformation is shown in Scheme 39.59

A breakthrough in the area was reported in 2006. It was
found59 that unlike numerous other trifluoromethyl palladium
aryls, [(Xantphos)Pd(Ph)(CF3)] underwent remarkably
clean and facile Ph-CF3 reductive elimination at as low as
50-80 �C (eq 25). This result demonstrated, for the first time,
the very possibility of Pd-catalyzed nucleophilic aromatic
trifluoromethylation. Such catalytic process that was

reported63 most recently is discussed in section 5. In that
work, Ar-CF3 reductive elimination was studied from two
[(BrettPhos)Pd(Ar)(CF3)] complexes, as shown in eq 26 (see
also eq 18). In both cases Ar-CF3 bond formation cleanly
occurred in dioxane at 80 �C to follow first-order decay with
t1/2 = 22-24 min, indicating that the reaction rate was
independent of the substituents on the σ-aryl ligand. This
unexpected result was rationalized by DFT calculations. The
computational study predicted nearly identical activation bar-
riers of ca. 22 kcal mol-1 for both complexes due to significant
elongation of the strong Pd-CF3 bond in the transition state
being by far the major contributor to the activation energy. As
the substituent on the σ-aryl ligand has little influence on the
Pd-CF3 bond strength, Ar-CF3 reductive elimination from
both complexes occurred at similar rates.

Also very recently, Ar-CF3 reductive elimination from Pd-
(IV) complexes was reported.176,178 Quite expectedly,135,178 a
series of Pd(II) complexes [(L-L)Pd(Ar)(CF3)] (L-L= t-Bu-bpy,
tmeda, dppe) have been found176 unreactive toward Ar-CF3
reductive elimination, even under drastic conditions. In the pre-
sence of N-fluoro-2,4,6-collidinium triflate, however, clean forma-
tion of the Ar-CF3 bond occurred at 80 �C in nitrobenzene to give
the coupling products in 29-89% yield. In one case, an intermed-
iate Pd(IV) complex [(t-Bu-bpy)Pd(CF3)(F)(OTf)(4-C6H4F)]

Scheme 38

Scheme 36

Scheme 37
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was isolated, structurally characterized (section 3.4), and shown to
reductively eliminate 4-fluorobenzotrifluoride (eq 27). Although
quite interesting, these Pd(II)/Pd(IV) transformations are unre-
lated to the ultimate goal of trifluoromethylation (and functionaliza-
tion in general) of haloarenes because, unlike Pd(0), neither Pd(II)
nor Pd(IV) can activate aromatic carbon-halogen bonds. Another
CF3Pd(IV) complex, [(bzq)Pd(CF3)(OAc)2(OH2)], has been
found178 to undergo reductive elimination at 60 �C to produce
bzq-CF3, bzq-OAc, and bzq-OH. In acetic acid, 1,2-dichloro-
ethane, chloroform, and nitrobenzene, the bzq-CF3 bond forma-
tion (54-62%) was predominant. However, in 1,2-dichloroethane
containing 50 equiv of pyridine, bzq-OHwas formed in 84% yield.
Mechanistic studies pointed to Pd-OAc bond ionization prior to
Ar-CF3 reductive elimination.

Trifluoromethyl nickel aryls [(dippe)Ni(Ar)(CF3)] readily
decompose in solution to give biaryls, [(dippe)Ni(CF3)2], and
no ArCF3.

188 The latter formed, albeit in only 11-22% yield,
when the decomposition was carried out in the presence of
PhZnBr, ZnBr2, or water as promoters.

5. METAL-CATALYZED AROMATIC TRIFLUORO-
METHYLATION REACTIONS

Aromatic trifluoromethylation reactions that are catalytic in
metal are still rare. In 1982, Kitazume and Ishikawa327 briefly
communicated Pd-catalyzed reductive coupling of perfluoroalkyl
iodides with various organic halides (iodoarenes included) in
the presence of Zn dust under sonication (eq 28). No full
report has followed. Interestingly, although [(Ph3P)2Pd(Cl)2]
was reported327 to be active added catalyst, more recently it was
demonstrated59 that Ph3P-stabilized trifluoromethyl Pd aryls do
not undergo Ar-CF3 reductive elimination (see eq 24 and
Scheme 39 in section 4.2).

In 1989, Chen andWu100 reported trifluoromethylation of aryl,
alkenyl, and alkyl halides with FSO2CF2CO2Me in the presence
of CuI in catalytic quantities (12 mol %). The reaction with ArX
proceeds in DMF or DMSO at as low as 60-80 �C to furnish the
corresponding benzotrifluorides in 61-92% yield (Scheme 40).

Nine years after Chen and Wu published their report,100 a
patent328 appeared describing applications of a similar catalytic
system with only 1.2 mol % Cu. As described in the patent, it is
essential to replace DMF with NMP and CuI with CuBr in order
to achieve good solubility of Cu(I) in the reaction medium

Scheme 40

Scheme 39
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(Scheme 41). This explanation is only partially satisfactory,
because as the reaction occurs, large quantities of iodide are
released that may bind to the Cu(I).

Considering the reported possibility of performing the
trifluoromethylation with FSO2CF2CO2Me in a catalytic
manner,100,328 it is surprising that in numerous other papers226-243

and patents210,221,244-263 using this method a Cu(I) salt is employed
in stoichiometric rather than catalytic amounts.

Two Japanese groups very recently developed Cu-catalyzed
aromatic trifluoromethylation reactions with CF3SiR3 (R = Me
or Et). Inoue et al.61 describe in their 2009 Japanese patent (filed
inMarch 2008) a series of Cu-catalyzed aromatic trifluoromethy-
lation reactions with Ruppert’s reagent. Oishi, Kondo, and
Amii62 reported a similar Cu-catalyzed process with CF3SiEt3
in a 2009 communication (submitted in December 2008).

The protocol developed by Inoue’s group61 employs 10mol %
of CuI and 2-(N,N-dimethylaminomethyl)pyridine as a ligand

(Scheme 42). The CuI/phen-based catalytic system is less
efficient under these conditions. Good yields can be obtained
for electron-deficient iodoarene substrates, whereas the trifluoro-
methylation of 2-iodotoluene and 4-iodoanisole affords the
corresponding products in only 15-19% yield. Interestingly
and importantly, recyclable acetonitrile is the best solvent for
the reaction; the yields do not improve in DMACwhich is a more
typical solvent for aromatic trifluoromethylation with CF3Cu
species.

The Oishi-Kondo-Amii catalytic method62 employs more
readily available and affordable 1,10-phenanthroline as a ligand
but much more expensive CF3SiEt3 as the trifluoromethyl source
(Scheme 43). The original Urata-Fuchikami protocol291

(Scheme 29) requires stoichiometric amounts of Cu(I). It was
reasoned62 that stoichiometric quantities of copper are needed
because of the significant difference in rates of the two key steps.
While the generation of reactive CuCF3 from CF3SiEt3, KF, and

Scheme 42

Scheme 43

Scheme 41
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Cu(I) is fast, the subsequent coupling with ArX and regeneration
of Cu(I) is much slower. As a result, insufficient quantities of
Cu(I) are supplied to regenerate CuCF3, thereby leaving the
trifluoromethyl source to undergo rapid fluoride-induced de-
composition to difluorocarbene. Moreover, slow consumption of
CuCF3 in the coupling process leads to its loss to side reactions.
The role of phananthroline is therefore believed62 to be twofold:
(i) it speeds up the Ar-CF3 coupling, thus providing sufficient
quantities of [(phen)CuI] for CF3 transfer from Si to Cu and
(ii) the ligand likely stabilizes the CuCF3 species toward side
reactions. The catalytic reaction proceeds smoothly with iodoar-
enes bearing electron-withdrawing groups, iodopyridines, and
2-iodoquinoline. The only nonactivated iodoarene used in
this reaction, 4-n-BuC6H4I, underwent trifluoromethylation in
a lower yield (44%).

In 1999-2000, Roche and Dolbier329,330 reported an intri-
guing observation of the beneficial effect of catalytic amounts of
PdCl2 on the trifluoromethylation of iodinated 1,1,2,2,9,9,10,10-
octafluoro[2.2]paracyclophanes with FSO2CF2CO2Me-CuBr
in DMF (e.g., eq 29). In the absence of PdCl2, the reaction was
poorly selective, leading mostly to deiodination and only <20% of
the trifluoromethylated product. However, when PdCl2 was added
(ca. 40mol%) the desired compoundwas obtained in 84% yield.329

The same effect of PdCl2, yet in much smaller amounts (ca. 5 mol
%), was then observed in the double trifluoromethylation reaction
of diiodo-1,1,2,2,9,9,10,10-octafluoro[2.2]paracyclophanes.330

Since the original Roche-Dolbier reports,329,330 similar ob-
servations of Pd catalysis have also been made by Qing331 and
more recently by Liu and Chen264,265 for trifluoromethylation of
bromoalkenes and bromoporphyrins with CuCF3. The mechan-
ism of action of the Pd additives in these reactions264,265,329-331

is unclear. Considering the exceptional reluctance of most
trifluoromethyl Pd(II) aryls to undergo Ar-CF3 reductive
elimination (see section 4.2), we believe that in reaction 27
and similar processes264,265,329-331 the role of Pd is limited to
Ar-X bond activation via oxidative addition. Aryl transfer
from Pd to the Cu atom already bearing a CF3 group followed
by Ar-CF3 coupling at the copper center would conclude the
transformation. An alternative mechanism involving transme-
talation of the CF3 group to an iodo Pd aryl intermediate
perhaps cannot be completely ruled out as the large steric bulk
of the σ-aryl on Pd might lower the activation barrier for
Ar-CF3 reductive elimination.However, [(dppbz)Pd(2-Tol)(CF3)]
bearing a bulky o-tolyl does not undergo Ar-CF3 reductive
elimination even when heated at 130 �C for days175 (see section
4.2).

After the principle feasibility of clean Ar-CF3 reductive
elimination from Pd(II) was demonstrated,59 Buchwald
et al.63 most recently developed the first Pd-catalyzed tri-
fluoromethylation of chloroarenes (Scheme 44). Aryl bro-
mides and triflates also reacted, although the yields were
lower. The key to success is the BrettPhos ligand that has
proven to be remarkably efficient in a number of otherwise
unattainable Pd-catalyzed transformations.332 The method63

is applicable to both electron-deficient and electron-enriched
aryl chlorides and exhibits good tolerance for functional
groups and some heteroaromatic rings. It is unclear, however,
if this catalytic reaction is efficient with substrates that can
coordinate to Pd, such as 2,6-unsubstituted halopyridines,
2-unsubstituted quinolines, etc.

Scheme 44
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Wang, Truesdale, and Yu64 have recently reported an inter-
esting example of Pd-catalyzed electrophilic aromatic trifluoro-
methylation with (trifluoromethyl)dibenzothiophenium triflate
or tetrafluoroborate (Scheme 45). The reaction furnishes ortho-
trifluoromethylated aromatic compounds that are formed via
cyclopalladation. The scope of substrates is limited to arenes
that (i) have at least one ortho C-H bond, (ii) are devoid
of strong electron-withdrawing substituents, and (iii) bear a
directing group for coordination to Pd prior to cyclometalation.
The process uses Pd(OAc)2 (10%), an equimolar amount
of Cu(OAc)2, and 10 equiv of trifluoroacetic acid, in the
absence of which the reaction does not proceed. A mechanistic
study178 on C-CF3 reductive elimination from related
[(bzq)Pd(CF3)(OAc)2(OH2)] (section 4.2) suggests that the
Cu(OAc)2 and CF3COOH additives (i) serve as a source of
AcOH that is needed to oxidize the originally produced

cyclopalladated dimer to the key mononuclear CF3Pd(IV)
intermediate and (ii) may also improve the yield by scavenging
reactive Pd species generated in the C-CF3 coupling step.

Also very recently, trifluoromethylation of arylboronic
acids was reported.333 The reaction employs 1,10-phenan-
throline-stabilized CuCF3 generated in situ from CF3SiMe3,
KF, and [Cu(OTf)] 3C6H6 (Scheme 46). A stoichiometric
amount of Ag2CO3 is required to oxidize trifluoromethyl Cu(I)
aryl intermediates after aryl transfer from boron prior to Ar-CF3
coupling. Although this reaction proceeds under mild conditions
(45 �C) and uses only semicatalytic quantities of Cu(I) (0.6
equiv), a 5-fold excess of Ruppert’s reagent is needed. Not
surprisingly, in contrast with coupling reactions of CuCF3 species
with aryl halides, electron-enriched arylboronic acids gave
slightly better yields than those bearing electron-withdrawing
substituents.

Scheme 46

Scheme 45
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6. AROMATICPERFLUOROALKYLATIONWITHHIGHERRF

As described in the Introduction (section 1), trifluoro-
methylated molecules find their main uses in the synthesis
of biologically active compounds, such as agrochemicals and
pharmaceuticals. Compounds bearing longer perfluoroalkyl
chains are more widely employed as building blocks for mate-
rials, polymers, elastomers, surfactants, and in various bran-
ches of fluorous chemistry.334 Many of the Cu-mediated trifluoro-
methylation reactions described above can be extended to the

introduction of higher Rf groups into the aromatic ring. Themost
general and widely used method is perfluoroalkylation with RfCu
reagents generated in situ from perfluoroalkyl iodides and
copper. Pentafluoroethylation can also be achieved via decarbox-
ylation of sodium or methyl perfluoropropionate in the presence
of Cu(I) or via C2F5 transfer from C2F5SiMe3 to copper. These
methods afford individual perfluoroalkylarenes. On the other
hand, trifluoromethylation with CuCF3 at elevated temperatures
is often accompanied by a side pentafluoroethylation reaction
because of the in situ formation of CuC2F5 via R-F-elimination

Scheme 47

Scheme 48
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and CF2 insertion into the Cu-CF3 bond. In several cases the
formation of mixtures of CF3(CF2)nCu (n > 0) is the main
reaction pathway that eventually leads to a mixture of aromatic
products bearing different Rf substituents. Sometimes this process
of elongation of the perfluoroalkyl chain can be controlled. For
instance, Cd(CF3)X

167 and Zn(CF3)Br 3 2DMF114 have been con-
verted exclusively toCuC2F5. Double CF2 insertion into the Cu-C
bond of C6F5Cu has been shown

286,335 to give C6F5CF2CF2Cu.
A large number of perfluoroalkylation reactions with various RfI

are described by McLoughlin and Thrower in their original 1969
report,56 including n-CnF2nþ1I (n = 2, 5, 7, 9), R,ω-diiodides
I(CF2)nI (n = 2, 3, 4, 7), I(CF2)3X (X = Ph, COOEt, COOH), and
i-C3F7I. Selected typical examples are presented in Scheme 47.

Following this methodology, numerous similar transforma-
tions have been reported (e.g., Scheme 48), including coupling of
(i) bromo- and iodothiophenes withCF3(CF2)nI (n= 0, 3, 4, 7);

336

(ii) bromo- and dibromoarenes with CF3(CF2)nI (n = 5, 7)
and FC(CF3)2O(CF2)nI (n = 4, 8);337,338 (iii) bromo- and
dibromopyridines, -pyrimidines, and -furans with n-C6F13I;

339 (iv)
iodoarenes with n-C8F17I and n-C8F17OCF2I;

340 and (v) iodoar-
enes with secondary iodides n-C3F7O[CF(CF3)CF2O]nCF(CF3)I
(n = 1, 2).341 Interestingly, the best yields in the latter case were
obtained not in DMSO or DMF but in C6F6 with 4 equiv of
DMSO and 0.07 equiv of bpy which speeded up the reaction
considerably. Since this beneficial effect of bpy was first
observed338 it has been widely used in many perfluoroalkylation
reactions of aryl halides.342-351

A novel ionic liquid, 1-butyl-2,20-bipyridinium bis(trifluo-
romethanesulfonyl)amide, has been used as a recyclable medium

for cross-coupling of aryl iodides with perfluoroalkyl iodides in
the presence of Cu under mild conditions (75 �C).352 Excellent
isolated yields (85-91%) have been obtained (e.g., eq 30).

Sodium and potassium perfluoropropionates in the presence
of CuI have been used216,353 for pentafluoroethylation of aryl
halides. Temperatures up to 170 �C are required for the
decarboxylation to proceed and the yields are in general lower
than in similar trifluoromethylation reactions using sodium
trifluoroacetate (Scheme 49). Heptafluoropropylbenzene has
been obtained from iodobenzene and perfluorobutyrate, albeit
in only 30% yield. There has been one example of pentafluo-
roethylation with methyl perfluoropropionate.82 The reaction
with iodobenzene occurs in sulfolane at 180 �C to yield 50% of
the desired product after 8 h.

Reactions of ClCF2CO2Me or BrCF2CO2Me with PhX
(X = I, Br) in the presence of KF and catalytic quantities of
CuI have been reported354 to produce mixtures of perfluoro-
alkylbenzenes CF3(CF2)nPh, predominantly with n = 0, 1, 2.

Scheme 49

Scheme 50

Scheme 51
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However, benzotrifluoride (n = 0) becomes the main product
when CuI is used in stoichiometric amounts under similar
conditions.

Pentafluoroethylation of iodoarenes has been performed with
C2F5SiMe3 (Scheme 50).

291 There has also been one example of
use of n-C3F7SiMe3 to obtain 1-perfluoropropyl-4-nitrobenzene
in 41% yield from 4-iodonitrobenzene.

Heating CF2Br2 or CF2BrCl with Cu powder in DMF leads to
mixtures of perfluoroalkyl copper reagents CF3(CF2)nCu with n
up to 16, the major products being perfluoroethyl-, propyl- and
butylcopper species.355 The distribution can be controlled by
temperature and other factors. For instance, with CF2Br2 at
85 �C, n-C4F9Cu is mainly produced (ca. 80%), whereas use of
CF2BrCl at 70 �C favors the formation of C2F5Cu with 80%
selectivity. The C2F5Cu generated this way can be used to
pentafluoroethylate iodoarenes. A similar approach to perfluoro-
ethyl aromatic compound is based on CuC2F5 obtained from
Zn(CF3)Br 3 2DMF and CuBr (Scheme 51).114

As mentioned above, double CF2 insertion into the Cu-C
bond of C6F5Cu leads to C6F5CF2CF2Cu that has been
shown286,335 to perfluoroalkylate iodoarenes in 30-68% yield.
The C6F5CF2CF2Cu reagent can be prepared from pregenerated
CuCF3 andC6F5Cu or directly fromC6F5CdX, CF3ZnX (X =Br,
CF3), and CuBr (Scheme 52).

7. CONCLUSIONS AND OUTLOOK

Since the discovery of the McLoughlin-Thrower reac-
tion55,56 in the 1960s (eq 1), considerable progress has been
made in the important, demand-driven area of metal-promoted
and metal-catalyzed aromatic trifluoromethylation. A number of
promising findings have been reported over the past 5 years,
including the first examples of previously inconceivable
Ar-CF3 bond formation at Pd(II),59,66 followed by the most
recent development of the first Pd-catalyzed trifluoromethy-
lation of aryl chlorides.63 Important advancements have also
been made in the development of Cu-catalyzed trifluoro-
methylations61,62,100 and Ar-CF3 bond formation with well-
defined Cu(I) complexes.60,170 However, many efforts in the
area still remain underdeveloped, and numerous improve-
ments are desired.

With regard to the use of copper and its compounds, one of
the greatest challenges is to develop promoters and conditions
that would allow high-yielding trifluoromethylations of bro-
moarenes. Although in some cases aryl bromides can be
successfully used in Cu-mediated perfluoroalkylation reac-
tions, iodoarenes are much more preferred due to their
enhanced reactivity. However, iodoarenes are less abundant
and much more costly. Another problem with Cu-promoted

trifluoromethylations deals with the fact that most of these
reactions proceed well only in aprotic dipolar solvents such as
DMF, DMSO, NMP, and HMPA. Let alone more hazardous
HMPA, all of these solvents are usually nonrecyclable while
being expensive. Shreeve’s352 demonstration of successful use
of a recyclable ionic liquid as a medium for the McLoughlin-
Thrower reaction is an important advance. However, the
problem is far from being solved. Further developments are
needed toward the use of ionic liquids as well as low-cost,
recyclable solvents for various trifluoromethylation reactions.
As copper is relatively inexpensive, its use in stoichiometric
quantities is tolerable. However, using Cu in catalytic quan-
tities for perfluoroalkylation reactions is certainly desirable.

Palladium is incomparably more costly than copper. There-
fore, a utilizable nucleophilic aromatic trifluoromethylation
process based on Pd must use catalytic, minimal quantities of
this precious metal. Furthermore, many ligands employed in
various Pd-catalyzed reactions often cost more than the metal
itself. This is the case with BrettPhos that is used in the only
currently available Pd-catalyzed nucleophilic aromatic trifluoro-
methylation reaction. Representing a remarkable achievement,
this process is likely already being used and will be used in the
medicinal chemistry and discovery agrochemical laboratories.
However, the current Aldrich and Strem catalogs suggest that
BrettPhosmight be too costly for applications on a larger scale: as
of February 2011, the Aldrich price for BrettPhos is $40.40 for 0.1
g or ca. $217 000.00 per mol (537 g). Of course, retail prices for
chemicals are considerably higher than the bulk prices. But even
so, the bulk price for BrettPhos has to be 1/100 of its current retail
price to become comparable with the current Johnson-Matthey
price of palladium on the U.S. market, $2282.5 per g-atom
($825.00 per troy oz). Therefore, for a Pd-catalyzed trifluoro-
methylation reaction that could be run on a larger scale, other less
expensive ligands are needed. Finding such ligands is a consider-
able challenge. Not only must such ligands promote Ar-CF3
reductive elimination, the most difficult step of the catalytic
loop, but they should also be compatible with other steps
within the same loop. BrettPhos obviously meets both re-
quirements, whereas Xantphos does not. While allowing
for the Ar-CF3 bond formation at Pd,59 Xantphos is
easily displaced by “CF3

-”, which leads to quick and irrever-
sible catalyst deactivation. Another problem associated
with the development of new ligands for Pd-catalyzed tri-
fluoromethylation reactions is the facile transmetalation reac-
tion between [LPd(CF3)(Ar)] and [LPd(Ar)(X)] (X = halide,
formerly of the ArX substrate), which are produced in the first
and second steps of the catalytic cycle, respectively
(Scheme 38). This transmetalation is facile, leading to

Scheme 52
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[LPd(Ar)2] which undergoes Ar-Ar reductive elimination,
and stable [LPd(CF3)(X)] that is catalytically inactive.59,135

Very little work has been done toward the development of Ni-
catalyzed trifluoromethylation reactions.

A comment is due on CF3 sources for trifluoromethylation
reactions. The currently most popular Ruppert-type reagents are
efficient, safe, easy to handle, yet expensive. A number of lower
cost, potentially useful CF3 sources (section 2) are on the
Montreal Protocol list, which limits their availability for research
in certain countries. While being all for safe and environmentally
benign technologies, we believe that limited access to useful
chemicals slows down research and, as a result, progress in many
important areas, trifluoromethylation chemistry certainly
being one. Scientists and engineers in both industry and
academia have proven capable of handling safely and wisely
highly toxic and hazardous materials, such as HCN, CO,
azides, and various radioactive compounds. Banning many
polyfluorinated methanes completely from the market in even
strictly limited, research quantities is unlikely to eliminate the
ozone layer problem. Yet, it is guaranteed to retard

developments in the vital area of aromatic trifluoromethyla-
tion targeted at finding an alternative to the environmentally
unfriendly Swarts reaction, which still remains the only
method to manufacture trifluoromethylated aromatics. Tri-
fluoromethane and alkali metal trifluoroacetates might be the
best CF3 sources. However, trifluoromethane is notorious for
quick decomposition to difluorocarbene upon deprotonation,
whereas alkali metal trifluoroacetates are hygroscopic and
poorly soluble in solvents that are suitable for the trifluoro-
methylation reactions. It is also worth noting that the forma-
tion of CuCF3 species from trifluoroacetates is accompanied
by release of equimolar quantities of CO2. In order to achieve
good yields, trifluoroacetic acid derivatives are conventionally
used in large excess, up to 10-fold. Developing an efficient
trifluoromethylation process that employs no or little excess of
trifluoroacetate is certainly desirable.

There is little doubt that research in the area of aromatic
trifluoromethylation and perfluoroalkylation with metal pro-
moters and catalysts will continue and intensify. Being both
scientifically exciting and demand-driven, this direction for

Scheme 53

Scheme 54

Scheme 55
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research is highly appealing. The scientific community is likely to
witness significant advances in this field in the near future.

8. LATEST DEVELOPMENTS

Since this manuscript was submitted for publication, new inte-
resting reports on aromatic trifluoromethylation have appeared in
the literature. Buchwald et al.356 reported trifluoromethylation of
aryl and heteroaryl boronic acids. This method is similar to the one
communicated just a fewmonths earlier byChu andQing333 but has
considerable advantages. First, the reaction356 proceeds at ambient
temperature and employs inexpensive Cu(OAc)2 rather than air-
sensitive andmuchmore costly [Cu(OTf)] 3C6H6used byChu and
Qing.333 Second, the amount of Ruppert’s reagent needed can be
reduced to 2 equiv356 from 5 equiv.333 Finally, oxygen is used as
reoxidant356 instead of Ag2CO3.

333 The yields aremoderate to good
for both electron-rich and electron-deficient aryls.356 Selected
examples are presented in Scheme 53.

Xiao and co-workers357 found that CuCF3 reagents can be
generated from (trifluoromethyl)diphenylsulfonium triflate and
copper powder. Although trifluoromethylsulfonium salts are elec-
trophilic reagents and a source of “CF3

þ”, in this case theywere used
to produce copper complexes for nucleophilic fluorination of a broad
variety of heteroaromatic iodides in excellent isolated yields of up to
98%, as shown in Scheme 54 (selected examples).

Goossen et al.358 successfully trifluoromethylated a number of
electron-rich and electron-deficient iodoarenes in good to
excellent yield with previously designed and developed359

K[CF3B(OMe)3] in the presence of CuI/phen (20 mol %).
The (trifluoromethyl)trimethoxyborate salt is prepared in virtually
quantitative yield from Ruppert’s reagent and KF358,359 and has the
advantage of being a nonvolatile solid that can be conveniently used
at elevated temperatures. Ruppert’s reagent itself is a volatile liquid
and therefore, in order to avoid losses, has to be used in closed
systems at temperatures around its boilng point (54-55 �C) and
above. Selected examples of the Cu-catalyzed trifluoromethylation
with K[CF3B(OMe)3] are presented in Scheme 55.

Also recently, the first efficient system was discovered360 for
direct, one-step cupration of fluoroform in high yield at room
temperature and atmospheric pressure. Previous attempts to directly
cuprate or zincate CF3H were unsuccessful.85 It has now been
found360 that treatment of CuX (X = Cl, Br, I) with 2 equiv of an
alkali metal alkoxide gives rise to complexes that cuprate fluoroform
in a highly selective manner. Thus, reacting CuCl and t-BuOM
(M = Na or K) in a 1:2 molar ratio in NMP or DMF, followed by
addition of fluoroform (all at room temperature), produces a
CuCF3 complex (19F NMR: s, -23.4 ppm) in >90% yield, as
calculated on the amount of CuCl used. The CuCF3 compound
produced this way readily trifluoromethylates iodoarenes at
25-60 �C and may be used for CF3 transfer to other
electrophiles. Interestingly, [t-BuOCu]4

361-363 that is
known361,362 to metalate some C-H acids does not react
with CF3H under similar conditions. The newly found cupra-
tion reaction of fluoroform exhibits no signs of difluorocarbene
intermediacy, nor hemiaminolate formation if performed in
DMF (see section 2 and eq 2).360
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ABBREVIATIONS
Ac acetyl
Alk alkyl
Ar aryl
Bn benzyl
Boc tert-butoxycarbonyl
BOXAM bis[2-((4S)-4,5-dihydro-4-isopropyloxazol-2-yl)-

phenyl]amine
bpy 2,20-bipyridyl
BrettPhos dicyclohexyl[3,6-dimethoxy-20,40,60-tris(1-methyl-

ethyl)[1,10-biphenyl]-2-yl]phosphine
Bz benzoyl
bzq benzo[h]quinoline (cyclometalated)
Bu butyl
Cp cyclopentadienyl
Cy cyclohexyl
dba dibenzylideneacetone
DCE 1,2-dichloroethane
dippe 1,2-bis(diisopropylphosphino)ethane
dippp 1,3-bis(diisopropylphosphino)propane
DMAC dimethylacetamide
DMF dimethylformamide
DMI 1,3-dimethyl-2-imidazolidinone
DMSO dimethyl sulfoxide
dppbz 1,2-bis(diphenylphosphino)benzene
dppe 1,2-bis(diphenylphosphino)ethane
dppeO 1,2-bis(diphenylphosphino)ethane monoxide
dppp 1,3-bis(diphenylphosphino)propane
ESCA electron spectroscopy for chemical analysis
Et ethyl
Hex hexyl
HMPA hexamethylphosphoramide
IPr 1,3-bis(2,6-diisopropylphenyl)imidazolylidene
Me methyl
NMP N-methylpyrrolidone
c-Pent cyclopentyl
Ph phenyl
phen 1,10-phenanthroline
PPN bis(triphenylphosphine)iminium
Pr propyl
Rf perfluoroalkyl
RuPhos [2 0,6 0-bis(1-methylethoxy)[1,1 0-biphenyl]-2-

yl]dicyclohexylphosphine
SIiPr 1,3-bis(1-methylethyl)-2-imidazolidinylidene
SIMes 1,3-bis(2,4,6-trimethylphenyl)imidazolidin-

2-ylidene
SIPr 1,3-bis(2,6-diisopropylphenyl)imidazolidin-

2-ylidene
t-Bu-bpy 4,40-di-tert-butyl-2,20-bipyridyl
teeda N,N,N0,N0-tetraethyl-1,2-diaminoethane
TfO triflate (trifluoromethanesulfonate)
tmeda N,N,N0,N0-tetramethyl-1,2-diaminoethane

Tol tolyl (methylphenyl)
Xantphos 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene
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