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Background of C-H acetoxylation 
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Strategies to control selectivity 
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Ligand-directed C-H acetoxylation 
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Directing ligand types and substrate scope 

938 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 936–946 ’ 2012 ’ Vol. 45, No. 6

Site-Selective C!H Functionalization Neufeldt and Sanford

the use of oxidants that could transfer alternative groups to
the Pd center (oxidant!X in eq 2) should generate high-
valent Pd complexes of general structure 5. These, in turn,
could undergo C!X bond-forming reductive elimination to
generate diverse functionalized products.

Consistent with this hypothesis, we found that N-halosuc-
cinimides are effective oxidants for Pd-catalyzed ligand-
directed C!H halogenations to generate C!Cl, C!Br, and
C!I bonds7g,10 and that N-fluoropyridinium oxidants can be
utilized for related C!H fluorination reactions (Scheme 5).11

Other research groups have reported related C!Hhalogena-
tion reactions using CuX2,

12c,e IOAc,12a,b,d and N-fluoropyr-
idinium reagents.13

This strategy has also proven successful for achieving
ligand-directed C!H arylation. We have shown that either
diaryliodoniumsalts (Ar2I

", Scheme6) or in situgeneratedPh•
can be used as oxidants to effect the selective Pd-catalyzed
C!H arylation of a variety of substrates.9c,14,15 Numerous
related Pd-catalyzed ligand-directed C!H arylation reactions
(typically with aryl halide oxidants) have been reported in the
literature using diverse directing groups including anilides,
pyridines, benzoxazoles, carboxylic acids, amides, oxime
ethers, aminoquinolines, and picolinamides.8b,16

Selectivity Trends for Ligand-Directed C!H Functiona-
lization. Selectivity in Ligand-Directed sp2-C!H Func-
tionalization. Pd-catalyzed ligand-directed arene C!H
functionalization reactions generally afford products
functionalized exclusively ortho to the directing group.
This selectivity is dictated by the C!H activation step,
because only a palladacycle containing a Pd!Cortho bond
is geometrically feasible.5 Arene functionalization most
commonly occurs via five- or six-membered palladacycles,
although reactions proceeding via seven-membered
and larger palladacyclic intermediates have also been
reported.17

When two sterically inequivalent ortho C!H sites are
available, high selectivity is typically observed for functio-
nalization at the less hindered site (eq 3, product A).7c This
selectivity stands in contrast to directed ortho-lithiation
(DoL). When R can act as a secondary binding site for Li"

(e.g., R = OMe, OMOM), DoL leads to functionalization
at the site between the two substituents.18 In contrast,
the Pd-catalyzed functionalization of substrate 6 yields

SCHEME 4. Representative Products of Ligand-Directed C!H
Oxygenation

SCHEME 5. Representative Products of Ligand-Directed C!H
Halogenation

SCHEME 6. Representative Products of Ligand-Directed C!H Arylation
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C-H halogenation 
reagents (X+).38 These transformations are described below
and are organized based on the X+ reagent used in the
reaction.

4.1. N-Halosuccinimides
A 2001 patent by Kodama and co-workers demonstrated that

the combination of Pd(OAc)2 and N-iodosuccinimide promotes the
ortho-iodination of benzoic acids.39 In 2004, similar conditions
were applied to the directed chlorination and bromination
of benzo[h]quinoline (eq 13, i). Interestingly, use of the more
reactive “Cl+” source PhICl2 led to chlorination at the
5-position (eq 13, ii) in lieu of the quinoline-directed
transformation.8,40

Pd-catalyzed directed sp2-halogenation with N-halosuc-
cinimides has subsequently been expanded to a wider variety
of directing groups, including pyridines, oxime ethers,
isoquinolines, amides, and isoxazolines (Scheme 14).40,41 In
substrates with two available ortho C-H bonds, modest
yields were obtained and competitive di-ortho-halogenation
was typically observed. The di-ortho-halogenated products
could generally be formed in high yields by utilizing excess
oxidant (2.5 equiv), unless a steric bias was introduced into
the substrate (for example, the 3-methyl group in 3-methyl-
2-phenylpyridine).

The utility of this methodology is highlighted by substrates
that afford different halogenated products in the presence
versus the absence of a Pd catalyst.40 For example, with
10-12, ortho-halogenated products were obtained selectively
under Pd catalysis (Scheme 15, i). However, in the absence
of Pd, products of electrophilic aromatic substitution or
benzylic halogenation were generated (Scheme 15, ii). This
demonstrates the complementarity of Pd-catalyzed C-H
functionalization to more traditional organic halogenation
processes.

Kinetic studies of the PdCl2-catalyzed chlorination of
2-ortho-tolylpyridine (tolpy) in MeCN showed that the
reaction is first order in [Pd] and zero order in both [tolpy]
and [NCS].20 In addition, a large intermolecular kinetic
isotope effect (kH/kD ) 4.4) was observed (Figure 1). On
the basis of this data, trans-Pd(tolpy)2(Cl)2 was proposed as
the catalyst resting state and cyclopalladation was proposed
to be the turnover-limiting step. The zero-order dependence
on [tolpy] is in interesting contrast to the analogous C-H
acetoxylation reactions (Scheme 8).20 This result suggests
that cyclopalladation occurs at Pd centers with different
ligand environments in these two reactions.

Scheme 13. Intermolecular C-S Bond Formation with ArSO2Cl36

Scheme 14. Halogenation of sp2 C-H Substrates with N-Halosuccinimides40

Ligand-Directed C-H Functionalization Reactions Chemical Reviews, 2010, Vol. 110, No. 2 1153

(a) Fahey, D. R. J. Chem. Soc., Chem. Commun. 1970, 417. (b) Fahey,
D. R. J. Organomet. Chem. 1971, 27, 283.

Model studies have been conducted to gain insights into
the steps after cyclopalladation in the catalytic cycle. For
example, the stoichiometric oxidation of PdII model complex
(phpy)2PdII with NCS afforded the PdIV oxidative addition
adduct 13. Furthermore, complex 13 underwent C-Cl bond-
forming reductive elimination to form 14 at 80 °C (Scheme
16).42 These experiments demonstrate that NCS is a suf-
ficiently strong and kinetically reactive oxidant to promote
the oxidation of PdII to PdIV in this model system. In addition,
these studies illustrate the viability of C-Cl bond-forming
reductive elimination from PdIV.

More recent investigations have examined the oxidation
of cyclometalated benzo[h]quinoline dimer 4, a proposed
intermediate in Pd-catalyzed C-H chlorination.18 Reaction
of 4 with PhICl2 resulted in a net two-electron oxidation
reaction to form symmetrical PdIII!PdIII dimer 15 (Scheme
17). Additionally, this dimer underwent C-Cl bond-forming
reductive elimination in high yield at room temperature.
While PhICl2 is not a useful oxidant for catalytic C-H
chlorination, complex 15 was also shown to be kinetically
competent for the Pd-catalyzed chlorination of benzo-
[h]quinoline with NCS. This report, along with a number of
other recent studies,16,17,20,43,44,48 suggests that dimeric or
multimeric high oxidation state Pd intermediates are possible
in C-H oxidation reactions, particularly when bridging
carboxylate ligands are available.

4.2. CuX2 (X ) Cl, Br)
Pd-catalyzed sp2 C-H halogenation has also been achieved

using copper halides as terminal or co-oxidants. An early study
showed that 3-methyl-2-phenylpyridine reacts with CuCl2 in
MeCN at 100 °C to afford ortho-chlorinated product 16 in
modest (30%) yield (eq 14).41 More recently, the combination
of CuCl2/Cu(OAc)2 has been used for the Pd-catalyzed ortho-
chlorination of acetanilides.45 While unselective chlorination
of these electron rich substrates was observed with NCS (eq
15, i), the use of CuCl2/Cu(OAc)2 afforded selective ortho-
functionalization for various substituted anilides (eq 15, ii).
A two-electron PdII/IV mechanism similar to that in Scheme
7 was suggested, based on the observed catalytic and
stoichiometric reactivity of an isolable palladacycle of
acetanilide. The formation of related PdIII!PdIII dimers could
also be considered in this system,16,17,20,43,44,48 as well as a
one-electron oxidation mechanism involving monomeric PdIII

intermediates (Scheme 2).46

Pyridine-directed chlorination with CuCl2 has also been
achieved using catalytic Pd(MeCN)2Cl2 and stoichiometric
ArSO2Cl in DMF (eq 16).36 Though only four arylpyridine
substrates were examined, all underwent ortho-chlorination
in high yield (71-85%). Mechanistic studies are not yet
available, but the authors speculate that ArSO2Cl reacts with

Scheme 15. Complementary Halogenation Products in the Presence/Absence of Pd40

Figure 1. Key mechanistic data for PdCl2-catalyzed chlorination
of 2-ortho-tolylpyridine with NCS.20

Scheme 16. Oxidation with N-Chlorosuccinimide and C-Cl
Bond-Forming Reductive Elimination from a PdIV Model
Complex42
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7 was suggested, based on the observed catalytic and
stoichiometric reactivity of an isolable palladacycle of
acetanilide. The formation of related PdIII!PdIII dimers could
also be considered in this system,16,17,20,43,44,48 as well as a
one-electron oxidation mechanism involving monomeric PdIII
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DMF to form an amidinium arenesulfonate salt,47 which may
play a role in the chlorination reaction.

4.3. Suárez (XOAc) Reagents (X ) Br, I)
Suárez-type reagents (XOAc) have also been employed for the

halogenation of sp2 and sp3 C-H bonds. The use of these reagents
was pioneered by Yu, who initially demonstrated that the combina-
tion of I2 and PhI(OAc)2 (which generates IOAc in situ) is effective
for Pd(OAc)2-catalyzed oxazoline-directed iodination of unactivated
alkyl groups (Scheme 18).48 When different types of sp3 C-H
bonds were proximal to the directing group, iodination generally
occurred selectively at 1° sites, similar to the acetoxylation reactions
discussed above. Cyclopropane-containing molecules like 17 were
a notable exception to this trend and reacted at a 2° sp3 C-H bond
on the ring. The use of chiral directing groups provided iodinated
products with good to excellent levels of diastereoselectivity
(ranging from 91:9 to 99:1 dr).

Reactions with IOAc are also proposed to proceed via a PdII/IV

mechanism with the key step involving C-I bond-forming
reductive elimination from PdIV. The stoichiometric oxidation of
PdII species with IOAc has not been studied in detail. However,
mechanistic studies of the catalytic iodination of 18 revealed a
modest intramolecular 1° kinetic isotope effect (kH/kD ) 1.5) and
a Hammett F value of -1.6 upon substitution of X (eq 17).49 On
this basis, C-H bond cleavage was proposed to proceed via an
electrophilic mechanism.

A similar protocol was developed for the carboxylic-
acid-directed iodination and bromination of sp2 C-H
bonds with XOAc.50 In the presence of catalytic Pd(OAc)2
and 2 equiv of IOAc, substrates with two available ortho-
C-H bonds underwent dihalogenation in high yields (eq 18,
ii). The addition of tetraalkylammonium salts could be used
to curb this reactivity, and selective monohalogenation was
achieved in the presence of 1 equiv of Bu4NX (X ) I, Br)
(eq 18, i). The tetrabutylammonium carboxylate ion pair is
believed to be crucial for reactivity and selectivity in this
reaction; however, the exact nature of its interaction with
the Pd catalyst has yet to be elucidated.

4.4. Electrochemical Oxidation
Electroorganic synthesis techniques have also been

utilized to achieve selective halogenation of aryl C-H
bonds.51 This method of oxidation utilizes aqueous HX as
the halogen source in a divided cell with two platinum
electrodes. A variety of arylpyridine and arylpyrimidine
substrates underwent PdX2-catalyzed chlorination and bro-
mination (X ) Cl or Br, respectively) to afford ortho-
halogenated products in excellent yields, and the organic
products could be isolated in pure form by a simple extraction
process. With highly electron-rich substrates like 2-(2-
methoxyphenyl)pyridine, the site selectivity of halogenation
could be controlled by tuning the electric current (and thereby
the rate of X+ generation).

5. Carbon-Fluorine Bond Formation
Only two examples of Pd-catalyzed ligand-directed

C-H fluorination have been reported to date.52,53 The first
study demonstrated that Selectfluor, N-fluoro-2,4,6-trim-
ethylpyridinium tetrafluoroborate, N-fluoropyridinium tet-
rafluoroborate, 4-iodotoluenedifluoride, and N-fluorodis-
ulfonamide could all be used for the Pd(OAc)2-catalyzed
benzylic fluorination of 8-methylquinoline (Scheme 19).
Extensive optimization revealed that N-fluoro-2,4,6-tri-
methylpyridinium tetrafluoroborate was the best electro-
philic fluorinating reagent for this transformation and that
microwave heating decreased the reaction time and
minimized formation of undesired side products (eq 20).
An analogous transformation (using N-fluoropyridinium

Scheme 17. Oxidation of 4 with PhICl2
18

Scheme 18. sp3 C-H Iodination with IOAc (formed in situ
from PhI(OAc)2/I2)48

Ligand-Directed C-H Functionalization Reactions Chemical Reviews, 2010, Vol. 110, No. 2 1155
JACS 2007, 129, 15142

Nat. Chem. 2009, 1, 302.

allowing competing carbon-heteroatom bond-forming processes
to be observed.3a
Our studies began with complex 2, which could undergo C-C

or C-Cl bond-forming reductive elimination to afford 4 or 5,
respectively (Table 1). When 2 was heated at 80 °C for 24 h in
pyridine, the C-C coupled product 5 was the sole organic species
observed by GC and GCMS (Table 1, entry 1).14 Moving to other
common solvents (e.g., benzene, nitrobenzene, acetone, and MeCN)
led to the formation of mixtures of 4 and 5 (Table S1).15 However,
interestingly, in AcOH (the most effective medium for Pd-catalyzed
halogenation reactions),1b,c thermolysis of 2 afforded a >5:1 ratio
of 4/5 (entry 2). To our knowledge, this is the first report of
carbon-halogen bond-forming reductiVe elimination occurring in
preference to C-C coupling at a PdIV center.
Complex 3 presents an even more interesting situation where

reductive elimination could afford three possible organic productss
4, 5, and/or the C-N coupled product 6. Similar to complex 2,
thermolysis of 3 in pyridine resulted in predominantly C-C
reductive elimination to afford 5 as the major organic product (Table
1, entry 3). However, intriguingly, this reaction also afforded modest
(8%) yield of the amide product 6. This is particularly notable
because C-N bond-forming reductive elimination from high oxida-
tion state late metal complexes is very rare.16 Additionally, this result
suggests that optimization of reaction medium and catalyst structure
might allow catalytic C-N bond formation with NCS as the terminal
oxidant.17 When the solvent was changed to benzene, nitrobenzene,
acetone, or MeCN, only traces of 6 were observed along with
mixtures of 4 and 5. Furthermore, in the catalytic reaction solvent
AcOH, none of amide 6 was observed, and C-Cl bond-forming
reductive elimination predominated (entry 4). While the origin of
these solvent effects remains under investigation, these results
demonstrate that the distribution of observable organic reductive
elimination products is highly sensitive to the reaction medium.
In conclusion, this communication describes the reactions of

PhICl2 and NCS with PdII(phpy)2 to afford room temperature stable
oxidative addition adducts 2 and 3. Furthermore, these novel
complexes are shown to undergo competing C-Cl, C-C, and C-N

bond-forming reductive elimination reactions. Both the accessibility
and the observed reactivity of 2 and 3 provide support for a PdII/IV
mechanism in Pd-catalyzed halogenation reactions. Future studies
will explore the mechanism of reductive elimination in these
systems as well as apply these findings to the development of new
and more efficient PdII/IV-catalyzed reactions.
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Figure 1. X-ray crystal structure of complex 3.

Table 1. Reductive Elimination Reactions from 2 and 3a

entry complex solvent %4 %5 %6

1 2 C5H5N <1 60
2b 2 AcOH 49 7
3 3 C5H5N 6 81 8
4b 3 AcOH 67 5 <1

a Yields determined by GC based on an average of four runs. b Free
2-phenylpyridine (6% in entry 2 and 7% in entry 4) accounted for the
remainder of the volatile organic products in these reactions.
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the use of oxidants that could transfer alternative groups to
the Pd center (oxidant!X in eq 2) should generate high-
valent Pd complexes of general structure 5. These, in turn,
could undergo C!X bond-forming reductive elimination to
generate diverse functionalized products.

Consistent with this hypothesis, we found that N-halosuc-
cinimides are effective oxidants for Pd-catalyzed ligand-
directed C!H halogenations to generate C!Cl, C!Br, and
C!I bonds7g,10 and that N-fluoropyridinium oxidants can be
utilized for related C!H fluorination reactions (Scheme 5).11

Other research groups have reported related C!Hhalogena-
tion reactions using CuX2,

12c,e IOAc,12a,b,d and N-fluoropyr-
idinium reagents.13

This strategy has also proven successful for achieving
ligand-directed C!H arylation. We have shown that either
diaryliodoniumsalts (Ar2I

", Scheme6) or in situgeneratedPh•
can be used as oxidants to effect the selective Pd-catalyzed
C!H arylation of a variety of substrates.9c,14,15 Numerous
related Pd-catalyzed ligand-directed C!H arylation reactions
(typically with aryl halide oxidants) have been reported in the
literature using diverse directing groups including anilides,
pyridines, benzoxazoles, carboxylic acids, amides, oxime
ethers, aminoquinolines, and picolinamides.8b,16

Selectivity Trends for Ligand-Directed C!H Functiona-
lization. Selectivity in Ligand-Directed sp2-C!H Func-
tionalization. Pd-catalyzed ligand-directed arene C!H
functionalization reactions generally afford products
functionalized exclusively ortho to the directing group.
This selectivity is dictated by the C!H activation step,
because only a palladacycle containing a Pd!Cortho bond
is geometrically feasible.5 Arene functionalization most
commonly occurs via five- or six-membered palladacycles,
although reactions proceeding via seven-membered
and larger palladacyclic intermediates have also been
reported.17

When two sterically inequivalent ortho C!H sites are
available, high selectivity is typically observed for functio-
nalization at the less hindered site (eq 3, product A).7c This
selectivity stands in contrast to directed ortho-lithiation
(DoL). When R can act as a secondary binding site for Li"

(e.g., R = OMe, OMOM), DoL leads to functionalization
at the site between the two substituents.18 In contrast,
the Pd-catalyzed functionalization of substrate 6 yields

SCHEME 4. Representative Products of Ligand-Directed C!H
Oxygenation

SCHEME 5. Representative Products of Ligand-Directed C!H
Halogenation

SCHEME 6. Representative Products of Ligand-Directed C!H Arylation
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tetrafluoroborate) was developed for the ortho-fluorination
of 2-arylpyridines (Scheme 20).

More recent work expanded the scope of catalytic C-H
fluorination to benzylamine-based substrates.53 N-Fluoro-
2,4,6-trimethylpyridinium triflate was used as the “F+” source
along with N-methylpyrrolidinone (NMP) as a key promoter
for the Pd(OTf)2-catalyzed fluorination of triflamide-protected
benzylamines (eq 21). This is a valuable development
because triflamides can be converted to a broad range of
synthetically useful functional groups including benzalde-
hydes, benzylamines, nitriles, and benzylmalonates, thereby
providing access to a variety of functionalized aryl fluoride-
containing products.

Both of these reports suggested that C-F bond formation
might proceed via a PdII/IV mechanism similar to that in
Scheme 7, and subsequent work has provided evidence
supporting the viability of such a pathway.54,55 These studies
demonstrated the stoichiometric oxidation of PdII aryl model
complexes with electrophilic fluorinating reagents. In both
cases, stable PdIV products (19 in eq 2254 and 20 in eq 2355)
were isolated and characterized by X-ray crystallography.
Furthermore, both species underwent C-F bond formation
under conditions milder than those in the catalytic reaction.
While 19 and 20 are clearly model complexes (rather than

actual catalytic intermediates in the C-H fluorination reac-
tions above), these studies offer evidence for the feasibility
of both the oxidation and the C-F bond-forming steps of a
PdII/IV catalytic cycle for C-H fluorination.

6. Carbon-Nitrogen Bond Formation
Palladium-catalyzed ligand-directed C-H functionalization

has also been utilized for the construction of C-N bonds, which
are important features of many biologically active molecules.56,57

Reactions in this class of bond formation fall into two general
categories: those where the C-N bond is formed intramolecu-
larly to generate a heterocycle and those where the nitrogen
group is delivered from an external reagent.

6.1. Intramolecular C-N Bond Formation
An early example of Pd-catalyzed directed C-H amination

involved the construction of carbazoles via intramolecular C-N
coupling.58 2-Phenylacetanilides underwent Pd(OAc)2-cata-
lyzed cyclization with Cu(OAc)2/O2 (in toluene)58 or O2 (in
DMSO)59 as the oxidant (Scheme 21). An acetyl protecting
group on the amine was generally necessary for efficient
reaction, although modest yield (12%) was recently reported
for a similar reaction with a simple aniline using Pd/C as the
catalyst.60

Two possible PdII/0 mechanistic pathways were proposed for
this carbazole synthesis (Scheme 22). The first involves

Scheme 19. Electrophilic Fluorinating Reagents for the
Benzylic Fluorination of 8-Methylquinoline52

Scheme 20. Pd(OAc)2-Catalyzed ortho-Fluorination of 2-Arylpyridines with N-Fluoropyridinium Tetrafluoroborate52
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along with N-methylpyrrolidinone (NMP) as a key promoter
for the Pd(OTf)2-catalyzed fluorination of triflamide-protected
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hydes, benzylamines, nitriles, and benzylmalonates, thereby
providing access to a variety of functionalized aryl fluoride-
containing products.

Both of these reports suggested that C-F bond formation
might proceed via a PdII/IV mechanism similar to that in
Scheme 7, and subsequent work has provided evidence
supporting the viability of such a pathway.54,55 These studies
demonstrated the stoichiometric oxidation of PdII aryl model
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cases, stable PdIV products (19 in eq 2254 and 20 in eq 2355)
were isolated and characterized by X-ray crystallography.
Furthermore, both species underwent C-F bond formation
under conditions milder than those in the catalytic reaction.
While 19 and 20 are clearly model complexes (rather than

actual catalytic intermediates in the C-H fluorination reac-
tions above), these studies offer evidence for the feasibility
of both the oxidation and the C-F bond-forming steps of a
PdII/IV catalytic cycle for C-H fluorination.

6. Carbon-Nitrogen Bond Formation
Palladium-catalyzed ligand-directed C-H functionalization

has also been utilized for the construction of C-N bonds, which
are important features of many biologically active molecules.56,57

Reactions in this class of bond formation fall into two general
categories: those where the C-N bond is formed intramolecu-
larly to generate a heterocycle and those where the nitrogen
group is delivered from an external reagent.

6.1. Intramolecular C-N Bond Formation
An early example of Pd-catalyzed directed C-H amination

involved the construction of carbazoles via intramolecular C-N
coupling.58 2-Phenylacetanilides underwent Pd(OAc)2-cata-
lyzed cyclization with Cu(OAc)2/O2 (in toluene)58 or O2 (in
DMSO)59 as the oxidant (Scheme 21). An acetyl protecting
group on the amine was generally necessary for efficient
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for a similar reaction with a simple aniline using Pd/C as the
catalyst.60

Two possible PdII/0 mechanistic pathways were proposed for
this carbazole synthesis (Scheme 22). The first involves
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fluorination to benzylamine-based substrates.53 N-Fluoro-
2,4,6-trimethylpyridinium triflate was used as the “F+” source
along with N-methylpyrrolidinone (NMP) as a key promoter
for the Pd(OTf)2-catalyzed fluorination of triflamide-protected
benzylamines (eq 21). This is a valuable development
because triflamides can be converted to a broad range of
synthetically useful functional groups including benzalde-
hydes, benzylamines, nitriles, and benzylmalonates, thereby
providing access to a variety of functionalized aryl fluoride-
containing products.

Both of these reports suggested that C-F bond formation
might proceed via a PdII/IV mechanism similar to that in
Scheme 7, and subsequent work has provided evidence
supporting the viability of such a pathway.54,55 These studies
demonstrated the stoichiometric oxidation of PdII aryl model
complexes with electrophilic fluorinating reagents. In both
cases, stable PdIV products (19 in eq 2254 and 20 in eq 2355)
were isolated and characterized by X-ray crystallography.
Furthermore, both species underwent C-F bond formation
under conditions milder than those in the catalytic reaction.
While 19 and 20 are clearly model complexes (rather than

actual catalytic intermediates in the C-H fluorination reac-
tions above), these studies offer evidence for the feasibility
of both the oxidation and the C-F bond-forming steps of a
PdII/IV catalytic cycle for C-H fluorination.

6. Carbon-Nitrogen Bond Formation
Palladium-catalyzed ligand-directed C-H functionalization

has also been utilized for the construction of C-N bonds, which
are important features of many biologically active molecules.56,57

Reactions in this class of bond formation fall into two general
categories: those where the C-N bond is formed intramolecu-
larly to generate a heterocycle and those where the nitrogen
group is delivered from an external reagent.

6.1. Intramolecular C-N Bond Formation
An early example of Pd-catalyzed directed C-H amination

involved the construction of carbazoles via intramolecular C-N
coupling.58 2-Phenylacetanilides underwent Pd(OAc)2-cata-
lyzed cyclization with Cu(OAc)2/O2 (in toluene)58 or O2 (in
DMSO)59 as the oxidant (Scheme 21). An acetyl protecting
group on the amine was generally necessary for efficient
reaction, although modest yield (12%) was recently reported
for a similar reaction with a simple aniline using Pd/C as the
catalyst.60

Two possible PdII/0 mechanistic pathways were proposed for
this carbazole synthesis (Scheme 22). The first involves

Scheme 19. Electrophilic Fluorinating Reagents for the
Benzylic Fluorination of 8-Methylquinoline52

Scheme 20. Pd(OAc)2-Catalyzed ortho-Fluorination of 2-Arylpyridines with N-Fluoropyridinium Tetrafluoroborate52
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C-H arylation 

catalytic Pd(OAc)2 in combination with 1.5 equiv of CuCl2
and 2 equiv of AgOAc. Diverse !-, "-, and #-lactams were
formed in high yields; however, the reaction was limited to
substrates with a high degree of substitution R to the amide-
directing group, suggesting that the Thorpe-Ingold effect
may play a key role in cyclization. Preliminary investigations
implicated a PdII/IV catalytic cycle; however, further studies
will be required to obtain a complete mechanistic picture.

6.2. Intermolecular C-N Bond Formation
The only example of Pd-catalyzed intermolecular directed

C-H amination reported to date involves the functionaliza-
tion of sp2 and sp3 C-H bonds in pyridine and oxime ether
substrates (Scheme 24).66 In this system, Pd(OAc)2 served
as the catalyst and a combination of K2S2O8 and NH2R was
used to introduce the nitrogen functionality. Electron-
deficient primary amides including carbamates, acetamides,
and sulfonamides all proved effective as “NHR” sources.

Mechanisms involving cyclopalladation followed by either
direct nitrene insertion or oxidation to a PdIV imido inter-
mediate were proposed. To probe the possibility of a transient
nitrene intermediate, benzamide was submitted to the reaction
conditions in the presence of MeOH (eq 28). The major
organic product was methyl-N-(2-methoxyphenyl)carbamate
(23), which is consistent with a sequence involving (i) initial
generation of a nitrene, (ii) Curtius rearrangement to form

the corresponding isocyanate, (iii) trapping with MeOH to
generate methyl carbamate 22, and, finally, (iv) Pd-catalyzed
directed C-H oxygenation10 to form 23 (eq 28). This
experiment suggested the viability of a nitrene mechanism;
however, the possible intermediacy of a PdIV imido complex
(which has been suggested in related stoichiometric reactions
of palladacycles)67 could not be excluded.

7. Carbon-Carbon Bond Formation
The most widely studied area in this field is Pd-catalyzed

ligand-directed C-H activation followed by C-C coupling
to afford ortho-arylated, alkenylated, alkylated, or carbony-
lated products. Pioneering studies between 1997 and 2004
demonstrated that alcohols, amides, and aldehydes could
serve as directing groups for PdII/0 catalyzed ortho-arylation,
-alkenylation, and -alkylation. This and related early work
has been extensively reviewed;68-70 therefore, the current
discussion focuses on advances in the field starting in 2005.

7.1. C-H Arylation with Prefunctionalized
Arylating Reagents

A first key development in 2005 was the demonstration
that Pd(OAc)2 catalyzes the ortho-phenylation of diverse
arylpyridines, quinolines, pyrrolidinones, oxazolidinones, and
benzodiazepines with diphenyliodonium salts (Scheme 25).71-73

The unsymmetrical mesityl/aryl-substituted iodonium re-
agents [MessI-Ar]BF4 could be used to install different

Scheme 23. Intramolecular C-H Amination to Form
Lactams63

Scheme 24. Intermolecular Amination of Pyridines and Oxime Ethers66

Scheme 25. Pd(OAc)2-Catalyzed sp2 C-H Phenylation with [Ph2I]BF4
71
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aryl groups (eq 29). The large mesityl substituents served
as “dummy ligands” on the iodine(III), and the smaller aryl
group was transferred with high selectivity (>99:1 in most
cases). Generally, faster reaction rates and higher yields were
observed with electron-deficient aryl groups.

These reactions were initially proposed to proceed by a PdII/IV

mechanism analogous to that in Scheme 7.71 Subsequent studies
provided more detailed insights into the catalyst resting state,
the turnover-limiting step, and the ligand environment of high
oxidation state Pd intermediates in this transformation
(Scheme 26).17 These investigations showed that with
3-methyl-2-phenylpyridine as the substrate, the catalyst
resting state is monomeric PdII species 24 and the oxidant
resting state is arylpyridine-coordinated iodine(III) reagent
26. Pre-equilibrium dissociation of the arylpyridine from both
24 and 26 produces cyclometalated dimer 25 and free
[Mes-I-Ph]BF4. The turnover-limiting step was then pro-
posed to proceed via oxidation of 25 by [Mes-I-Ph]BF4
to afford dimeric PdIV!PdII adduct 27 (alternatively formu-
lated as a PdIII!PdIII species, depending on the nature of the
Pd-Pd interaction).74 Carbon-carbon bond-forming reduc-
tive elimination, ligand exchange, and cyclometalation
complete the proposed catalytic cycle.

Several key experiments provided support for the mechanism
in Scheme 26.17 First, the catalytic reaction showed a first-
order dependence on [IIII] (26), a second-order dependence
on [Pd], and an inverse third-order dependence on [arylpy-
ridine] (all consistent with the rate law derived for the
sequence in Scheme 26). Second, Hammett studies with
para-substituted IIII reagents showed a F value of +1.7,
consistent with turnover-limiting oxidative addition. Finally,
substitution of the ortho-C-H bond with a CsD bond
resulted in an intra- but not an intermolecular kinetic isotope
effect, indicating that C-H activation occurs after the
turnover-limiting step.

A related Pd(OAc)2-catalyzed sp2 C-H arylation was developed
using stoichiometric AgOAc in conjunction with 2-9 equiv of
Ar-I.72,75 This method has been applied to the arylation of
substituted anilides,72 2-arylpyridines,75-77 benzoxazoles,75,78

and benzoic acid derivatives (Scheme 27 and eq 30).79 Amide
and oxime ether-directed versions have also been used as
the first step in tandem sequences to generate fluorenones
(eq 31 and 32).80,81 All of these transformations show broad
scope and functional group compatibility; most notably, aryl
iodides are well tolerated in the cyclometalating substrate.

Scheme 26. Key Steps in the Proposed Mechanism of sp2 C-H Arylation with [Mes-I-Ph]BF4
17

Scheme 27. Pd(OAc)2-Catalyzed sp2 C-H Arylation with AgOAc/Ar-I72,76-79
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products 7 or 8 without detectable formation of isomers
(eq 4).7c,14

In an attempt to test the limits of this selectivity, we
devised a number of substrates that might be biased toward
acetoxylation at the more sterically hindered ortho site
(Scheme 7).7c Substrate 9 contains a meta-fluorine substitu-
ent, which is comparable in size to hydrogen, thereby
potentially ameliorating the steric bias. Substrates 10 and
11 contain meta ketone/oxime ether moieties, which could
act as secondary ligands for Pd. However, remarkably all of
these substrates still provided moderate (6:1) to excellent
(>20:1) preference for A. Indeed, only one substrate was
identified (12) that afforded modest selectivity for B (2:1).

Analogous selectivity trends have been reported for
many other Pd-catalyzed ligand-directed arene C!H oxida-
tions10,11,12a,16,19!21 with substrates bearing diverse direct-
ing groups and aromatic ring substituents (Scheme 8).22

Selectivity in Ligand-Directed sp3 C!H Functionaliza-
tion. Ligand-directed sp3-C!H functionalization typically
proceeds with high selectivity for primary over secondary
C!Hbonds.5,7b,7g In addition, selectivity is observed for C!H
bonds that are ! versus R or " to the directing group (i.e, five-
membered palladacycles are strongly favored over their
four- or six-membered counterparts). These trends are illu-
strated by the C!H acetoxylation of 13 (Scheme 9), which

provides a single detectable product derived from functio-
nalization at the primary !-C!H site.7b With few exceptions
(vide infra), secondary sp3 C!H bonds do not undergo
functionalization even in the absence of more preferable
sites for oxidation [e.g., substrate 14 (Figure 1)].7b

The selectivity for primary C!H oxidation stands in con-
trast to free radical or electrophilic C!H oxidation reac-
tions.23 These typically afford functionalization at electron-
rich C!H sites; as such, the opposite order of C!H bond

SCHEME 7. Major Site for C!H Acetoxylation of 30-Substituted
2-Arylpyridines

SCHEME 8. Selectivity for Isomer A in Diverse C!H Functionalizations

SCHEME 9. Selectivity in Ligand-Directed sp3-C!H Acetoxylation

FIGURE 1. Unreactive substrates for sp3-C!H oxygenation.
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reactivity is observed (tertiary > secondary > primary). The
difference between the selectivities in Pd-catalyzed versus
radical/electrophilic mechanisms likely reflects the strong influ-
ence of sterics and of C!H bond pKa

24 on the palladation step.
Five-membered palladacyclic intermediates are typically

important for achieving high-yielding sp3 C!H functionali-
zation. For example, substrates such as 15 showed no
reactivity in the presence of Pd(OAc)2/PhI(OAc)2 (Figure 1).7b

Themarkedly higher reactivity of!-C!Hbonds is likely due to
the more favorable energy requirements for forming a five-
membered palladacycle.5

To date, there are only a few examples of Pd-catalyzed
ligand-directed C!H functionalization at secondary sp3-C!H
sites (Figure 2). These reactions typically occur in substrates
that have steric constraints/geometric biases or are electro-
nically activated. One example involves trans-decalone
methyl oxime ether, whose rigid conformation positions
the equatorial secondary !-C!H bond near the coordinated
PdII, leading to product16with high selectivity.7b In a second
example, an amidoquinoline ligand binds to Pd in a biden-
tate fashion, thereby placing a secondary C!H site in close
proximity to the Pd center to afford product 17.8b Electronic
activation likely contributes to the facility of secondary sp3-
C!H acetoxylation to form 18 (R to an activating oxygen
atom)7b and arylation to form 19 (benzylic C!H site).14

Finally, secondary C!H bonds on cyclopropanes are often
amenable to functionalization (e.g., to afford 2012b and
2125), likely due to the diminished steric requirements for
C!H activation, the high rigidity of the substrate, and/or the
increased s character of cyclopropyl C!H bonds.

Selectivity between Directing Groups. Many substrates
of interest contain multiple basic groups that could poten-
tially bind to the Pd center and direct C!H functionalization.
We conducted systematic competition studies to assess the
relative propensities of different N- and O-donor groups

todirect Pd-catalyzedC!Hacetoxylation.7f These investigations
revealed a strong correlation between the basicity of the
directing group and the relative rate of C!H functionaliza-
tion proximal to that group. This is exemplified by competition
experiments between electronically varied benzylpyridine
substrates (eq 5), as well as those between different hetero-
cyclic directing groups (eq 6).

Scheme 10 summarizes the relative reactivity of directing
groups in competition studies. Importantly, the trends de-
rived from these experiments have predictive power. For
example, they correctly predicted that substrate 22 would
undergo selective C!H acetoxylation adjacent to the oxime
ether group (eq 7). The resulting product 23 could then be
further elaborated to afford products 24!26 via amide-
directed oxygenation, chlorination, or arylation.

Catalyzed versus Uncatalyzed Selectivity. With many
aromatic substrates, arene C!H functionalization with an
electrophilic oxidant can occur by either a Pd-catalyzed

FIGURE 2. Products of secondary sp3-C!H functionalization.
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pathway or an uncatalyzed electrophilic aromatic substitu-
tion (EAS). In certain cases, these two pathways afford
different and complementary site selectivity (Scheme 11).
Some examples of this phenomenon include the halogena-
tion of electron-rich oxime ether 27 (which selectively
affords 28 in the absence of Pd and 29 under Pd catalysis),
pyrazole 30 (forming 31 and 32, respectively), and quinoline
33 (generating 34 and 35).10

Approach 2. Substrate-Based Control of
Selectivity through the Use of Electronically
Activated Substrates
A second strategy for obtaining site selectivity in Pd-cata-
lyzed C!H functionalization is to utilize substrates that have
a significant electronic or steric bias for palladation at a
specific site. Electron-rich heterocycles are particularly com-
mon targets for this approach. For example, many research
groups have demonstratedmodest to high site selectivity for
Pd-catalyzed C!H functionalization at C-2 of indole and C-2/
C-5 of pyrrole derivatives (eq 8).26 This selectivity is believed
to derive from an electronic preference for generating Pd!
!-heteroaryl complexes at C-2 (either by initial palladation at
this site or by palladation at C-3 followed by palladium
migration).26 This area has been the subject of several re-

views,26 and this section focuses just on our group's con-
tributions in this area.

Our initial studies focused on the Pd-catalyzed reaction
between indole and [Ph2I]BF4 (the oxidant used previously
for ligand-directed C!H arylation). (IMes)Pd(OAc)2(H2O)
[IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene]
proved to be the optimal catalyst, providing 2-phenylindole
in excellent (81%) yield with >20:1 selectivity for functiona-
lization at C-2.27 Comparable yields and site selectivities
were obtainedwith a variety of substituted indole substrates
(Scheme 12). Arylation was exclusively observed at C-2
except when this site was blocked (e.g., 1,2-dimethylindole).
In the latter case, a modest yield of the C-3 arylation product
36 was obtained.

The C-2 arylation of pyrroles also proceeded with high
site selectivity under these conditions (e.g.,37). BlockingC-2/
C-5 of pyrrole (as in 2,5-dimethylpyrrole) significantly dimin-

ished reactivity. Under our original conditions, only 12%

yield of 38was obtained; however, the use of PdCl2(MeCN)2
at an elevated temperature (84 !C) enabled high yielding C-3

phenylation of this substrate.28 Other 2,5-disubstituted pyr-

roles also underwent arylation under these conditions, and

selectivity appears to be dictated by the relative size of the 2-

and 5-substituents (Scheme 13). For example, 2-cyclohexyl-

1,5-dimethylpyrrole underwent highly selective (29:1) aryla-

tion at the less hindered C-4 to form 39. However, when

cyclohexyl was replaced by a smaller ethyl group, selectivity

for C-4 arylation decreased to 2:1 (40).

SCHEME 11. Complementary Site Selectivity of Halogenation in the Presence and Absence of Pd

SCHEME 10. Relative Reactivity of Directing Groups toward C!H
Acetoxylation in Competition StudiesTrend of directing ability 
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arylation of indolizine 6 resulted in greatly prolonged reaction

times and reduced yields, thus, not supporting Path C.6

Next, experimental and theoretical studies were performed
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LUMO mostly resides at the pyridine ring.6 To gather further

support for electrophilic mechanism A, kinetic studies were

performed (Table 1).6 As expected for an electrophilic path,

the EWG-substituted indolizine underwent the slowest aryla-

tion among tested substrates (Method I, Table 1). A similar

trend of reactivity was observed in the Lewis acid-mediated

Friedel–Crafts acylation of the same indolizines (Method II,

Table 1), thus strongly supporting electrophilic nature of the

arylation (Path A, Scheme 2).6

Shortly thereafter, Sames reported detailed mechanistic

studies on C-2 and C-3 arylation of indoles.16 Three

mechanisms that rationalize strong preference for the palla-

dium-catalyzed C-2 arylation of indole were considered

(Scheme 7): Heck-type reaction (A), non-electrophilic metala-

tion of the C-2 position (B), and the electrophilic metalation at

C-3 with or without subsequent migration to C-2 (C or D,

respectively). While pathways A and B were briefly commented

on, electrophilic mechanisms C and D received the most

attention in this work.

First, it was mentioned that a Heck-type mechanism

(Path A) might be operational in this process.5,17,18 In this

case, the process would involve a carbopalladation step,

followed by anti-dehydropalladation or by isomerization

and syn-elimination.19 However, the isomerization step

requires a reversible a-hydride elimination to form a carbene

intermediate, a process unknown for palladium (unlike for Pt

or Ru).20

The next possible pathway is a non-electrophilic C-2-

palladation of indole (Path B), which has been proposed by

Tollari21 and Nonoyama.22 However, it was concluded that

involvement of this scenario for non-functionalized indoles is

unlikely, as the presence of a strong directing group is a strict

requirement.21,22

Sames further evaluated the feasibility of pathways C and D,

which involve an electrophilic palladation of indole.16 It is well

known that electrophilic substitution at indole has a strong

preference for the C-3 position.23 On the other hand, multiple

examples of palladium-catalyzed arylation demonstrate pre-

dominant or exclusive C-2 selectivity. Thus, an interesting

suggestion was made: the initial metalation does occur at the

more nucleophilic C-3 carbon, followed by the C-3 to C-2

migration of an aryl palladium moiety, resulting in the

apparent C-2 arylation (Path C). Better stabilization of

the C-2–Pd bond by the adjacent nitrogen was proposed to

be the driving force for this migration.24 Kinetic isotope effect

studies performed by Sames revealed an unexpectedly large

kinetic isotope effect of 1.6 at C-3, a position in 15 where no

substitution occurs (Scheme 8), which was rationalized in

terms of secondary KIE. However, it was pointed out, an

unusual value of 1.6 may be the sum of several rate-

contributing steps. At the same time, the KIE at C-2 was

y1.2, evidently too small for the cleavage of C-2–H bond at

the rate-limiting step. Sames concluded, that these results, if

not clearly in support migratory pathway C, seem to be

somewhat contradictory with the mechanism wherein a direct

palladation at position C-2 takes place.

In conclusion, the mechanisic pathway for Pd0/PdII-

catalyzed arylation of electron-rich heterocycles, proposed

by Miura3 (Path A, Scheme 2), has received the most

unambiguous experimental support so far. The key step of

the process involves an electrophilic attack of arylpalladium

species at the heterocycle. The regioselectivity of this step is

governed by the distribution of electron density in the

Table 1 Relative rates of Pd-catalyzed arylation (Method I) and
Lewis acid-mediated acylation (Method II) of selected indolizines

R1

Relative rates

Method I Method II

H 1.00 1.00
Me 0.97 0.67
CO2Et 0.66 0.33

Scheme 7 Possible pathways for C-2 and C-3 arylation of indoles.

Scheme 8 Kinetic isotope effect in the phenylation of C-2 and C-3

positions of indole.
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Approach 3. Catalyst-Based Control of
Selectivity
In addition to substrate-based control strategies, the site
selectivity of C!H functionalization can be controlled via
modification of the Pd catalyst structure. This approach
targets C!H substrates that lack directing or activating
groups, with the ultimate goal of achieving selective forma-
tion of different isomeric products by simply changing the
ligands at the Pd center (Scheme 14). This has historically
proven difficult because the vast majority of Pd-catalyzed
C!H functionalization reactions proceed most efficiently
under “ligandless conditions” (involving simple Pd salts like
Pd(OAc)2 as catalysts). As such, a key challenge has been to
identify ligands that both accelerate these reactions and mod-
ulate their site selectivity.

This section discusses catalyst control over selectivity in
the context of three different C!H oxidation reactions.
Research in all three of these areas remains in its infancy,
and in most cases the mechanistic origin of the observed
selectivity remains to be elucidated. Nonetheless, these
efforts represent an exciting frontier for the development

of practical and selective Pd-catalyzed C!H functionaliza-
tion reactions without the requirement for activating or
directing groups.

Naphthalene Arylation. Naphthalene has historically
proven a challenging substrate for selective C!H functiona-
lization. For example, the PdCl2-catalyzed C!H arylation of
naphthalene with PhSnCl3 proceeds with only modest R
selectivity (78:22, eq 9).29 Furthermore, the Pd(OAc)2-cata-
lyzed C!H acetoxylation of naphthalene with PhI(OAc)2
affords a nearly statistical distribution of isomeric products
(R/! = 57:43, eq 10).4

We chose the Pd-catalyzed C!Harylation of naphthalene
with diaryliodonium salts as a platform for investigating
catalyst control over site selectivity. A survey of Pd sources
and ligands revealed that the combination of PdCl2 and
bidentate N!N donors (e.g., bipyridine and diimines) af-
forded catalysts with enhanced reactivity relative to PdCl2
alone. Furthermore,modification of the N!N ligand resulted
in significant changes in selectivity (Scheme 15). While no
clear trends were observed as a function of the steric/
electronic properties of the N!N ligand, catalyst 41 was
found to be uniquely effective for this transformation,
affording 70% yield with remarkably high site selectivity
(R/! = 71:1).30

Mechanistic studies of this reaction suggest an unusual
pathway in which palladation of naphthalene occurs at a
highly electrophilic PdIV center.30 This provides a potential
explanation for the high selectivity for phenylation at the
most nucleophilic R-site. Further studies will be required to
obtain insights into the central role that the 2,6-dichlorodii-
mine ligand plays in enhancing this R-selectivity. Current

SCHEME 12. Pd-Catalyzed C-2 Arylation of Indoles and Pyrroles with
[Ar2I]BF4

SCHEME 13. Pd-Catalyzed C-3 Arylation of 2,5-Disubstituted Pyrroles

SCHEME 14. Catalyst Control of Selectivity with Ancillary Ligands

JACS. 2006, 128, 4972. 
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efforts are aimed at identifying catalysts capable of rever-
sing the selectivity of this transformation to afford high
selectivity for the !-arylated product. In addition, the identi-
fication of catalysts that show broader substrate scope is
another important future goal.

Arene Acetoxylation. As discussed above, the Pd(OAc)2-
catalyzed C!H acetoxylation of arenes with PhI(OAc)2 was
initially reported by Crabtree in 1996.4 When applied to
substituted aromatic substrates, this original system af-
forded low yields and poor site selectivity (e.g., eq 11). Our
objective was to identify ligands for Pd that could both
enhance reactivity and control the site selectivity of these
transformations.

Crabtree's early studies showed that the vast majority
of common ligands (e.g., pyridine, 1,10-phenanthroline,
acetylacetone) dramatically slow the rate of this reaction
(eq 12).4 However, we noted that Crabtree had explored all
of the ligands in ratios such that they would generate
coordinatively saturated complexes with Pd (e.g, 4 mol %

Pd(OAc)2/9 mol % pyridine, eq 12). We reasoned that
coordinatively unsaturated Pd complexes [e.g., (pyridine)-
Pd(OAc)2] should be more reactive1b,31 and thus explored the
influence of L/Pd ratio on catalytic activity with L = pyridine.32

Gratifyingly, moving from L/Pd = 2:1 to 1:1 led to a dramatic
rate acceleration for this transformation, demonstrating the
feasibility of ligand-accelerated catalysis (Figure 3).

The pyridine ligand also had a significant influence on the
site selectivity with substituted arene substrates. For exam-
ple, the R/! selectivity of the Pd(OAc)2-catalyzed acetoxyla-
tion of 1,2-dichlorobenzene changed from 41:59 without
pyridine to 29:71 upon the addition of 0.9 equiv of pyridine
relative to Pd. Selectivity for the less hindered ! site could be
further enhanced by employing the bulky oxidant MesI(OAc)2
in place of PhI(OAc)2, resulting in an R/! ratio of 11:89 (eq 13).

A similar trend was observed for other aromatic sub-
strates, where the additionof 0.9 equiv of the pyridine ligand

SCHEME 15. Catalyst Control of Selectivity in Napthalene Arylation

FIGURE 3. Influence of pyridine (pyr) to Pd(OAc)2 ratio on the rate of
benzene acetoxylation.
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acetylacetone) dramatically slow the rate of this reaction
(eq 12).4 However, we noted that Crabtree had explored all
of the ligands in ratios such that they would generate
coordinatively saturated complexes with Pd (e.g, 4 mol %

Pd(OAc)2/9 mol % pyridine, eq 12). We reasoned that
coordinatively unsaturated Pd complexes [e.g., (pyridine)-
Pd(OAc)2] should be more reactive1b,31 and thus explored the
influence of L/Pd ratio on catalytic activity with L = pyridine.32

Gratifyingly, moving from L/Pd = 2:1 to 1:1 led to a dramatic
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in conjunction with MesI(OAc)2 enhanced selectivity for
acetoxylation of the less sterically hindered aromatic C!H
sites (eq 14).32

The selectivities remainmodest inmost of these systems;
furthermore, the mechanism by which pyridine/oxidant
dictates selectivity requires further investigation. Nonethe-
less, the demonstration that pyridine ligands, in the correct
proportions, can favorably influence activity and selectivity
in arene C!H oxidation provides an exciting path forward
for the field.31

Oxidative Cross-Coupling of Aryl!H with Benzo-
[h]quinoline. Another set of studies has focused on cata-
lyst-controlled selectivity in Pd-catalyzed oxidative cross-
coupling reactions.33 In particular, we have examined the
coupling of benzo[h]quinoline with aromatic substrates to
generate a new biaryl linkage (eq 15). The C!H activation of
benzo[h]quinoline proceeds with high site selectivity due to
the presence of the pyridine directing group, while arene
activation is subject to catalyst control.

Mechanistic investigations of this transformation impli-
cated a reaction pathway involving (i) ligand-directed C!H
activation of benzo[h]quinoline to generate dimer 43, (ii)
reversible arene activation to formmonomer 44, (iii) benzo-
quinone (BQ) complexation to form 45, (iv) C!C bond-
forming reductive elimination to release 42 and Pd0, and
(v) reoxidation of Pd0 with AgI to regenerate the catalyst
(Scheme 16).33b The rate-limiting step of this sequence
changed from ii to iii as a function of the concentration of

BQ. At low BQ concentration, step iii was rate-determining;
however, saturation kinetics were observed at high BQ
concentration, suggesting that step ii becomes rate-limiting
when BQ is abundant.

We hypothesized that this change in rate-determining
step might result in a change in site selectivity, and this
possibility was tested using 1,3-dimethoxybenzene as the
arene.33c,34 With this substrate, functionalization of C!HA

would provide product A, while that of C!HB would afford
the isomeric compound B. We were pleased to find that the
ratio of products A/B changed from 16:1 to 1.1:1 (eq 16)
upon moving from 0.2 equiv of BQ (where step iii is rate-
determining) to 20 equiv of BQ (where step ii is rate-limiting).

These results suggest that Pd(OAc)2-mediated C!H acti-
vation of DMB (step ii) exhibits low selectivity for C!HA

versus C!HB. In contrast, the BQ-promoted reductive elim-
ination (step iii) appears to be highly selective for A. We
believe that this is because BQ coordination to PdII aryl
intermediate 44 is very sensitive to sterics.

Further exploration showed that a complete reversal in
selectivity to favor isomer B could be achieved by simply
changing the X-type ligand on Pd.33cWhen carboxylate was
replaced with carbonate (eq 17), a strong preference for
isomer B was observed (A/B = 1:11). Thus, it appears that
although steric effects control the selectivity of arylation
under conditions involving a carboxylate ligand, different
factors dominate when X = carbonate. Ongoing studies are

SCHEME 16. Proposed Mechanism for Oxidative Coupling between
Benzo[h]quinoline and Aryl!H
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directed at elucidating the origin of the B selectivity in the
carbonate system, but preliminary evidence suggests that
the selectivity is not due to an electrophilic palladation step
or a thermodynamically controlled deprotonation step.

Summary and Outlook
Substrate-based strategies provide extremely powerful
methods for controlling the site selectivity of transition
metal-catalyzed C!H bond functionalization and have been
extensively explored over the past decade. In contrast, the
ability to modulate the site selectivity of a Pd-catalyzed C!H
functionalization reaction via variation of the catalyst struc-
ture/reaction conditions is an exciting emerging field. Along
with thework described above, a number of recent literature
reports reflect burgeoning activity in this area. For example,
the Pd-catalyzed C!H arylation of N-acetylindoles has been
demonstrated to occur selectively at C-3 in the presence of
Cu(OAc)2 but at C-2 when AgOAc is used as the oxidant.35a

C!H arylation of azine N-oxides has been demonstrated at
both sp2 and sp3 sites; either site can be accessed selectively
depending on the identity of added base.35b Finally, a highly
para-selective C!H arylation is attributed to an [ArPdIV!F]
catalytic species formed in the presence of F"oxidants.35c All
of these transformations exemplify the potential power of
catalyst control for modulating both reactivity and site
selectivity in Pd-catalyzed C!H functionalizations. We an-
ticipate that this will be an area of tremendous growth and
activity in the future.
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bonds has become an active field of research. Over the past five
years, transition-metal-catalyzed cross-coupling between aryl–X
(X = halide, organometallic, or H) and various ‘CF3’ reagents has
emerged as a particularly attractive approach to generating aryl–
CF3 bonds. Despite many recent advances in this area, current meth-
ods generally suffer from limitations such as poor generality, harsh
reaction conditions, the requirement for stoichiometric quantities of
metals, and/or the use of costly CF3 sources. This Account describes
our recent efforts to address some of these challenges by: (1) devel-
oping aryltrifluoromethylation reactions involving high oxidation
state Pd intermediates, (2) exploiting AgCF3 for C–H trifluorometh-
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1 Introduction

Trifluoromethylarenes and heteroarenes are increasingly
important structural features of pharmaceuticals and agro-
chemicals. The incorporation of a trifluoromethyl group
into an organic molecule can dramatically impact a vari-
ety of properties, including metabolic stability, lipophilic-
ity, and bioavailability.1 Despite the significance of this
functional group in medicinal chemistry, mild, efficient,
and functional-group tolerant methods for the formation
of aryl/heteroaryl–CF3 linkages have been limited until
very recently.1f,2

On the industrial scale, trifluoromethylated arenes are
mainly produced by the Swarts reaction, which was devel-
oped in 1892.3 This transformation involves a two-step
conversion of toluene derivatives into benzotrifluorides
through radical chlorination followed by treatment with
an inorganic fluoride (e.g., SbF5) or anhydrous hydrogen
fluoride (Scheme 1).3 The requirement for reactive fluori-

nating reagents and high temperatures render this strategy
incompatible with many common functional groups.
Thus, the development of mild and flexible alternative
methods for the installation of CF3 groups, particularly at
late stages in the synthesis of complex molecules, is high-
ly desirable.

Scheme 1

This Account describes our efforts in methods develop-
ment and mechanistic investigations of transition-metal-
mediated aromatic trifluoromethylation reactions. When
we initiated our work in this area in 2009, three groups
had just reported exciting advances in Pd- and Cu-promot-
ed arene trifluoromethylation reactions. For example, in
2006, Grushin demonstrated that (Xantphos)Pd(Ph)(CF3)
undergoes stoichiometric Ph–CF3 bond-forming reduc-
tive elimination to release trifluorotoluene under mild
conditions (80 °C, 3 h; Scheme 2).4 This was the first re-
ported example of selective aryl–CF3 coupling from a Pd
center. The properties of the Xantphos ligand (particularly
its large bite angle) were hypothesized to play an impor-
tant role in this novel transformation.

Scheme 2

A major advance in the area of Cu-promoted trifluoro-
methylation was made in 2008, when Vicic reported the
first example of an isolable, crystallographically charac-
terized CuI–CF3 complex (Scheme 3).5 This complex,
which is supported by an N-heterocyclic carbene ligand,
was shown to react with aryl iodides under mild condi-
tions (25 °C, 112 h) to liberate trifluoromethylated prod-
ucts (Scheme 3). While related Cu-mediated
trifluoromethylations were known prior to this report,1f
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these previous systems generally involved ill-defined
‘Cu-CF3’ intermediates. 

Scheme 3

A final significant advance that occurred just prior to our
entry into the field was a 2009 report by Amii.6 This work
demonstrated the first copper-catalyzed trifluoromethyl-
ation of aryl iodides. As shown in Scheme 4, 1,10-phen-
anthroline (phen) was used as a supporting ligand for Cu
in conjunction with TMSCF3 as the CF3 source. A variety
of electron-deficient aryl iodides underwent trifluoro-
methylation under these conditions.

Scheme 4

Our goal was to build on these exciting advances by de-
veloping new mechanistic pathways for metal-mediated
aryl–CF3 coupling reactions. Over the last three years, we
have pursued three different strategies to achieve this goal
(Scheme 5). Strategy 1 involves aryltrifluoromethylation
via reductive elimination from high-valent PdIV(ar-
yl)(CF3) intermediates. Strategy 2 involves exploiting

AgCF3 intermediates to achieve aryl–CF3 bond formation.
Finally, strategy 3 involves the trifluoromethylation of
aryl-Cu intermediates with CF3•. All three of these ap-
proaches are described in detail below.

Scheme 5  Three different strategies used in the Sanford group for
aryl–CF3 coupling

2 Part 1. Aryltrifluoromethylation via High-
Valent Palladium

Historically, it has proven challenging to achieve aryl–
CF3 bond-forming reductive elimination from PdII cen-
ters. Only two high-yielding examples of this transforma-
tion have been reported in the literature, and both involve
the use of specialized phosphine ligands to induce the de-
sired reactivity. As described above, Grushin reported
Ph–CF3 coupling from (Xantphos)PdII(Ph)(CF3) in 2006
(Scheme 2).4a More recently, Buchwald has shown that
(Brettphos)PdII(aryl)(CF3) {Brettphos = dicyclohexyl(2ƍ-
isopropyl-3,6-dimethoxy-4ƍ,6ƍ-dipropyl-[1,1ƍ-biphenyl]-
2-yl)phosphine} also undergoes aryl–CF3 bond-forming
reductive elimination under mild conditions (80 °C, ~30
min).7 
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Approach 1 from Pd(IV) center 
using PhI(OAc)2 

ortho-substituted substrates gave the correspond-
ing products in low yields only. Switching to the
less bulky ligand RuPhos (7) (Fig. 2A) (28) pro-
vided the desired ortho-substituted products 11r-v
in excellent yields. Scale-up proved to be straight-
forward; products 11j and 11b were prepared on
2- and5-mmol scales, respectively, in the sameyields
as those reported for the 1-mmol–scale reactions.

Esters, acetals, amides, nitriles, ethers, dial-
kylamines, and a number of heteroaromatic sub-
stituents are tolerated. However, substrates bearing
aldehydes or ketones are not suitable. Further-
more, substrates cannot contain unprotected OH
or NH groups, presumably because of protonation
of the CF3 anion to form fluoroform, reaction at
the silicon center of TESCF3, and/or competing
coordination to the palladium center.

To gain insight into the reaction mechanism,
we prepared the presumptive Pd-CF3 intermedi-
ates 13 and studied their reductive elimination to
yield benzotrifluoride products. Treatment of com-
plexes 12 with TESCF3/CsF at room temperature
in THF allowed the isolation of [6•Pd(Ar)(CF3)]
complexes 13 (Fig. 4A). The compounds exhibit a
characteristic quartet in the 31P–nuclear magnetic
resonance (NMR) spectrum and a doublet in the
19F-NMR spectrum with a coupling constant of
~45 Hz. The Pd atom in the crystal structures of
13a (fig. S1) and 13b (Fig. 4B) is coordinated
by the upper-ring methoxy group of the ligand 6
and not by the ipso carbon atom of the lower
aromatic ring.

We studied the reductive elimination of
complexes 13 in dioxane at 80°C via 19F-NMR
and found first-order decay to give benzotri-
fluorides 14 in nearly quantitative yield. The rate
constants for both the decomposition of 13a and

13b are almost identical (Fig. 4A and fig. S2 and
S4). This surprising result is paralleled by density
functional theory calculations that predict an ac-
tivation energy of ~22 kcal mol!1 for both com-
plexes (29, 30). In comparison to the ground
states, the calculated Pd-CF3 distance in the
transition states is substantially elongated, whereas
the distance between the Pd atom and the aryl ring
remains essentially unchanged, suggesting that
the main contribution to the activation energy is
the breaking of the strong Pd-CF3 bond. Because
the strength of this bond is only minimally in-
fluenced by the substituent on the aryl ring, sim-
ilar rate constants are observed.

When complex 13a was heated in the
presence of excess methyl 4-chlorobenzoate, the
oxidative-addition complex 12a was formed in
addition to product 14a, thus closing the catalytic
cycle. The yield and rate of benzotrifluoride for-
mation were identical in the presence or absence
of aryl chloride (fig. S3), which implies that
reductive elimination affords a Pd(0) species that
then undergoes oxidative addition to form 12a.
Therefore, we believe that these reactions pro-
ceed via a classical Pd(0)/Pd(II) catalytic cycle,
as proposed in Fig. 1.

In preliminary experiments, we have demon-
strated that this process is applicable, in somewhat
lower yields, to aryl bromides and aryl triflates.We
are currently seeking to develop a better understand-
ing of the overall reactionmechanism, as well as to
render this process more generally useful and prac-
tical.We hope to accomplish this by broadening its
substrate scope, lowering the quantity of catalyst
necessary, developing milder reaction conditions,
and using less expensive and more environmen-
tally friendly trifluoromethylating agents.
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Our group aimed to achieve aryl–CF3 coupling from Pd

using a different, complementary approach. Rather than

modifying the ligands at PdII, we sought to access the de-

sired reactivity by changing the oxidation state of the Pd

center from PdII to PdIV. This idea was predicated on the

fact that PdIV complexes are well known to undergo other

reductive elimination reactions (e.g., C–F, C–Cl, C–I, C–

N, C–O) that have proven challenging at PdII centers.8 To

probe the viability of this strategy, we synthesized and

studied the reactivity of PdIV(aryl)(CF3) intermediates.

Two different synthetic routes were used to access these

compounds: the 2e– oxidation of pre-formed PdII(ar-

yl)(CF3) complexes (Scheme 6a) and the oxidation of

PdII(aryl) complexes with CF3
+ reagents (Scheme 6b).

Scheme 6  Two synthetic routes to PdIV(aryl)(CF3) complexes

We initially pursued the synthesis of PdIV(aryl)(CF3) com-

plexes via the 2e– oxidation of (N~N)PdII(aryl)(CF3) (1).9

4,4ƍ-Di-tert-butyl-2,2ƍ-bipyridine (dtbpy) was selected as

the N~N ligand, since its rigid, bidentate structure is

known to stabilize PdIV complexes.10 As shown in Scheme

7, N-fluoro-2,4,6-trimethyl-pyridinium triflate (NFTPT)

proved to be particularly effective for the oxidation of 1,

yielding 2 in 53% isolated yield. This product was fully

characterized by NMR spectroscopy and X-ray crystal-

lography.

Scheme 7

The availability of pure samples of 1 and 2 enabled a di-

rect comparison of aryl–CF3 bond formation from dtbpy-

ligated PdII versus PdIV centers. As shown in Scheme 8,

PdII complex 1 was inert towards thermal reductive elim-

ination, affording <5% yield of p-F-Ph–CF3 even after 72

h at 130 °C (mass balance was predominantly recovered

starting material). In marked contrast, the analogous PdIV

complex underwent high yielding aryl–CF3 bond-forming

reductive elimination over 3 h at just 80 °C (Scheme 8).

Notably, products derived from competing aryl–F or aryl–

OTf coupling were not observed from 2, presumably due

to the low reactivity of these ligands towards reductive

elimination.2a,10a,b,11 Overall, the results given in Scheme 8

confirmed our original hypothesis that aryl–CF3 coupling

can be accelerated by oxidation of a Pd center from PdII to

PdIV. 

Experimental and computational mechanistic studies indi-

cate that aryl–CF3 coupling from 2 proceeds via pre-equi-

librium triflate dissociation (step i) followed by aryl–CF3

bond-formation from cationic intermediate 3 (step ii,
Scheme 9). These results led us to propose that replacing

the dtbpy ligand with N,N,Nƍ,Nƍ-tetramethylethylenedi-

amine (tmeda) would result in an acceleration of this C–C

bond-forming event. Importantly, literature precedent has

shown that the use of more flexible tmeda increases the

rate of C–C coupling from the related PdIV complexes

(N~N)PdIV(CH3)2(Ph)(I) (N~N = bpy versus tmeda).12

DFT calculations of analogues of 2 were consistent with

this hypothesis, predicting that both triflate dissociation

and aryl–CF3 coupling would be faster with tmeda. Exper-

imental studies confirmed that the PdIV tmeda complex 5
is significantly more reactive than 2, as substitution of

tmeda for dtbpy enables aryl–CF3 coupling to proceed at
room temperature rather than 80 °C (Scheme 9)!

This work provides the basis for the development of many

different types of PdII/IV-catalyzed aryl–CF3 cross-cou-

pling reactions. A potential catalytic cycle for such trans-

formations is outlined in Scheme 10. Step i involves

formation of a PdII(aryl) complex, which could occur, for

example, by C–H activation (X = H) or transmetalation

(X = B, Sn, Si). Subsequent reaction with TMSCF3 (step

ii) would yield PdII(aryl)(CF3) (A). Two-electron oxida-

tion of A (step iii) followed by aryl–CF3 bond-forming

reductive elimination (step iv) would then furnish the tri-

fluoromethylated product and regenerate the catalyst. 

This approach is already being adopted to achieve syn-

thetically useful trifluoromethylation reactions. For ex-

ample, a recent report by Liu and co-workers exploited
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using a different, complementary approach. Rather than

modifying the ligands at PdII, we sought to access the de-

sired reactivity by changing the oxidation state of the Pd

center from PdII to PdIV. This idea was predicated on the

fact that PdIV complexes are well known to undergo other

reductive elimination reactions (e.g., C–F, C–Cl, C–I, C–

N, C–O) that have proven challenging at PdII centers.8 To

probe the viability of this strategy, we synthesized and

studied the reactivity of PdIV(aryl)(CF3) intermediates.

Two different synthetic routes were used to access these

compounds: the 2e– oxidation of pre-formed PdII(ar-

yl)(CF3) complexes (Scheme 6a) and the oxidation of

PdII(aryl) complexes with CF3
+ reagents (Scheme 6b).
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plexes via the 2e– oxidation of (N~N)PdII(aryl)(CF3) (1).9

4,4ƍ-Di-tert-butyl-2,2ƍ-bipyridine (dtbpy) was selected as

the N~N ligand, since its rigid, bidentate structure is

known to stabilize PdIV complexes.10 As shown in Scheme

7, N-fluoro-2,4,6-trimethyl-pyridinium triflate (NFTPT)

proved to be particularly effective for the oxidation of 1,

yielding 2 in 53% isolated yield. This product was fully

characterized by NMR spectroscopy and X-ray crystal-

lography.
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The availability of pure samples of 1 and 2 enabled a di-
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ligated PdII versus PdIV centers. As shown in Scheme 8,

PdII complex 1 was inert towards thermal reductive elim-

ination, affording <5% yield of p-F-Ph–CF3 even after 72
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starting material). In marked contrast, the analogous PdIV

complex underwent high yielding aryl–CF3 bond-forming

reductive elimination over 3 h at just 80 °C (Scheme 8).

Notably, products derived from competing aryl–F or aryl–

OTf coupling were not observed from 2, presumably due

to the low reactivity of these ligands towards reductive

elimination.2a,10a,b,11 Overall, the results given in Scheme 8

confirmed our original hypothesis that aryl–CF3 coupling

can be accelerated by oxidation of a Pd center from PdII to

PdIV. 

Experimental and computational mechanistic studies indi-

cate that aryl–CF3 coupling from 2 proceeds via pre-equi-

librium triflate dissociation (step i) followed by aryl–CF3

bond-formation from cationic intermediate 3 (step ii,
Scheme 9). These results led us to propose that replacing

the dtbpy ligand with N,N,Nƍ,Nƍ-tetramethylethylenedi-

amine (tmeda) would result in an acceleration of this C–C

bond-forming event. Importantly, literature precedent has

shown that the use of more flexible tmeda increases the

rate of C–C coupling from the related PdIV complexes

(N~N)PdIV(CH3)2(Ph)(I) (N~N = bpy versus tmeda).12

DFT calculations of analogues of 2 were consistent with

this hypothesis, predicting that both triflate dissociation

and aryl–CF3 coupling would be faster with tmeda. Exper-
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is significantly more reactive than 2, as substitution of

tmeda for dtbpy enables aryl–CF3 coupling to proceed at
room temperature rather than 80 °C (Scheme 9)!
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(X = B, Sn, Si). Subsequent reaction with TMSCF3 (step
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PdII(aryl) complexes with CF3
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the N~N ligand, since its rigid, bidentate structure is

known to stabilize PdIV complexes.10 As shown in Scheme

7, N-fluoro-2,4,6-trimethyl-pyridinium triflate (NFTPT)

proved to be particularly effective for the oxidation of 1,

yielding 2 in 53% isolated yield. This product was fully

characterized by NMR spectroscopy and X-ray crystal-

lography.

Scheme 7

The availability of pure samples of 1 and 2 enabled a di-

rect comparison of aryl–CF3 bond formation from dtbpy-

ligated PdII versus PdIV centers. As shown in Scheme 8,

PdII complex 1 was inert towards thermal reductive elim-

ination, affording <5% yield of p-F-Ph–CF3 even after 72

h at 130 °C (mass balance was predominantly recovered

starting material). In marked contrast, the analogous PdIV

complex underwent high yielding aryl–CF3 bond-forming

reductive elimination over 3 h at just 80 °C (Scheme 8).

Notably, products derived from competing aryl–F or aryl–

OTf coupling were not observed from 2, presumably due

to the low reactivity of these ligands towards reductive

elimination.2a,10a,b,11 Overall, the results given in Scheme 8

confirmed our original hypothesis that aryl–CF3 coupling

can be accelerated by oxidation of a Pd center from PdII to

PdIV. 

Experimental and computational mechanistic studies indi-

cate that aryl–CF3 coupling from 2 proceeds via pre-equi-

librium triflate dissociation (step i) followed by aryl–CF3

bond-formation from cationic intermediate 3 (step ii,
Scheme 9). These results led us to propose that replacing

the dtbpy ligand with N,N,Nƍ,Nƍ-tetramethylethylenedi-
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shown that the use of more flexible tmeda increases the

rate of C–C coupling from the related PdIV complexes

(N~N)PdIV(CH3)2(Ph)(I) (N~N = bpy versus tmeda).12

DFT calculations of analogues of 2 were consistent with

this hypothesis, predicting that both triflate dissociation

and aryl–CF3 coupling would be faster with tmeda. Exper-

imental studies confirmed that the PdIV tmeda complex 5
is significantly more reactive than 2, as substitution of

tmeda for dtbpy enables aryl–CF3 coupling to proceed at
room temperature rather than 80 °C (Scheme 9)!
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different types of PdII/IV-catalyzed aryl–CF3 cross-cou-

pling reactions. A potential catalytic cycle for such trans-
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formation of a PdII(aryl) complex, which could occur, for
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(X = B, Sn, Si). Subsequent reaction with TMSCF3 (step

ii) would yield PdII(aryl)(CF3) (A). Two-electron oxida-
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this strategy in the Pd-catalyzed C–H trifluoromethylation
of indoles (Scheme 11).13 While detailed mechanistic in-
vestigations of this transformation have not yet been con-
ducted, the combination of aryl–H (indole), TMSCF3, and
an oxidant [PhI(OAc)2] was proposed to react via a cycle
very similar to that depicted in Scheme 10. A related path-
way has also been proposed for the Pd-catalyzed aryltri-
fluoromethylation of alkenes.14 Numerous analogous
transformations can be envisioned, and we anticipate that
this approach could find widespread utility for Pd-cata-
lyzed trifluoromethylation sequences.

Scheme 11

Our second strategy for generating PdIV(aryl)(CF3) inter-
mediates is via the reaction of PdII(aryl) complexes with

CF3
+ reagents (Scheme 12). Here the CF3

+ plays two roles.
First, it serves to oxidize the PdII to PdIV and, second, it
serves as the source of CF3 in the product. 

Scheme 12

We initially examined the feasibility of using this trans-
formation in the context of the cyclopalladated dimer
[(bzq)PdII(OAc)]2 (6). This complex was selected for
study for two reasons. First, it contains a rigid cyclometa-
lated ı-aryl ligand, which should stabilize high-valent Pd
oxidation products.15 Second, it is believed to be a catalyt-
ically relevant intermediate in C–H functionalization re-
actions of benzo[h]quinoline.16 As such, studies of its
reactivity could potentially be directly applicable to the
development of catalytic ligand-directed C–H trifluoro-
methylation reactions. 

The reaction of 6 with CF3
+ reagents 7–9 in AcOH afford-

ed the PdIV complex 10 (Scheme 13).17 This complex was
fully characterized by NMR spectroscopy and by X-ray
crystallography. 

Scheme 13

Complex 10 was stable at room temperature, but it decom-
posed at 60 °C to form the aryl–CF3 coupled product 11
(Scheme 14). However, under all of the conditions exam-
ined, the formation of 11 was sluggish, showed an induc-
tion period, and proceeded in only modest yield (56% in
AcOH), with poor mass balance. While we have not yet
been able to completely explain these results, we have
identified additives that ameliorate many of these issues.
In particular, reactions conducted in the presence of
Brønsted acids (e.g., trifluoroacetic acid) or Lewis acids
[e.g., Yb(OTf)3] were faster, occurred with minimal in-
duction periods, and proceeded in significantly higher
yields than those without these additives (Scheme 14). 

The lessons learned from these stoichiometric studies
have proven to be highly relevant to Pd-catalyzed ligand-
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this strategy in the Pd-catalyzed C–H trifluoromethylation
of indoles (Scheme 11).13 While detailed mechanistic in-
vestigations of this transformation have not yet been con-
ducted, the combination of aryl–H (indole), TMSCF3, and
an oxidant [PhI(OAc)2] was proposed to react via a cycle
very similar to that depicted in Scheme 10. A related path-
way has also been proposed for the Pd-catalyzed aryltri-
fluoromethylation of alkenes.14 Numerous analogous
transformations can be envisioned, and we anticipate that
this approach could find widespread utility for Pd-cata-
lyzed trifluoromethylation sequences.
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lated ı-aryl ligand, which should stabilize high-valent Pd
oxidation products.15 Second, it is believed to be a catalyt-
ically relevant intermediate in C–H functionalization re-
actions of benzo[h]quinoline.16 As such, studies of its
reactivity could potentially be directly applicable to the
development of catalytic ligand-directed C–H trifluoro-
methylation reactions. 

The reaction of 6 with CF3
+ reagents 7–9 in AcOH afford-

ed the PdIV complex 10 (Scheme 13).17 This complex was
fully characterized by NMR spectroscopy and by X-ray
crystallography. 
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Complex 10 was stable at room temperature, but it decom-
posed at 60 °C to form the aryl–CF3 coupled product 11
(Scheme 14). However, under all of the conditions exam-
ined, the formation of 11 was sluggish, showed an induc-
tion period, and proceeded in only modest yield (56% in
AcOH), with poor mass balance. While we have not yet
been able to completely explain these results, we have
identified additives that ameliorate many of these issues.
In particular, reactions conducted in the presence of
Brønsted acids (e.g., trifluoroacetic acid) or Lewis acids
[e.g., Yb(OTf)3] were faster, occurred with minimal in-
duction periods, and proceeded in significantly higher
yields than those without these additives (Scheme 14). 

The lessons learned from these stoichiometric studies
have proven to be highly relevant to Pd-catalyzed ligand-
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this strategy in the Pd-catalyzed C–H trifluoromethylation
of indoles (Scheme 11).13 While detailed mechanistic in-
vestigations of this transformation have not yet been con-
ducted, the combination of aryl–H (indole), TMSCF3, and
an oxidant [PhI(OAc)2] was proposed to react via a cycle
very similar to that depicted in Scheme 10. A related path-
way has also been proposed for the Pd-catalyzed aryltri-
fluoromethylation of alkenes.14 Numerous analogous
transformations can be envisioned, and we anticipate that
this approach could find widespread utility for Pd-cata-
lyzed trifluoromethylation sequences.
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formation in the context of the cyclopalladated dimer
[(bzq)PdII(OAc)]2 (6). This complex was selected for
study for two reasons. First, it contains a rigid cyclometa-
lated ı-aryl ligand, which should stabilize high-valent Pd
oxidation products.15 Second, it is believed to be a catalyt-
ically relevant intermediate in C–H functionalization re-
actions of benzo[h]quinoline.16 As such, studies of its
reactivity could potentially be directly applicable to the
development of catalytic ligand-directed C–H trifluoro-
methylation reactions. 

The reaction of 6 with CF3
+ reagents 7–9 in AcOH afford-

ed the PdIV complex 10 (Scheme 13).17 This complex was
fully characterized by NMR spectroscopy and by X-ray
crystallography. 
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Complex 10 was stable at room temperature, but it decom-
posed at 60 °C to form the aryl–CF3 coupled product 11
(Scheme 14). However, under all of the conditions exam-
ined, the formation of 11 was sluggish, showed an induc-
tion period, and proceeded in only modest yield (56% in
AcOH), with poor mass balance. While we have not yet
been able to completely explain these results, we have
identified additives that ameliorate many of these issues.
In particular, reactions conducted in the presence of
Brønsted acids (e.g., trifluoroacetic acid) or Lewis acids
[e.g., Yb(OTf)3] were faster, occurred with minimal in-
duction periods, and proceeded in significantly higher
yields than those without these additives (Scheme 14). 

The lessons learned from these stoichiometric studies
have proven to be highly relevant to Pd-catalyzed ligand-
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this strategy in the Pd-catalyzed C–H trifluoromethylation
of indoles (Scheme 11).13 While detailed mechanistic in-
vestigations of this transformation have not yet been con-
ducted, the combination of aryl–H (indole), TMSCF3, and
an oxidant [PhI(OAc)2] was proposed to react via a cycle
very similar to that depicted in Scheme 10. A related path-
way has also been proposed for the Pd-catalyzed aryltri-
fluoromethylation of alkenes.14 Numerous analogous
transformations can be envisioned, and we anticipate that
this approach could find widespread utility for Pd-cata-
lyzed trifluoromethylation sequences.
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serves as the source of CF3 in the product. 
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We initially examined the feasibility of using this trans-
formation in the context of the cyclopalladated dimer
[(bzq)PdII(OAc)]2 (6). This complex was selected for
study for two reasons. First, it contains a rigid cyclometa-
lated ı-aryl ligand, which should stabilize high-valent Pd
oxidation products.15 Second, it is believed to be a catalyt-
ically relevant intermediate in C–H functionalization re-
actions of benzo[h]quinoline.16 As such, studies of its
reactivity could potentially be directly applicable to the
development of catalytic ligand-directed C–H trifluoro-
methylation reactions. 

The reaction of 6 with CF3
+ reagents 7–9 in AcOH afford-

ed the PdIV complex 10 (Scheme 13).17 This complex was
fully characterized by NMR spectroscopy and by X-ray
crystallography. 
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Complex 10 was stable at room temperature, but it decom-
posed at 60 °C to form the aryl–CF3 coupled product 11
(Scheme 14). However, under all of the conditions exam-
ined, the formation of 11 was sluggish, showed an induc-
tion period, and proceeded in only modest yield (56% in
AcOH), with poor mass balance. While we have not yet
been able to completely explain these results, we have
identified additives that ameliorate many of these issues.
In particular, reactions conducted in the presence of
Brønsted acids (e.g., trifluoroacetic acid) or Lewis acids
[e.g., Yb(OTf)3] were faster, occurred with minimal in-
duction periods, and proceeded in significantly higher
yields than those without these additives (Scheme 14). 

The lessons learned from these stoichiometric studies
have proven to be highly relevant to Pd-catalyzed ligand-
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directed C–H trifluoromethylation reactions. In an elegant
recent paper, Yu and co-workers achieved the Pd-cata-
lyzed C–H trifluoromethylation of a variety of aromatic
substrates using 9 as the CF3

+ source (Scheme 15). The
optimal conditions for these transformations [using a
chlorinated solvent in the presence of a Brønsted acid
(TFA) and a Lewis acid (Cu(OAc)2)] are remarkably sim-
ilar to those identified in our stoichiometric reactions with
6 and 11.18 

This suggested the possibility that PdIV complex 10 might
be an intermediate under Yu’s catalytic reactions. Consis-
tent with this proposal, the use of 10 as catalyst provided
nearly identical yield to that obtained with Pd(OAc)2. Fur-
thermore, analysis of the initial rates with Pd(OAc)2 ver-
sus 10 showed that the PdIV complex is a kinetically
competent catalyst for C–H trifluoromethylation.17 
Overall, these studies demonstrate the viability of catalyt-
ic cycles such as that depicted in Scheme 16 for PdII/IV-cat-
alyzed trifluoromethylation. This cycle involves initial
generation of PdII(aryl) intermediate B via C–H activation
or transmetalation (step i). Oxidation of B with CF3

+ (step
ii) and subsequent C–CF3 coupling (step iii) then releases
the trifluoromethylated product. We anticipate that this
pathway could prove broadly useful for a number of dif-
ferent Pd-catalyzed transformations for introducing CF3
groups into organic molecules.

3 Part 2. Aryltrifluoromethylation Using 
AgCF3

Our second approach to uncovering new pathways for
arene trifluoromethylation has been to explore metal cat-
alysts beyond Pd and Cu. Our initial efforts in this area fo-

cused on Ag for three reasons. First, AgI has the same
electronic configuration as CuI, which suggests the possi-
bility of similar reactivity. Second, AgI salts have recently
been used as catalysts for related organometallic reac-
tions, including the fluorination of arylstannanes with F+

reagents.19 These examples suggest the possibility that or-
ganometallic Ag complexes can participate in aryl–X
bond-forming transformations. Third, AgCF3 is readily
synthetically accessible (although its reactivity with or-
ganic substrates had not previously been explored exten-
sively).20

We first examined the reaction between AgCF3 and iodo-
benzene. PhI was selected as a substrate because it is
known to react with CuCF3 complexes to generate triflu-
orotoluene (Scheme 17a).1f Very surprisingly, treatment
of AgCF3 with PhI did not yield the expected cross-cou-
pled product PhCF3. Instead, this reaction afforded a mix-
ture of three isomeric C–H trifluoromethylation products
(iodobenzotrifluorides) (Scheme 17b).21 This is a particu-
larly exciting result because it shows that moving to a dif-
ferent metal (from Cu to Ag) results in completely
complementary reactivity. 

Optimization of this transformation led to a new Ag-pro-
moted trifluoromethylation reaction that is applicable to a
variety of substrates.18 As summarized in Scheme 18, re-
actions of electron-rich aromatic and heteroaromatic com-
pounds afforded particularly high yields. Somewhat lower
yields were obtained with electron-deficient aromatics. In
substrates containing more than one type of aromatic C–
H bond, mixtures of isomeric trifluoromethylated prod-
ucts were generally obtained. This feature could prove
valuable to medicinal chemists because it enables the
transformation of a single lead molecule into a variety of
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directed C–H trifluoromethylation reactions. In an elegant
recent paper, Yu and co-workers achieved the Pd-cata-
lyzed C–H trifluoromethylation of a variety of aromatic
substrates using 9 as the CF3

+ source (Scheme 15). The
optimal conditions for these transformations [using a
chlorinated solvent in the presence of a Brønsted acid
(TFA) and a Lewis acid (Cu(OAc)2)] are remarkably sim-
ilar to those identified in our stoichiometric reactions with
6 and 11.18 

This suggested the possibility that PdIV complex 10 might
be an intermediate under Yu’s catalytic reactions. Consis-
tent with this proposal, the use of 10 as catalyst provided
nearly identical yield to that obtained with Pd(OAc)2. Fur-
thermore, analysis of the initial rates with Pd(OAc)2 ver-
sus 10 showed that the PdIV complex is a kinetically
competent catalyst for C–H trifluoromethylation.17 
Overall, these studies demonstrate the viability of catalyt-
ic cycles such as that depicted in Scheme 16 for PdII/IV-cat-
alyzed trifluoromethylation. This cycle involves initial
generation of PdII(aryl) intermediate B via C–H activation
or transmetalation (step i). Oxidation of B with CF3

+ (step
ii) and subsequent C–CF3 coupling (step iii) then releases
the trifluoromethylated product. We anticipate that this
pathway could prove broadly useful for a number of dif-
ferent Pd-catalyzed transformations for introducing CF3
groups into organic molecules.

3 Part 2. Aryltrifluoromethylation Using 
AgCF3

Our second approach to uncovering new pathways for
arene trifluoromethylation has been to explore metal cat-
alysts beyond Pd and Cu. Our initial efforts in this area fo-

cused on Ag for three reasons. First, AgI has the same
electronic configuration as CuI, which suggests the possi-
bility of similar reactivity. Second, AgI salts have recently
been used as catalysts for related organometallic reac-
tions, including the fluorination of arylstannanes with F+

reagents.19 These examples suggest the possibility that or-
ganometallic Ag complexes can participate in aryl–X
bond-forming transformations. Third, AgCF3 is readily
synthetically accessible (although its reactivity with or-
ganic substrates had not previously been explored exten-
sively).20

We first examined the reaction between AgCF3 and iodo-
benzene. PhI was selected as a substrate because it is
known to react with CuCF3 complexes to generate triflu-
orotoluene (Scheme 17a).1f Very surprisingly, treatment
of AgCF3 with PhI did not yield the expected cross-cou-
pled product PhCF3. Instead, this reaction afforded a mix-
ture of three isomeric C–H trifluoromethylation products
(iodobenzotrifluorides) (Scheme 17b).21 This is a particu-
larly exciting result because it shows that moving to a dif-
ferent metal (from Cu to Ag) results in completely
complementary reactivity. 

Optimization of this transformation led to a new Ag-pro-
moted trifluoromethylation reaction that is applicable to a
variety of substrates.18 As summarized in Scheme 18, re-
actions of electron-rich aromatic and heteroaromatic com-
pounds afforded particularly high yields. Somewhat lower
yields were obtained with electron-deficient aromatics. In
substrates containing more than one type of aromatic C–
H bond, mixtures of isomeric trifluoromethylated prod-
ucts were generally obtained. This feature could prove
valuable to medicinal chemists because it enables the
transformation of a single lead molecule into a variety of
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Scheme 20

Our investigations revealed that the reaction of 1,1ƍ-biphe-
nyl-4-ylboronic acid with CF3I in the presence of 20
mol% Cu(OAc), 1 mol% Ru(bpy)3

2+, and visible light
(two 26 W household light bulbs) affords the trifluoro-
methylated product 4-(trifluoromethyl)-1,1ƍ-biphenyl in
high yield (Scheme 21).30 Importantly, the reaction pro-
ceeds in less than 5% yield when light, Cu, or Ru are ex-
cluded from the reaction mixture, indicating that all three
of these components are necessary for the major reaction
pathway. Furthermore, less than 2% of competing C–H
trifluoromethylation of the substrate or product was ob-
served, indicating that the relative rate of the Cu-catalyzed
process is faster than radical aromatic substitution.
Scheme 22 summarizes the scope of this transformation.
As shown, this method is effective for the trifluorometh-

ylation of a wide variety of aromatic and heteroaromatic
boronic acid substrates bearing many common functional
groups. Importantly, analogous perfluoroalkylation reac-
tions of boronic acids can also be conducted under these
conditions using inexpensive and readily available perflu-
oroalkyl iodide starting materials.
This work indicates that Cu-catalyzed trifluoromethyl-
ation reactions involving CF3• intermediates can be viable
and facile processes. We believe that it is possible (even
likely) that many Cu-catalyzed processes that were initial-
ly believed to involve CF3

– or CF3
+ transfer actually in-

volve radical intermediates. For example, several reports
have shown that Ag salts serve as promoters for the Cu-
catalyzed trifluoromethylation of aryl iodides.20b,31 The
role of Ag has been proposed to involve mediating trans-
metalation of CF3

– from Si (in TMSCF3) to Cu.20b Howev-
er, the current results (together with those detailed in Part
2 of this Account) suggest that the role of Ag may be to
generate CF3• in these transformations. In addition, CF3

+

reagents can potentially undergo 1e– reduction to form
CF3•, suggesting the possibility that Cu-catalyzed reac-
tions of CF3

+ reagents may also involve radical intermedi-
ates.28c,32

Our preliminary results also have implications for the fu-
ture development of Cu-catalyzed fluoroalkylation se-
quences. They suggest that combining aryl-Cu species
(generated via transmetalation, C–H activation, oxidative
addition, etc) with perfluoroalkyl radicals (generated via
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different trifluoromethylated analogues in a single opera-
tion. This is exemplified in the formation of 12 as a mix-
ture of four isomers from the trifluoromethylation of
Tricor (a commercial cholesterol-lowering drug).

While detailed mechanistic studies have not yet been con-
ducted, several pieces of evidence implicate a pathway in-
volving homolysis of the Ag–CF3 bond to generate Ag0

and CF3• followed by C–H functionalization via radical
aromatic substitution. First, a Ag mirror is observed at the
bottom of the flask at the end of these reactions, which is
indicative of the reduction of AgI to Ag0. Additionally, the
high reactivity with electron-rich aromatics is consistent
with the intermediacy of an electrophilic CF3 radical.22 Fi-
nally, the addition of one equivalent of 2,2,6,6-(tetrameth-
ylpiperidin-1-yl)oxyl (TEMPO) to this transformation
resulted in a dramatic reduction of the yield, suggesting
the possibility that this additive is trapping the key CF3•
intermediate.12 

Overall these efforts demonstrate the viability of Ag as a
promoter for C–H trifluoromethylation. The AgCF3-me-
diated transformations proceed under mild conditions and
are complementary to analogous reactions of CuCF3. In
addition, this work adds to a growing body of evidence
suggesting that CF3• is a potent reagent for synthetically
useful C–H trifluoromethylation reactions. For example,
Baran and MacMillan have recently demonstrated the C–
H trifluoromethylation of complex molecules with CF3•
generated from either NaSO2CF3/t-BuOOH (Baran)23 or
CF3SO2Cl/Ru(phen)3

2+/visible light (MacMillan).24,25 All
of these transformations serve as valuable methods for the
trifluoromethylation of aromatic/heteroaromatic sub-
strates under mild and functional-group-tolerant condi-
tions.

4 Part 3. Cu-Catalyzed Aryltrifluoromethyl-
ation with CF3•

A third objective of our efforts in this area has been to
identify new pathways for Cu-catalyzed boronic acid tri-

fluoromethylation. Prior work had demonstrated that this
transformation can be achieved via transfer of nucleophil-
ic CF3

– [derived from, for example, TMSCF3 or
K(MeO)3B(CF3)]26,27 or electrophilic CF3

+ (derived, for
example, from 7–9)28 to the Cu catalyst (Scheme 19).
These two approaches are limited by the relatively high
cost of some CF3

–/CF3
+ reagents, limited functional group

tolerance in the presence of these highly nucleophil-
ic/electrophilic reagents, and the requirement for high
temperatures in some systems. We reasoned that these
limitations could potentially be addressed by accessing an
alternative mechanistic manifold in which CF3 transfer to
the metal center occurs via CF3• (Scheme 19). As dis-
cussed above in Part 2, CF3• can effect C–H trifluorometh-
ylation via radical aromatic substitution. Thus, a key
challenge for this approach is to identify a system in
which reaction of CF3• with the metal catalyst is faster
than competing uncatalyzed C–H trifluoromethylation.
We selected Cu-based catalysts based on the fact that they
are susceptible to rapid 1e– oxidation reactions. 

Scheme 19

Our proposed approach to Cu-catalyzed trifluoromethyl-
ation requires a mild and readily available source of CF3•.
We were inspired by several recent reports by MacMillan
that used CF3I as a precursor to CF3• in the presence of
visible light and a photocatalyst.29 As such, our initial
studies focused on the Cu-catalyzed trifluoromethylation
of boronic acid derivatives with CF3I in the presence of
Ru(bpy)3

2+ (Scheme 20). 
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reactivity is observed (tertiary > secondary > primary). The
difference between the selectivities in Pd-catalyzed versus
radical/electrophilic mechanisms likely reflects the strong influ-
ence of sterics and of C!H bond pKa

24 on the palladation step.
Five-membered palladacyclic intermediates are typically

important for achieving high-yielding sp3 C!H functionali-
zation. For example, substrates such as 15 showed no
reactivity in the presence of Pd(OAc)2/PhI(OAc)2 (Figure 1).7b

Themarkedly higher reactivity of!-C!Hbonds is likely due to
the more favorable energy requirements for forming a five-
membered palladacycle.5

To date, there are only a few examples of Pd-catalyzed
ligand-directed C!H functionalization at secondary sp3-C!H
sites (Figure 2). These reactions typically occur in substrates
that have steric constraints/geometric biases or are electro-
nically activated. One example involves trans-decalone
methyl oxime ether, whose rigid conformation positions
the equatorial secondary !-C!H bond near the coordinated
PdII, leading to product16with high selectivity.7b In a second
example, an amidoquinoline ligand binds to Pd in a biden-
tate fashion, thereby placing a secondary C!H site in close
proximity to the Pd center to afford product 17.8b Electronic
activation likely contributes to the facility of secondary sp3-
C!H acetoxylation to form 18 (R to an activating oxygen
atom)7b and arylation to form 19 (benzylic C!H site).14

Finally, secondary C!H bonds on cyclopropanes are often
amenable to functionalization (e.g., to afford 2012b and
2125), likely due to the diminished steric requirements for
C!H activation, the high rigidity of the substrate, and/or the
increased s character of cyclopropyl C!H bonds.

Selectivity between Directing Groups. Many substrates
of interest contain multiple basic groups that could poten-
tially bind to the Pd center and direct C!H functionalization.
We conducted systematic competition studies to assess the
relative propensities of different N- and O-donor groups

todirect Pd-catalyzedC!Hacetoxylation.7f These investigations
revealed a strong correlation between the basicity of the
directing group and the relative rate of C!H functionaliza-
tion proximal to that group. This is exemplified by competition
experiments between electronically varied benzylpyridine
substrates (eq 5), as well as those between different hetero-
cyclic directing groups (eq 6).

Scheme 10 summarizes the relative reactivity of directing
groups in competition studies. Importantly, the trends de-
rived from these experiments have predictive power. For
example, they correctly predicted that substrate 22 would
undergo selective C!H acetoxylation adjacent to the oxime
ether group (eq 7). The resulting product 23 could then be
further elaborated to afford products 24!26 via amide-
directed oxygenation, chlorination, or arylation.

Catalyzed versus Uncatalyzed Selectivity. With many
aromatic substrates, arene C!H functionalization with an
electrophilic oxidant can occur by either a Pd-catalyzed

FIGURE 2. Products of secondary sp3-C!H functionalization.
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coordination of Pd to the amide nitrogen followed by a Heck-
type cyclization/!-hydride elimination sequence. A second
proposed pathway proceeds via amide-directed Wacker-type
cyclization/!-hydride elimination to generate the carbazole.

An alternative approach to carbazoles involves the
Pd(OAc)2-catalyzed cyclization of N-alkylanilines in the
presence of PhI(OAc)2 (eq 24).61 In contrast to the reactions
in Scheme 21, this transformation proceeds efficiently at
room temperature and its substrate scope is highly comple-
mentary, allowing synthesis of both N-alkyl and N-allylcar-
bazoles containing diverse aromatic substituents including
aryl iodides (eq 24). These distinguishing features are believed
to result from a difference in mechanism, and a PdII/IV pathway
involving intermediate 21 (eq 24) was proposed.

Tosylhydrazones have been used to direct intramolecular
ortho-amination to form indazoles.62 In these systems,
Pd(OAc)2 served as the catalyst in conjunction with 1 equiv
of Cu(OAc)2 and 2 equiv of AgO2CCF3 (eq 25). In substrates
with two electronically distinct aryl rings, modest to excellent
selectivity was observed for cyclization on the more electron-
rich arene. Interestingly, meta-Br substitution was well
tolerated; however, substrates containing ortho-Br groups

underwent facile Ar-Br oxidative addition. A similar
enamine-directed intramolecular C-H amination was utilized
to construct diarylindoles (eq 26).63 In both of these reactions,
PdII/0 pathways are likely.

Very recently, phenethyltriflamides have been used as
precursors to indolines (eq 27).64 N-Fluoro-2,4,6-trimeth-
ylpyridinium triflate was employed as the terminal oxidant
for these cyclizations, leading to high yields of aminated
products and minimal competing fluorination. The reaction
showed good functional group compatibility, tolerating
halogen, acetyl, cyano, and nitro substituents on the aromatic
ring. However, attempts to prepare the corresponding
6-membered tetrahydroquinolines via analogous cyclizations
resulted in low yields (28-30%).

Finally, lactams have been prepared via intramolecular amination
with amides (Scheme 23).65 This reaction required the use of

Scheme 21. Intramolecular C-H Amination To Form Carbazoles58

Scheme 22. Proposed PdII/0 Mechanisms for Carbazole Formation58,
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