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We examined the puzzling mechanism for Cu-catalyzed meta-C−H arylation reaction of
anilides by diaryliodonium salts through systematic theoretical analysis. The previously
proposed anti -oxy-cupration mechanism featuring anti-1,2- or anti-1,4-addition of cuprate
and oxygen to the phenyl ring generating a meta-cuprated intermediate was excluded due to
the large activation barriers. Alternatively, a new amide-directed carbocupration mechanism
was proposed which involves a critical rate- and regio-determining step of amide-directed
addition of the Cu(III)-aryl bond across the phenyl C2=C3 double bond to form an orthocuprated, meta-arylated intermediate. This mechanism is kinetically the most favored among
several possible mechanisms such as ortho- or para-cupration/migration mechanism, direct
meta C−H bond cleavage mediated by Cu(III) or Cu(I), and Cu(III)-catalyzed ortho-directed
C−H bond activation mechanism. Furthermore, the predicted regioselectivity based on
this mechanism has been shown to favor the meta-arylation that is consistent with the
experimental observations.
Key words: C−H bond activation, Carbocupration, Copper catalysis, Density functional
theory, Selectivity

stall an incoming group regiospecifically to the orthoposition of a metal coordination group such as an amide
through directed cyclometalation. At present one of
the remaining critical challenges is to develop methods for the functionalization of aromatic C−H bonds
selectively at the meta or para position. Previously
Hartwig et al. and Smith et al. showed the functionalization of the meta position of arenes by Ir-catalyzed
C−H borylation [19, 20], in which the meta selectivity
arises from a steric effect. More recently, Yu et al. described a Pd-catalyzed meta C−H functionalization of
electron-deficient arenes [21]. The meta selectivity may
be caused by the higher C−H acidity at the meta position over the para position. Ortho selectivity in the
process is prevented by installing sterically hindered ligands at the catalytic center, which makes it difficult to
be functionalized close to the substituent.
In a very different approach, as shown in Scheme 1,

I. INTRODUCTION

Benzene derivatives are prevalent organic intermediates intensively used in medicinal and material sciences.
Many synthetic methods have been developed for the
synthesis of substituted benzenes. Among these methods, Friedel-Crafts reaction represents one of the earliest yet most powerful methods for the functionalization
of phenyl rings [1−3]. The regioselectivity of FriedelCrafts reaction is controlled by the substituents on the
phenyl ring. An electron-donating substituent directs
the incoming group to the ortho and para positions
whereas an electron-withdrawing substituent steers it
to the meta position. Nonetheless, many multiply substituted benzenes cannot be accessed by Friedel-Crafts
reaction. For example, it is difficult, if not impossible,
to use Friedel-Crafts reaction to introduce a substituent
to the meta position of an electron-donating group on
a phenyl ring.
To complement the Friedel-Crafts reaction for the
preparation of substituted arenes, in recent years transition metal-catalyzed directing group-assisted ortho
C−H activation/functionalization reactions have been
intensively studied [4−18]. These reactions can in-

Scheme 1 Cu-catalyzed C−H arylation of anilides with
meta selectivity. Solvent is dichloroethane (DCE).
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Scheme 2 Overview of all the possible pathways to the meta-phenylated product.

Gaunt et al. [22, 23] recently discovered an exclusive meta selectivity in Cu-catalyzed C−H arylation of
anilides. The inspiration of the study came from the observation of an intriguing Cu-catalyzed C−H arylation
on the indole skeleton at the C3-position as opposed to
the C2 selectivity in Pd(II) catalysis [24]. It was speculated that the use of Cu catalyst might enable one
to override the ortho selectivity observed from the electrophilic Pd(II)-catalyzed arene C−H funtionalizations.
Indeed, when N -acylanilines were treated with the arylating agent (Ph2 IOTf or Ph2 IBF4 ) in the presence of
10% Cu(OTf)2 catalyst in dichloroethane (DCE) at ca.
50−70 ◦ C, arylation occurred at the position meta to
the amide [22]. The work of Gaunt et al. is significant in
that it provides a complementary, meta-selective arylation of electron-rich benzenes, which otherwise would be
very difficult for both Friedel-Crafts reaction and transition metal-catalyzed ortho-directed C−H activation.
DOI:10.1088/1674-0068/24/06/711-723

The finding is also highly interesting, because amide
has been shown to be a good ortho-directing group in
related Pd-catalyzed C−H activation reactions [25−29],
indicating that there is some fundamental mechanistic
dichotomy between Cu and Pd catalysis.
To explain the intriguing meta selectivity, Gaunt
et al. proposed an anti-oxy-cupration mechanism
(Scheme 2, path A the top pathway) [22]. This mechanism involves the highly electrophilic Cu(III)-aryl
species activating the aromatic ring sufficiently to permit an anti-oxy-cupration of the carbonyl group of the
acetamide across the 2,3-positions on the benzene ring.
This dearomatizing transformation would place the
Cu(III)-aryl species exclusively at the meta position.
Subsequent rearomatization through deprotonation followed by reductive elimination would deliver the metaarylated product and Cu(I) species. The Cu(I) species
could be re-oxidized to the active Cu(III)-aryl interc
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mediate by the diaryliodonium(III) reagent [30−33].
Note that no experimental evidence has been provided
to support this anti-oxy-cupration mechanism. Other
possible pathways can also be conceived in view of
the mechanistic precedents proposed for related transition metal-catalyzed reactions. For instance, Gaunt’s
meta-arylation reaction may also proceed through synoxy-cupration of the carbonyl group of the acetamide
across the 2,3-positions on the benzene ring (path A,
Scheme 2). The reaction may also proceed through
path B involving carbocupration of Cu(III)-Ph to the
C2=C3 bond, which is reminiscent of the insertion step
in Pd-catalyzed Heck reactions [34, 35]. Another possible pathway is path C involving an ortho- or paracupration followed by migration of the cuprate group
to the meta-position [36−38]. Direct meta C−H bond
activation by the Cu(III) catalyst, followed by reductive
elimination is also a possible pathway (path D, Scheme
2), which may compete with activation of other C−H
bonds on the benzene ring of anilide, such as the ortho
C−H bond. Furthermore, transmetalation with Cu(I)
attacking the benzene C−H bond may also take place
as depicted by path E.
A good understanding of the mechanism of Gaunt’s
reaction is fundamentally important for developing new
Cu-catalyzed C−H activation reactions that may exhibit regiochemistry distinct from already established
Pd-catalyzed analogues. Compared with the computational studies on Pd-catalyzed reactions, there have
been fairly limited theoretical examinations on Cumediated reactions [39−41], especially in the area of
Cu-catalyzed cross-coupling and C−H activation reactions [42−49]. Therefore, we have carried out a thorough theoretical study on the mechanism of this novel
Cu-catalyzed meta-selective arylation reaction. We aim
to answer the following questions: (i) What is the favored reaction pathway? (ii) What is the rate-limiting
step and what is the step determining the regioselectivity in the catalytic cycle? (iii) What factors account for
the exclusive meta selectivity? (iv) Why the conventional transition metal-catalyzed ortho-directed C−H
activation pathway does not compete favorably with the
meta-arylation in Gaunt’s reaction? Through the analysis we have identified a mechanism different from that
proposed in the original study. The new mechanism can
satisfactorily explain the intriguing experimental regioselectivity and provide some interesting and important
insights into Cu-catalyzed C−H activation reactions.
II. COMPUTATIONAL METHODS

All calculations were performed using Gaussian03
suite of program [50]. Density functional theory method
B3LYP was used [51], because this method has been
shown to be a good method for studying Cu-mediated
organic transformations [39−49]. Geometry optimizations were conducted without any constraint using standard Pople all-electron basis set 6-31G(d) for all the
DOI:10.1088/1674-0068/24/06/711-723
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Scheme 3 The model reaction studied in this work.

atoms except iodine atom, which was described by
LANL2DZ basis set and effective core potential implemented [52]. For compounds that had multiple conformations, efforts were made to find the lowest-energy
conformation by comparing the structures optimized
from different starting geometries.
Frequency analysis was conducted at the same level
of theory to verify the stationary points to be real minima or saddle points and to get the thermodynamic energy corrections. For each saddle point, the intrinsic
reaction coordinate (IRC) analysis [53] was performed
to confirm that the saddle point connected the correct
reactant and product on the potential energy surface.
Natural population analysis (NPA) was also performed
at the same level of theory [54]. Single-point energy
calculations were performed on the stationary points by
using a larger basis set, i.e. SDD for Cu [55], LANL2DZ
for I, and 6-311+G(d, p) for the other elements.
Solvent effect (solvent is dichloroethane in this
work) was calculated using self-consistent reaction field
method [56] with CPCM solvation model and UAHF
radii [57, 58]. The gas-phase geometry was used for all
of the solution phase calculations, because it has been
demonstrated that the change of geometry by the solvation effect is usually not significant for neutral molecules
in less polar solvents [59]. Single-point energies corrected by Gibbs free energy corrections and solvation
energies were used to describe the reaction energetics
throughout the study. All the solution-phase free energies reported in the work correspond to the reference
state of 1 mol/L, 298 K.

III. RESULTS

The transformation, shown in Scheme 3, which is a
realistic reaction system in the experiment [22], was
studied in detail. Considering the fact that the metaarylation product was obtained exclusively in the experiments [22], we first rule out the mechanism that
involves aryl radicals. As to the catalytically active
species, we propose that the catalytic cycle should involve a Cu(III)/Cu(I) couple, in which the Cu(I) species
is oxidized by diaryliodonium(III) triflate to regenerate
PhCu(III)(OTf)2 . This proposal was also supported
in the experimental work [22]. Moreover, in an earlier mechanistic study on the Cu(II)-mediated reactions of diphenyliodonium salts, Lockhart demonstrated
through both kinetic measurements and trapping experc
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Scheme 4 Intermediates in the anti-oxy-cupration pathway.

FIG. 1 Energy profile of the anti-oxy-cupration pathway.

iments that Cu(I) was the catalytically active oxidation
state of copper in the system [60].

A. Path A: oxy-cupration mechanism

As proposed in Gaunt’s study, anti-oxy-cupration
pathway involves the critical step of anti-addition of
cuprate group and amide oxygen atom to the benzene
double bond. Although only 1,2-addition was considered in Gaunt’s study, our calculation indicates that 1,4addition is also possible (Scheme 4). Anti-1,2-addition
of cuprate and oxygen to the C2=C3 double bond generates a meta-cuprated intermediate 4anti12 . Similarly,
anti-1,4-addition of the cuprate group and oxygen atom
to the C6=C1−C2=C3 dienyl group generates an intermediate 4anti14 . In these intermediates, the aromaticity of the benzene ring is broken. The positive charge
on the ring is delocalized by the amide group, thus
DOI:10.1088/1674-0068/24/06/711-723

stabilizing the intermediates. Subsequent deprotonation leads to rearomatization, generating intermediate
5 which undergoes facile reductive elimination to afford
the meta-phenylated product and Cu(I)OTf. Oxidation
of Cu(I)OTf by Ph2 IOTf regenerates PhCu(III)OTf2
and completes the catalytic cycle.
The overall energy profile and critical structures involved in anti -oxy-cupration pathway are shown in Figs.
1 and 2, respectively. The transition state for anti -1,4addition (TSanti14 ) is 26.0 kJ/mol more stable than that
for anti -1,2-addition (TSanti12 ), thus favoring anti -1,4addition. In TSanti14 , one OTf anion coordinates to
Cu via the κ2 mode [61−63] and the other OTf anion
forms a bridge connecting Cu and the amide NH group
(Fig.2). Its geometry isomer with one κ2 -OTf and one
NH-bound OTf was also located, but this isomer was
less stable by 7.5 kJ/mol. In TSanti12 , only one OTf
is bound to Cu via κ2 -mode and the other OTf forms
a hydrogen bond with the amide NH. According to the
c
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Scheme 5 Intermediates in the syn-oxy-cupration pathway.
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intermediate 4syn12 or 4syn14 . Subsequent deprotonation leads to rearomatization, generating intermediate 5
which then gives the meta-phenylated product through
reductive elimination.
Calculations show that the energy profile of the catalytic cycle (Fig.S1, see the Supplementary material) is
similar to that of anti -oxy-cupration. The rate-limiting
step is again the addition of the cuprate and oxygen
atom to the phenyl double bond or dienyl group. The
overall activation energies are 206.5 and 177.6 kJ/mol
for the syn-1,2 and syn-1,4 addition respectively, indicating that the syn-oxy-cupration pathway is also kinetically unfavorable.
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FIG. 2 Critical structures in the anti-oxy-cupration pathway.

energy profile, the rate-limiting step of the pathway is
anti-1,4-addition of the copper moiety and oxygen atom
to the C6=C1−C2=C3 dienyl group, with a very high
activation barrier of +178.1 kJ/mol. This result indicates that the anti-oxy-cupration pathway proposed by
Gaunt et al. is not kinetically favored.
The syn-oxy-cupration pathway is different from the
anti -oxy-cupration pathway in that the cuprate and
oxygen atom add to the phenyl double bond or dienyl
group in a syn fashion (Scheme 5). This generates an
DOI:10.1088/1674-0068/24/06/711-723

The amide-directed carbocupration pathway involves
a critical step of amide-directed addition of the Cu(III)Ph bond across the C2=C3 double bond of the acetanilide to form an ortho-cuprated, meta-phenylated
intermediate 7 (Scheme 2, path B). This mechanism is
reminiscent of the insertion step in Pd-catalyzed Heck
reactions [34, 35].
In the pre-complex 6, one OTf anion coordinates
to Cu via the κ2 mode, whereas the other OTf anion forms a hydrogen bond to the amide NH (Fig.3).
Formation of intermediate 6 causes an energy increase
of +72.3 kJ/mol from the separated reactants 1 and
2. As to the transition state (TS6-7 ) for the migratory
insertion (i.e. carbocupration) process, the Cu atom
is involved in a four-center metallacyclobutane and it is
coordinated by a κ2 -OTf and the amide oxygen atom of
acetanilide. Surprisingly, our calculations indicate that
this transition state (i.e. TS6-7 ) has a free energy of
only +86.5 kJ/mol relative to the separated reactants.
In the direct product (i.e. intermediate 7) of the carbocupration process, the characteristic binding of the
two OTf anions and the amide group is maintained,
in which the Cu−C2 and C3−Ph bonds are formed
c
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FIG. 3 Critical structures in the amide-directed carbocupration pathway.

FIG. 4 Reaction coordinate of amide-directed carbocupration pathway.

whereas the Cu−Ph bond is broken (Fig.3). Note that
there is still some weak coordination of the phenyl double bond to the Cu center, as reflected by the short bond
distances of 2.28 and 2.35 Å in intermediate 7. The energy of intermediate 7 is only +18.4 kJ/mol above that
of the separated reactants.
Subsequent deprotonation of intermediate 7 causes
rearomatization of the benzene ring, generating a complex 8 in which Cu(I)OTf is coordinated by the amide
oxygen atom and the π bond of meta-phenyl acetanilide. This rearomatization process is fairly facile
with an activation barrier of +15.5 kJ/mol and is highly
exothermic by 191.4 kJ/mol. Finally, reoxidation of
Cu(I) to Cu(III) by diphenyliodonium triflate regenerates PhCu(III)(OTf)2 and liberates the desired metaphenylated product.
The overall energy profile of the amide-directed carbocupration pathway is shown in Fig.4. It can be
seen that the rate-limiting step of this mechanism is
the amide-directed syn-addition of the Cu(III)-Ph bond
DOI:10.1088/1674-0068/24/06/711-723

across the C2=C3 double bond of acetanilide. The overall activation barrier is only +86.5 kJ/mol, which compares very favorably with the oxy-cupration mechanism.
Note that for the amide-directed carbocupration pathway, there is a possibility that in all the intermediates
and transition states one of the OTf anions forms a
bridge between the Cu center and amide NH group. The
optimized structures related to this isomeric pathway
are shown in Fig.5. The energy of the rate-limiting transition state (i.e. TS6-70 , +96.6 kJ/mol) is about +10.0
kJ/mol higher than that of TS6-7 (+86.5 kJ/mol).
Therefore, the OTf-bridging pathway is kinetically less
favorable.

C. Path C: cupration-migration mechanism

Direct metalation at ortho or para carbon, followed
by ortho-to-meta or para-to-meta cuprate migration,
produces intermediate 11 (Scheme 2). Subsequent dec
°2011
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Scheme 6 Cu-catalyzed amide-directed ortho-arylation.
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FIG. 5 Optimized structures in the OTf-bridging carbocupration pathway.

protonation of intermediate 11 can give the metacupration intermediate 5, which then produces the
meta arylated product through reductive elimination.
Similar mechanisms have been invoked to rationalize
the mechanism and regioselectivity in Pd-catalyzed arylation reaction of indole derivatives [36−38].
However, despite extensive and systematic efforts, the
intermediates and transition states corresponding to the
cupration-migration pathway could not be located on
the potential energy surface. Systematic restricted optimizations with Cu−C bond fixed from 2.0 Å to 2.4 Å
were also conducted, but the expected imaginary vibration mode corresponding to the Cu−C bond formation was never observed. A possible explanation is
that the positive charge accumulated during the Cu−C
bond forming process highly destabilizes the intermediates and transition states. Thus, the amide oxygen
atom or the phenyl ligand on Cu(III) is more willing
to participate in the cupration process to delocalize the
positive charge, which is a phenomenon already seen in
path A and B.

D. C−H activation mechanisms
1. Path D: Cu(III)-mediated meta C−H activation pathway

This pathway involves direct meta C−H bond cleavage by the PhCu(III)(OTf)2 catalyst to generate intermediate 5 (Scheme 2). Reductive elimination of 5 gives
the meta-phenylated product and Cu(I)OTf, which can
be easily reoxidized by diphenyliodonium triflate to reDOI:10.1088/1674-0068/24/06/711-723

generate the active PhCu(III)(OTf)2 species.
Formation of precomplex 12 from the reactants 1
and 2 causes an energy increase of 70.2 kJ/mol (Fig.6).
Then, 12 undergoes intramolecular meta C−H cleavage through a typical six-membered transition state
TS12-13 , in which one of the OTf anions binds to copper
center and approaches meta C−H simultaneously (Fig.6
and Fig.7). Similar transition states have also been reported by Fagnou and Echavarren et al. on studies of
the Pd-catalyzed C−H activation mechanism [64−66].
The energy of TS12-13 lies about 131.3 kJ/mol above
that of the separated reactants on the potential energy surface, 44.8 kJ/mol higher than that of TS6-7 for
the carbocupration mechanism (86.5 kJ/mol). Interestingly, complex 13 was directly obtained through transition state TS12-13 , apparently from reductive elimination of the expected intermediate 5. Release of
the product from 13 and subsequent oxidation of the
Cu(I)OTf by diphenyliodonium salt regenerates the active catalyst PhCu(III)(OTf)2 and completes the catalytic cycle.

2. Competition of Cu-catalyzed amide-directed ortho C−H
arylation

As aforementioned, amide is a good ortho-directing
group in Pd-catalyzed C−H activation reactions.
Therefore, it is puzzling why the amide-directed orthoarylation pathway is not favored in the Cu-catalyzed
reactions. To answer this question we have examined
the pathway shown in Scheme 6, which is an isomeric
pathway of path D in Scheme 2.
In the pathway complex 14 is formed between acetanilide and PhCu(OTf)2 . This step causes an increase
of free energy by +82.8 kJ/mol (Fig.8). Subsequently
14 undergoes ortho C−H activation through the directing effect of the amide NH group. The ortho-phenylated
intermediate 150 is generated directly through transition state TS14-15 (Fig.9) featuring a six-membered
metalacycle and an OTf bridge connecting the Cu atom
and amide NH group. This type of concerted C−H
activation transition state, assisted by an anion (e.g.
acetate), has also been proposed by several groups
[64−66] for Pd(II)-catalyzed ortho-C−H arylation reactions. Subsequently 150 releases the ortho-arylated
product and the resulting Cu(I) species is then oxidized
c
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FIG. 6 Catalytic cycle of Cu(III)-catalyzed meta C−H activation pathway.

However, this carbonyl-directing pathway possesses an
even higher-energy transition state for the C−H activation step (+145.5 kJ/mol).
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FIG. 7 Critical structures in Cu(III)-catalyzed meta C−H
activation pathway.

by the diaryliodonium(III) triflate to regenerate the active PhCu(III)(OTf)2 species.
The free energy of TS14-15 is +115.8 kJ/mol above
that of the separated reactants. Therefore, the activation barrier for the ortho-C−H activation pathway is substantially higher than that of path B
(+86.5 kJ/mol). The energy difference of 29.3 kJ/mol
indicates that meta-arylation is kinetically favored over
ortho-arylation by ca.105 fold in speed. This prediction
is in excellent agreement with the experimental observation that no ortho-arylated product was obtained in the
reactions [22]. It is important to point out that the activation barrier for the ortho-C−H activation pathway
(+115.8 kJ/mol) is however substantially lower than
the barriers in the oxy-cupration mechanism (path A,
>175.6 kJ/mol) and Cu(III)-catalyzed meta C−H activation pathway (path D, 131.3 kJ/mol). This indicates again that the oxy-cupration mechanism and meta
C−H activation mechanism are not correct for explaining the experiment. Note that the ortho-directed C−H
bond arylation can also proceed through a different conformational pathway in which the amide oxygen atom
is coordinated to Cu center (Supplementary material).
DOI:10.1088/1674-0068/24/06/711-723

3. Path E: Cu(I)-initiated C−H activation pathway.

Paths A, B, C, and D (and also its ortho isomeric
pathway) involve an electrophilic Cu(III) intermediate attacking the acetanilide ring to form the metaphenylated product and Cu(I)OTf, which is oxidized to
regenerate the active Cu(III) intermediate. The reverse
sequence may also take place (path E in Scheme 2),
in which the Cu(I) species first attacks the phenyl ring
to produce an aryl-Cu(I) species. Subsequent oxidation of aryl-Cu(I) by the diaryldiodonium salt may also
generate intermediate 5, which then affords the metaphenylated product through reductive elimination and
regenerates the active Cu(I) species.
Unfortunately, the activation barrier for the Cu(I)mediated C−H cleavage step is calculated to be as high
as +187.7 kJ/mol, indicating that Cu(I)-metalation
mechanism should be kinetically inhibited (please refer
to Supplementary material for more information).
Summarizing the results in section D, the possible
pathways of C−H activation mechanism through ratelimiting C−H bond cleavage step are kinetically less favorable than the amide-directed carbocupration pathway.
E. Regioselectivity of the carbocupration mechanism in
path B

The above results indicate that path B is energetically
favored in all the examined pathways leading to the
meta-arylation product. Path B is also favored over
the ortho-directed C−H bond arylation pathway. Here
we need to solve the last problem for path B. That
c
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FIG. 8 The mechanism of Cu-catalyzed ortho-directed C−H bond arylation.
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FIG. 9 Important structures in ortho-C−H activation pathway.

is, whether or not the amide-directed carbocupration
mechanism can lead to ortho- or para-arylated product?
To solve the problem we have examined all the possible regiomers in the carbocupration mechanism. As
shown in Fig.10, addition of Cu(III)−Ph bond across
the benzene double bond can occur at either C2=C3
or C3=C4 bond. In consequence, four transition states
can be located for the carbocupration step when the
relative orientation of the Cu(III)-Ph bond is considered (Fig.11). In particular, TS6-7 involves synaddition of Cu(III)−Ph bond to C2=C3 bond generating a C2-cuprated and C3-phenylated intermediate.
TS6-7/o also involves syn-addition of Cu(III)−Ph bond
to C2=C3 bond, but the orientation of Cu(III)−Ph
bond is opposite to that of TS6-7 , thus generating C2-phenylated and C3-cuprated intermediate 7-o.
Similarly, TS6-7/p and TS6-7/m0 involve addition of
Cu(III)−Ph bond to C3=C4 bond with different orientation of the Cu(III)−Ph bond, generating 7-p and
7-m0 , respectively. Note that TS6-7 and TS6-7/m0 would
eventually lead to meta-phenyl acetanilide, whereas
DOI:10.1088/1674-0068/24/06/711-723

TS6-7/o and TS6-7/p would lead to ortho- and paraphenyl acetanilide, respectively. Calculations show that
in the dichloroethane solution, the relative free energies of TS6-7 , TS6-7/o , TS6-7/p , and TS6-7/m0 are
+86.5, +106.2, +93.2, and +101.6 kJ/mol, respectively.
Therefore, TS6-7 has the lowest energy among the four
isomeric transition states. The reason that TS6-7 is
more stable than the other isomeric transition states is
probably the coordination of amide oxygen atom to the
Cu center in TS6-7 , which is absent in other isomeric
transition states due to geometry restrictions (Fig.11).
These data suggest that the meta-phenylated product
should be kinetically favored in path B. This conclusion
is in agreement with the experimental observation and
provides further support for path B.
IV. DISCUSSION
A. Comparison of different pathways

The energy profiles of paths A, B, and D are summarized in Fig.12. Path C is not feasible because of the
instability of the intermediates and transition states.
Path E is also excluded because of its very high activation barrier.
As shown in Fig.12, path B is favored both thermodynamically and kinetically when compared to paths
A and D. The overall activation barrier in path B is
+86.5 kJ/mol, whose magnitude is consistent with the
experimental observation that the reaction can complete in about 24 h at 50−70 ◦ C (note: by the standard transition-state theory and theoretical activation
entropy, the experimental reaction with a half-life of
12 h at 50 ◦ C is estimated to have an activation free
energy barrier of ca.+92 kJ/mol at 298 K). The ratec
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FIG. 10 Regioselectivity in the carbocupration mechanism.
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alcohols [67−70]. However, the potential addition reaction of Cu(III)-aryl to a double bond has not been
known. Our results indicate that such addition reaction of Cu(III)-aryl to (hetero)arene and olefin double bonds is mechanistically possible under appropriate
conditions.
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FIG. 11 Isomeric transition states that determine the regioselectivity.

limiting step in path B is the carbocupration step, i.e.
amide-directed syn-addition of Cu(III)−Ph bond to the
C2=C3 bond of acetanilide. The possible involvement
of Cu(III) intermediates in path B is significant from
the theoretical viewpoint. The reason is that Cu(III)
intermediates are highly reactive species (towards reductive elimination) and therefore, their isolation and
mechanistic studies are very difficult. Only recently
has there been several solid examples for the reaction
of Cu(III)-aryl with nucleophiles such as amides and
DOI:10.1088/1674-0068/24/06/711-723

B. Implications of path B

The critical effect of amide as directing group in the
rate- and regio-determining step of path B has some interesting implications. For instance, one can consider
whether or not other directing groups commonly used
in Pd-catalyzed C−H activation reactions can also be
used for related Cu chemistry. It is also conceivable
that functional groups other than aryl groups, such as
CF3 , F, OR, and NR1 R2 may also be employed in Cucatalyzed meta C−H activation process. These speculations deserve further experimental examinations and
they may greatly expand the scope of Gaunt’s reaction.
Moreover, according to Fig.10, the ortho- and paraproducts are also possible in the present mechanism.
Thus the product regioselectivity of the reaction may be
overridden by altering the substrate electronic and/or
steric environment and the reaction conditions, because
c
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FIG. 12 Comparison of the energy profiles of paths A, B, and D.

the energy difference between different isomeric transition states is not very large. Although meta product
dominates for the parent compound, it is possible that
other regiomers can dominate for functionalized substrates. This prediction has been verified by the recent report by Gaunt et al. that for some anilines and
phenols lacking a directing carbonyl group as compared
to anilide under this Cu-catalyzed reaction conditions,
para-arylation products predominate [71]. Therefore,
this further substantiates the validity of our proposed
carbocupration mechanism. Additionally, change of the
reaction conditions may also lead to the shift of the
mechanism from carbocupration to other mechanisms
such as the ortho-directed C−H activation. Further experimental and theoretical studies are needed to better
understand this intriguing versatile reaction system.
C. Mechanism of uncatalyzed system

Later, Gaunt et al. reported that the reation between
diaryliodonium salts and anilides can also be achieved
without the Cu(OTf)2 catalyst, resulting in also metaproduct dominantly. But higher reaction temperatures
were needed, since at the same temperature as in the
Cu(OTf)2 -catalyzed reactions, no product could be obtained [72]. This highlights the crucial role of copper
catalyst and indicates that copper should be favorably
involved in or before the rate-determining step of the
catalytic cycle of copper-catalyzed reaction systems.
Our current hypothesis for rationalizing the metaselectivity and higher reaction temperatures for the uncatalyzed reactions is that the in situ generated HOTf
during the reactions should play a critical role. In reaction systems without copper catalyst, it might combines
with the lone pair of nitrogen atom of amide group, reDOI:10.1088/1674-0068/24/06/711-723

sulting in the formation of electron-withdrawing amonium group. Therefore, meta-arylation product is
formed dominantly and higher reaction temperature is
needed due to less electron-rich phenyl ring of the substrates according to electrophilic aromatic substitution
mechanism. However, in copper-catalyzed reaction systems at lower temperatures, this uncatalyzed reaction
pathway is inhibited kinetically and a kinetically more
favorable pathway involving the directed carbocupration of Cu(III)-aryl as proposed in this study dominates,
resulting in also the meta-arylation products.
V. CONCLUSION

In the present work, a systematic theoretical analysis has been conducted to understand the puzzling
mechanism of the new reaction reported by Gaunt et
al. [73, 74]. Our results indicate that the originally
proposed anti-oxy-cupration mechanism is unlikely
to be correct due to the high activation barriers.
Instead, a new amide-directed carbocupration mechanism is proposed that involves a critical rate- and
regio-determining step of amide-directed addition of
the Cu(III)−Ph bond across the C2=C3 double bond
of the acetanilide to form an ortho-cuprated, metaphenylated intermediate. The regioselectivity of the
carbocupration mechanism is calculated to favor the
meta arylation that is consistent with the experimental
observations.
Other possible mechanisms such as
the cupration/migaration mechanisms, the Cu(III) or
Cu(I)-mediated meta C−H activation mechanisms and
Cu(III)-catalyzed ortho-directed C−H bond activation
mechanism are all kinetically less competitive.
Supplementary material: Detailed optimized gec
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ometries, free energies, thermal corrections, and additional computational results are available at the CJCP
website alongside the main article.
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