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ABSTRACT: The AuCl3-catalyzed nitrene insertion into an aromatic CH bond
of mesitylene demonstrates a unique activity and chemoselectivity in direct CH
aminations. Mechanisms for catalytic nitrene insertion are examined here using
theory. The AuCl3 catalyst favors formation of a complex with the PhINNs (Ns =
p-nitrobenzenesulfonyl) substrate, followed by the appearance of the key (N-chloro-
4-nitrophenylsulfonamido)gold(III) chloride intermediate (INT5). However, the
putative gold(III)-nitrene analogue (AuCl3−NNs complex) is thermodynamically
unfavorable compared with INT5. Therefore, INT5 is suggested to play a critical role in the AuCl3-promoted aromatic CH
bond amination, a prediction in contrast to the previously reported crucial metal−nitrene intermediates. The activation of a
C(sp2)H bond of mesitylene via σ-bond metathesis is proposed based on INT5, and the subsequent detailed pathways for the
aromatic CH bond amination are computationally explored. A chemoselective nitrene insertion into a mesitylene aromatic
CH bond, instead of a benzylic CH bond, is rationalized for the AuCl3-catalyzed amination.

■ INTRODUCTION

Catalytic CH bond amination via direct nitrene group
insertion has attracted significant scientific interest.1 This
strategy promises an appealing approach to the synthesis of
amines in a straightforward manner. A variety of transition-
metal-based catalysts, [M]Ln (M = Mn,2,3 Fe,2,4 Co,5 Ni,4b Cu,6

Zn,7 Ru,8 Rh,9 Pd,10 Ag,11 and Au12), have been reported to
promote CH aminations using suitable nitrene precursors,
such as imidoiodinanes (PhINR, R = Ts (p-toluenesulfonyl)
or Ns (p-nitrobenzenesulfonyl)), azides, or haloamine deriva-
tives (such as chloramines-T). In particular, producing the
imidoiodinanes in situ by simply mixing an appropriate amine
derivative with PhIO, PhI(OAc)2, or PhI(OPiv)2 offers a more
synthetically convenient method in employing nitrene
precursors.1d,6g,8g,9m,n

Except for the amination of the somewhat activated benzylic
or allylic sp3 CH bonds, which are relatively amenable to
insertion, most efforts of the past decade have been devoted to
some inactivated sp3 CH bonds and sp2 CH bonds. For
example, in 2013, Che and co-workers reported a highly active
nonheme iron catalyst that can effectively promote amination
of sp3 CH bonds of cyclic alkanes using PhINR as a
nitrogen source.4d For sp2 CH bond amination, Peŕez and
co-workers developed a Cu−homoscorpionate complex
TpBr3Cu(NCMe), which shows excellent catalytic activity in
inserting the nitrene group of PhINTs into a sp2 CH bond
of benzene under mild conditions.6c Liang and Jensen reported
that an Fe-based scorpionate complex can also drive the CH
amination of benzene.4b Moreover, He and co-workers
demonstrated an AuCl3-promoted nitrene insertion into an
aromatic CH bond of mesitylene, instead of a benzylic CH

bond (Scheme 1).12 Their results represent an unusual
chemoselectivity of the CH bond amination via a direct
nitrene insertion approach.

In reaction mechanisms for the transition-metal-catalyzed
incorporation of a nitrene unit into CH bonds, LnMNZ
intermediates have commonly been proposed to play a critical
role.1e,6f This assumption has been supported by some isolated
and structurally characterized metal−nitrene complexe-
s.4a,8f,13−16 For instance, Che and co-workers explored the
reactions of isolated Ru−nitrene complexes, which demonstrate
their activity in mediating CH aminations.8f Warren and co-
workers isolated a dicopper nitrene intermediate, in which a
nitrene unit is bound between two β-diketiminate copper
fragments.13a Subsequently, reactivity routes for CH
aminations via isolable nitrene-bridged dicopper complexes
were examined in Warren’s group.13b In addition, Ray and co-
workers reported that a copper−nitrene intermediate was
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Scheme 1. AuCl3-Catalyzed Nitrene Insertion into an
Aromatic CH Bond of Mesitylene Reported by He and
Co-workers.12
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trapped with Sc(III) triflate.14 Betley’s group isolated an iron−
imido compound, which is able to drive CH bond
aminations.4a Zhang, de Bruin, and co-workers employed
electron paramagnetic resonance spectroscopy to detect a
Co(III)−nitrene intermediate that accounts for CH
aminations via a stepwise radical process.15 More recently, in
2014, bridging and terminal Cu and Ag nitrene complexes have
been isolated and characterized by Bertrand and co-workers.16

The electronic structures of metal−nitrene intermediates
have also attracted significant interest from theoretical
perspectives. Copper−nitrene complexes are arguably the
most extensively studied.6f Most of the computational studies
of Cu−nitrene complexes with various auxiliary ligands suggest
a triplet ground state.6e,17 However, Cundari and co-workers
performed CASSCF18a and ccCA18b computations, which
indicate an open-shell singlet ground state for the (β-
diketiminate)Cu(NPh) and (β-diketiminate)Cu(NH) com-
plexes. Studies on NiNZ complexes performed by
Cundari’s group suggested that the singlet ground states are
preferred with Z = aryl/alkyl groups,19a−c while the triplet
ground states are favored in cases where Z is an electron-
withdrawing heteroatom group.19d A small singlet−triplet
energy gap (ca. 2 kcal/mol at the CCSD(T) level of theory)
was predicted for a dirhodium tetracarboxylate nitrene complex
by Che’s group.9k

On the basis of the results for metal−nitrene complexes, two
plausible mechanisms have been proposed for sp3 CH bond
aminations. One is to insert a nitrene group into the CH
bond in a concerted manner, associated with a singlet state of
the metal−nitrene intermediate (path-I, Scheme 2a). The
second is a stepwise mechanism that proceeds via a hydrogen
atom abstraction reaction followed by a radical rebound step to
yield the CH amination product through a triplet state (path-
II, Scheme 2a). Combined experimental and computational
studies demonstrate that path-II is more likely for the Fe-,4d

Ru-,9h Co-,15 and Cu-mediated13b CH bond aminations. On
the other hand, computational studies of the dirhodium
tetracarboxylate catalyzed nitrene insertion suggest that path-I
is favored.9k

The AuCl3-catalyzed nitrene insertion into an aromatic C
H bond of mesitylene under mild conditions represents an
unprecedented discovery.12 First, AuCl3-promoted amination
favors sp2 CH bonds rather than somewhat activated
benzylic sp3 CH bonds when the mesitylene substrate is

used. Second, no auxiliary ligand is needed to mediate this
aromatic CH bond amination reaction. This unique
chemoselectivity and activity puts forward fascinating and
potentially important mechanistic questions. Does the AuCl3−
nitrene intermediate, similar to the behavior of the
reported4a,8f,13−16 metal−nitrene complexes, play a critical
role in driving the aromatic CH bond amination? Otherwise,
might it be possible to form a nonmetal−nitrene intermediate
(shown in Scheme 2b) to account for the aromatic CH bond
amination? What are the detailed reaction pathways and the
origin of this unusual chemoselectivity? In the present research,
computational studies were carried out to address these
questions.

■ RESULTS AND DISCUSSION

For the AuCl3-catalyzed aromatic CH bond amination of
mesitylene with PhINNs, each of the two substrates may
coordinate with the AuCl3 catalyst to form an initial complex,
mesitylene−AuCl3 or PhINNs−AuCl3. Subsequent activa-
tion pathways of mesitylene−AuCl3 and PhINNs−AuCl3
complexes to arylgold(III) and N-containing gold(III)
intermediates, respectively, were computationally explored first.

Formation of the Arylgold(III) Intermediate via the
Mesitylene−AuCl3 Complex. He and co-workers proposed
that the formation of the arylgold(III) species is the key
intermediate and responsible for the selective nitrene insertion
into an aromatic CH bond.12 Herein, the generation of the
arylgold(III) intermediate from the reaction of an aromatic
CH bond of mesitylene and AuCl3 was computationally
explored first. The aromatic ring of mesitylene may coordinate
with AuCl3 to form the mesitylene−AuCl3 complex (INT1
shown in Figure 1) due to the π acidic character of gold.20 For
INT1, the optimized C1···Au distance is 2.27 Å. In addition, the
planar C1 carbon of mesitylene is slightly pyramidalized due to
complexation with AuCl3 (the Au−C1−H1 angle is 94°). The
formation of INT1 is exergonic by 16.4 kcal/mol relative to
separated mesitylene and AuCl3. Then, the complex yielded
might undergo a σ-bond metathesis reaction leading to an
arylgold(III) intermediate (Figure 1). The transition state has
been located for this step (TS1) and shows that the C1H1
and AuCl1 bonds are lengthened to 1.61 and 2.51 Å,
respectively, whereas the C1···Au and H1···Cl1 distances are
shortened to 2.07 and 1.45 Å, respectively. It should be noted
that, compared with INT1, the mesitylene moiety is in an

Scheme 2. (a) Two Previously Proposed Mechanisms for CH Amination Mediated by a Metal−Nitrene Intermediate and (b)
a Nonmetal−Nitrene Intermediate Is Proposed in This Work
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almost upright position at TS1. The formation of the AuC1
bond can compensate the energy needed to break the C1H1
bond. The computed activation barrier for the formation of the
arylgold(III) intermediate via TS1 is 21.1 kcal/mol. The
resulting arylgold(III) intermediate coordinated with HCl
(INT2) is very unfavorable thermodynamically, being ender-
gonic by 17.6 kcal/mol.
The nitrene precursor, PhINNs, might coordinate with the

yielded arylgold(III) intermediate to form INT-S1 (see the
Supporting Information, Figure S1). Subsequently, PhINNs
might be activated by the attacking of C1 of the aryl group to
afford INT-S2 plus PhI. The predicted energy barrier for this
step is 19.5 kcal/mol. Finally, the cleavage of HCl on the Au
N bond of INT-15 could lead to the desired product and the
regeneration of the AuCl3 catalyst. Computational findings
suggested that the activation of a sp2 CH bond of mesitylene
is the rate-limiting step, which is in contrast to the conclusions
drawn from the experimental isotope results.12 The incon-
sistency between computation and experiment might imply the
existence of an alternative mechanism for the AuCl3-catalyzed
aromatic CH bond amination of mesitylene with PhINNs.
Activation of the Nitrene Precursor by AuCl3. Apart

from the formation of an arylgold(III) intermediate, the
activation of the nitrene precursor, PhINNs, promoted by
AuCl3 was also investigated computationally. PhINNs can
readily coordinate with AuCl3 to form an intermediate, INT3,
in which the Au···N distance is 2.09 Å (Figure 2). Closer
examination of INT3 shows that the distance Cl1···N (3.06 Å)
is 0.14 Å shorter than that of Cl3···N (3.20 Å). The Cl1−Au−N
angle (87.0°) deviates slightly from 90°. The existence of an in-
phase combination of the lone pair AO of Cl (larger coefficient
on Cl1) and the π* MO of the NI moiety of PhINNs in
the HOMO-3 orbital of INT3 might be responsible for this
structural feature (Figure 3). In addition, the insertion of the
lone pair of Cl1 into the π* MO of the NI moiety can result
in the formation of the Cl1N bond and the dissociation of
the PhI molecule. From INT3, the reaction coordinate was
shown to lead to TS2, in which Cl1 approaches N and the Cl1···
N distance is shortened to 2.10 Å, while the N···I bond length is
lengthened to 2.74 Å (Figure 2). Finally, PhI is dissociated from
PhINNs, and an AuCl2NClNs−PhI complex (INT4) is
afforded.

The formation of INT3 is 25.9 kcal/mol exothermic
compared with separated AuCl3 and PhINNs. The energy
barrier associated with the activation of the nitrene precursor
from INT3 is predicted to be 29.4 kcal/mol. The resulted
complex INT4 is slightly endergonic, by 2.4 kcal/mol. It should
be noted that the exergonicity for the formation of INT3 is 9.5
kcal/mol larger than that for the formation of INT1. Therefore,
it is more favorable for the AuCl3 catalyst to combine with the
PhINNs substrate than to bind with the mesitylene. Thus,
the subsequent reaction of activating PhINNs to form INT4
and further to yield INT5 after a dissociation of PhI is more
feasible than to form the arylgold(III) intermediate. In addition,
the significant exergonicity for the formation of INT3 can
compensate the relatively higher energy needed to activate the
nitrene precursor.
In the AuCl3-catalyzed amination of mesitylene, the

formation of the AuCl2NClNs intermediate (INT5 in Figure
2) is unprecedented because reported transition-metal-
catalyzed amination reactions by nitrene insertion usually
proceed through metal−imide/nitrene complexes.4a,8f,13−16 Just
for curiosity, we computationally studied a putative gold(III)−
nitrene analogue, AuCl3−NNs complex, in both singlet and
triplet electronic states (Figure 4). The optimized Au···N
lengths are 2.09 and 2.00 Å for the singlet (INT5a-S) and

Figure 1. Free energy profile for the formation of an arylgold(III)
intermediate from the mesitylene−AuCl3 complex. Bond lengths are
shown in Å.

Figure 2. Free energy profile for the activation of the nitrene precursor
by AuCl3 to afford the intermediate INT5. Bond lengths are shown in
Å.

Figure 3. In-phase combination of the lone pair AO of Cl and the π*
MO of the NI moiety of PhINNs in the HOMO-3 orbital of
INT3.
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triplet (INT5a-T) structures, respectively (Figure 4). It should
be noted that the optimized singlet structure displays an
unusual short O1···N distance (1.67 Å). A lone pair of O1
inserting into the empty p AO of nitrene is responsible for this
short distance and the formation of a nearly three-membered
ring in INT5a-S. The Cl1 attached to Au(III) may attack the
nitrene moiety in a manner of nucleophilic substitution to
afford an intermediate INT5b, in which the AuCl1 bond is
cleaved and the NCl1 bond is formed. The predicted ΔG‡ is
only 1.5 kcal/mol, indicating that INT5a-S is readily converted
to INT5b via TS3. The structure INT5b may further adjust to
a more energetically favorable conformation, INT5, which is
20.8 kcal/mol lower in energy than INT5a-S. For the triplet
state (INT5a-T), inspection of the spin density of INT5a-T
shows that the two unpaired electrons are mainly localized on
the N atom (1.64), with little spin density (0.03) found on the
Au atom. This is in contrast to the reported triplet Cu−nitrene
complexes having significant delocalization of spin density over

the metal center from the nitrene site.17a,b The triplet state of
the AuCl3−NNs complex with highly localized spin density
may not be energetically favorable, a conclusion supported by
the computational finding that INT5a-T is 16.5 kcal/mol
higher in energy than INT5 (Figure 4). Therefore, both the
singlet and triplet states of the putative AuCl3−NNs complex
are thermodynamically unfavorable compared with INT5.
Hence, INT5 is suggested to be the key intermediate for the
subsequent CH bond amination.

C(sp2)H Bond Amination of Mesitylene Mediated
by INT5. As described previously, the substrate mesitylene
might coordinate with AuCl3, followed by a σ-bond metathesis
reaction to activate a C(sp2)H bond, resulting in a
thermodynamically unfavorable arylgold(III) intermediate.
Similarly, such a reaction route can be applied to INT5.
There are two possible pathways to trigger a C(sp2)H bond
activation of mesitylene in terms of the diversity of the H atom
acceptor. One route is to form a complex INT6a and
subsequently lengthen a C(sp2)H bond of mesitylene toward
N, leading to a complex of arylgold(III) and NsNHCl (INT7)
(pathway-a in Figure 5). The TS4 located for pathway-a shows
that the C1···H1 distance is lengthened to 1.36 Å and the Au···
C1 distance is shortened to 2.10 Å, respectively. In addition,
similar to TS1, the mesitylene moiety is also in an upright
position relative to the corresponding structure of the reactant.
The other route starts from INT6b, followed by a C(sp2)H
bond being stretched toward Cl, which affords the formation of
INT8 (pathway-b in Figure 5). The optimized TS structure for
pathway-b (TS5) is analogous to TS1.
The complex INT6a is 0.4 kcal/mol lower in energy than

INT6b (Figure 5). The predicted energy barriers of pathway-a
starting from INT6a and pathway-b from INT6b are 18.1 and
21.9 kcal/mol, respectively. In addition, pathway-a leading to
INT7 is slightly exergonic by 0.8 kcal/mol, whereas pathway-b
affording INT8 is quite endergonic. Therefore, pathway-a, in

Figure 4. Optimized singlet and triplet electronic states of the
gold(III)−nitrene analogue. The free energy profile for the isomer-
ization between INT5a-S and INT5 is also shown. Bond lengths are
shown in Å.

Figure 5. Free energy profiles for two pathways for activating an aromatic CH bond of mesitylene based on INT5. Bond lengths are shown in Å.
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leading to INT7, is more favorable, both kinetically and
thermodynamically. The NH bond strength is greater than
that of an HCl bond, accounting for, at least partially, the
preference for pathway-a.
Apart from the above two modes of activating a C(sp2)H

bond of mesitylene, the addition of mesitylene to the N atom of
INT5 was also explored computationally. However, the much
higher energy barrier indicates that this addition pathway is
unfavorable (see the Supporting Information, Figure S2).
Another two possible pathways are proposed for the

subsequent reaction of the afforded INT7 complex. One path
is a σ-bond metathesis reaction to cleave the NH bond of
NsNHCl in INT7 to eliminate an HCl and to produce an
intermediate INT10 (pathway-a in Figure 6). The other route
also involves a σ-bond metathesis reaction to break the NCl
bond of NsNHCl (pathway-b in Figure 6), yielding the desired
amination product and regenerating the AuCl3 catalyst
(INT12). Pathway-a, from INT9a to INT10, has the lower
energy barrier of 9.5 kcal/mol. In contrast, pathway-b, from
INT9b to INT12, has a much higher energy barrier (37.9 kcal/
mol). Thus, the pathway-a leading to INT10 is more likely to
occur.
The dissociation of HCl following the formation of complex

INT10 can result in INT11. Next, structure INT11 may
undergo a reductive elimination reaction to produce an Au(I)
intermediate (INT13). The reductive elimination of INT11
proceeds via a three-membered ring transition state, where the
NC1 bond (2.04 Å) is being formed and the AuC1 bond is
breaking (2.24 Å) (TS8 in Figure 7). The reductive elimination
via TS8 requires an activation barrier of 29.2 kcal/mol. The
resulting INT13 lies 3.9 kcal/mol below INT11. In INT13, the
AuCl intermediate is coordinated with a N atom. Switching the
binding site of the Au center from N to Cl can result in a more
favorable intermediate INT14, 12.6 kcal/mol below INT13.

The conversion from INT14 to INT15 can lead to an
intermediate lower in energy by ΔG = 13.1 kcal/mol. With the
participation of HCl, an intermediate INT16 is formed. It is
facile for HCl to transfer a proton to the N atom of INT16,
with ΔG‡ = 2.7 kcal/mol. This leads to the desired product and
regenerates the initial AuCl3 catalyst.
Our computational studies find that the step of activation of

the nitrene precursor by the AuCl3 catalyst to form INT5 and
the reductive elimination step from INT11 to form INT13
have almost the same energy barrier (ca. 29 kcal/mol) and thus
contribute almost equally to the rate-limiting step for the
AuCl3-catalyzed nitrene insertion into an aromatic CH bond
of mesitylene. Nevertheless, the aromatic CH bond
activation via a σ-bond metathesis mechanism is not suggested
to be the rate-limiting step due to the relatively lower energy
barrier. Therefore, kinetic isotope effects of H/D for the
mesitylene substrate should not be significant, consistent with
the experimental results.12 The substantial exothermicity of the
amination reaction could assist to overcome the relatively
higher energy barrier at room temperature.

C(sp3)H Bond Amination of Mesitylene Mediated
by INT5. According to the research described above, the N site
of INT5 is more favorable than the Cl site as an H atom
acceptor for activating a C(sp2)H bond of mesitylene via the
σ-bond metathesis pathway. Thus, activation of a C(sp3)H
bond of mesitylene is focused on the N site of INT5. From the
energetically favorable complex INT6a, except for the
previously studied C(sp2)H bond cleavage of mesitylene, a
benzylic C(sp3)H bond activation was also investigated
(pathway-a in Figure 8). The transition state for the H atom
transfer reaction (TS10) is shown in Figure 8, in which the
C1···H1 distance is lengthened to 1.47 Å and the N···H1
distance is shortened to 1.21 Å. The predicted ΔG‡ for the
cleavage of the benzylic C(sp3)H bond is 25.7 kcal/mol,

Figure 6. Free energy profiles for two possible pathways for the reaction of intermediate INT7. Bond lengths are shown in Å.
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which is 7.6 kcal/mol higher than that for the breaking of a
C(sp2)H bond of mesitylene.
The second activation route of a C(sp3)H bond of

mesitylene involves a direct σ-bond metathesis pathway
(pathway-b in Figure 8). The geometry of the transition state
(TS11) illustrates that the C1···H1 and Au···N distances are
lengthened to 1.34 and 2.12 Å, respectively, whereas the
distances Au···C1 and N···H1 are shortened to 2.36 and 1.43 Å,
respectively. The relative energy of TS11 is 4.9 kcal/mol higher
than that of TS10. In addition, pathway-b does not start from a
thermodynamically favorable reactant complex (INT6c).
Therefore, pathway-b is even more unfavorable. The present
computational studies suggest that the cleavage of a C(sp3)H
bond of mesitylene is less likely to occur compared with the
breaking of a C(sp2)H bond, in good agreement with
experimental observations.12

Why does a C(sp3)H bond of mesitylene, which has a
smaller bond dissociation energy (BDE) compared with that
for a C(sp2)H bond, have a higher energy barrier for
amination? It should be noted that the complex INT6a is ready
to be formed prior to the favorable reaction pathway leading to
either C(sp2)H bond breaking or C(sp3)H bond breaking.
Closer examination of pathway-a in Figure 5 reveals that the
breaking of an aromatic CH bond does not destroy the
aromaticity of mesitylene. In addition, the AuC1(sp

2) bond
formed in TS4 (2.10 Å) can compensate effectively for the
energy needed to break an aromatic CH bond. In contrast,
the cleavage of a benzylic CH bond destroys the aromaticity

of mesitylene (pathway-a in Figure 8). The resulting much
longer AuC2(sp

3) bond distance in TS10 (2.32 Å) compared
with the corresponding AuC1(sp

2) bond in TS4 implies a
lower effectiveness in stabilizing TS10. Thus, a thermodynami-
cally very unfavorable intermediate (INT18) is afforded.
Therefore, although the strength of a benzylic CH bond of
mesitylene is weaker than that of an aromatic CH bond, the
cleavage of a benzylic CH bond results in damage of the
aromaticity of mesitylene. Consequently, the extra energy
penalty imposed by the breaking of the aromaticity leads to an
overall much higher activation energy barrier for the cleavage of
a benzylic CH bond. Hence, the breaking of an aromatic
CH bond of mesitylene is much more favorable, and the
product of the chemoselective nitrene insertion into an
aromatic CH bond is attained.12

■ CONCLUSIONS

In the present research, the AuCl3-catalyzed nitrene insertion
into an aromatic CH bond of mesitylene has been explored
mechanistically. In summary, it is more favorable for the AuCl3
catalyst to combine with the PhINNs substrate than to bind
with the mesitylene. Thus, the subsequent activation reaction of
PhINNs to form INT5 is more likely to occur. The putative
AuCl3−NNs complex is computed to be energetically
unfavorable and may not play a critical role in the AuCl3-
promoted C(sp2)H bond amination, in contrast to
previously reported key metal−imide/nitrene intermediates.

Figure 7. Free energy profile for the further conversion of INT13 to the final product. Bond lengths are shown in Å.
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Instead, INT5 is proposed to play a vital role in the subsequent
amination reaction.
A detailed C(sp2)H bond amination pathway of

mesitylene is proposed in the present computational research
(Scheme 3). After the complexation of INT5 with mesitylene,
activation of a C(sp2)H bond in a manner of σ-bond

metathesis leading to INT7 is favored. From INT7, another σ-
bond metathesis reaction to eliminate an HCl and produce
INT11 can occur. Then, the resulting INT11 may undergo a
reductive elimination reaction to afford INT13, which may
proceed to the lower energy intermediate INT15. Finally, with
the participation of HCl, a proton transfer step follows to yield
the desired amination product and to regenerate the AuCl3
catalyst.
Chemoselective nitrene insertion into an aromatic CH

bond of mesitylene, instead of a benzylic CH bond, is also
rationalized for the AuCl3-promoted amination. In spite of the
smaller BDE of a benzylic CH bond of mesitylene in
comparison with that of an aromatic CH bond, the cleavage
of a benzylic CH bond leads to damage of the aromaticity of
the mesitylene moiety, which results in an overall higher energy
barrier. In contrast, the aromaticity of mesitylene is retained for
the aromatic CH bond activation. Consequently, the
aromatic CH bond amination is more favorable, in good
agreement with experimental results. These mechanistic
insights reported herein should encourage further development
of chemoselective CH bond functionalizations.

■ COMPUTATIONAL METHODS
The PBE021 density functional method, which has shown good
performance in gold-catalyzed reactions,22 was employed in this work
to carry out all the computations. The LANL2DZ basis set in
conjunction with the LANL2DZ pseudopotential23 was used for the
Au atom, and the LANL2DZdp basis set with the LANL2DZ
pseudopotential23 was used for the I atom. The 6-31G(d) basis set24

was used for the other atoms in the geometry optimizations.
Vibrational frequency analyses at the same level of theory were
performed on all optimized structures to characterize stationary points
as local minima or transition states. Transition states were verified to

Figure 8. Free energy profiles for two pathways for the activation of a benzylic CH bond of mesitylene. Bond lengths are shown in Å.

Scheme 3. Proposed Mechanism for the AuCl3-Catalyzed
Nitrene Insertion into an Aromatic CH Bond of
Mesitylene
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have one imaginary vibrational frequency and were connected to
appropriate reactant and product by optimizations along the reaction
coordinate. The gas-phase Gibbs free energies for all species were
obtained at 298.15 K and 1 atm at their respective optimized
structures.
To consider solvation effects, single-point energy computations

using the polarizable continuum model model25 with dichloromethane
as the solvent were performed based on the optimized gas-phase
geometries of all species. Larger basis sets (LANL2TZ(f) for Au,
LANL2DZdp for I, and 6-311++G(2d,2p) for other atoms) were
utilized for single-point energy calculations on stationary points. The
solution-phase Gibbs free energy was determined by adding the
solvation single-point energy and the gas-phase thermal correction to
the Gibbs free energy obtained from the vibrational frequencies.
Unless otherwise specified, the solution-phase Gibbs free energy was
used in the present discussions. The Gaussian 09 suite of programs26

was used throughout.
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