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Computational insights into Ir(u)-catalyzed allylic
C-H amination of terminal alkenes: mechanism,
regioselectivity, and catalytic activityf

Deng Pan,? Gen Luo, ©*° Yang Yu,? Jimin Yang® and Yi Luo (2 *a¢

Computational studies on Ir(in)-catalyzed intermolecular branch-selective allylic C—H amination of terminal
olefins with methyl dioxazolone have been carried out to investigate the mechanism, including the origins
of regioselectivity and catalytic activity difference. The result suggests that the reaction proceeds through
generation of active species, alkene coordination, allylic C—H activation, decarboxylation, migratory
insertion, and protodemetalation. The presence of AgNTf, could thermodynamically promote the
formation of catalytically active species [Cp*Ir(OAc)]*. Both the weaker Ir—C(internal) bond and the
closer interatomic distance of N---C(internal) in the key allyl-Ir(v)-nitrenoid intermediate make the
migratory insertion into Ir—C(internal) bond easier than into the Ir—C(terminal) bond, leading to branch-
selective allylic C—H amidation. The high energy barrier for allylic C—H activation in the Co system could
account for the observed sluggishness, which is mainly ascribed to the weaker coordination capacity of
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Introduction

Nitrogen-containing molecules are ubiquitous in natural prod-
ucts, synthetic intermediates, pharmaceuticals, and functional
materials. Therefore, the construction of C-N bonds has been of
fundamental importance for synthetic chemists in past decades.' In
this context, transition-metal-mediated C-H aminations have
become vital methods,> among which direct amination of the C-H
bond is one of the most efficient ways, which could dramatically
simplify synthetic routes, providing a straightforward and atom-
economy methodology. Since the first report of transition-metal-
catalyzed direct C-H amination,* remarkable advances have been
made in this area both experimentally and theoretically.>® Compared
with chelate-assisted C-H amination, the allylic C-H amination is of
great interest because the vinyl group is not only prevalent in large
amounts of compounds but is also feasible for functionalization.
Despite significant advances in this field, the precise control of the
regioselectivity in the C-H amination reactions is still challenging.”™®

Recently, Rovis and co-workers reported an elegant work of
Ir(ur)-catalyzed intermolecular allylic C-H amination of unac-
tivated terminal olefins using alkyl oxazolones as aminating
agents, featuring excellent regioselectivity (Scheme 1a)."* A
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alkenes to the triplet Cp*Co(OAc)* and the deficient metal---H interaction to assist hydrogen transfer.

putative catalytic cycle was also proposed on the basis of rele-
vant control experiments (Scheme 2). The monoacetato
Cp*Ir(ur) (OAc)*(NTf,)~ (1), generated from [Cp*IrCl,],, AgNTH,,
and LiOAc, was proposed as the catalytically active species.
Alkene coordination gave the -complex II, and metalation (C-
H activation) formed allyl-Ir(m) species III. The subsequent
oxidation of Ir(m) via N-O bond cleavage of oxazolone and CO,
extrusion (decarboxylation) produced the allyl-Ir(v)-nitrenoid
species IV. Subsequently, the regioselective migratory insertion
and protodemetalation gave the branched amidation product
and regenerate the active species I.

Despite the above mechanistic suggestions, many details are
still ambiguous. Such as the reasonability of the proposed
mechanism, the structural information on the key
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Scheme 1 (a) Cp*Ir(n)- and (b) Cp*Co(m)-catalyzed allylic C—H ami-

nation of terminal alkene.
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Scheme 2 Plausible mechanism for Ir(i)-catalyzed allylic C-H ami-
nation of terminal alkene.

intermediates and transition states, and the details of the
energy profile. More importantly, the origin of regioselectivity
for this important allylic C-H amination of unactivated
terminal olefins remain unclear. In addition, it was also experi-
mentally found that the reaction could not proceed when the
analogue Cp*Co(m) was used as precatalyst (Scheme 1b). The
origin of such distinct catalytic activity of these two similar pre-
catalysts was also unknown. To clarify these issues, we performed
density functional theory (DFT) calculations on the model reaction
of Ir(m)/Co(m)-catalyzed intermolecular allylic C-H amination
reaction of 1-decene (1a) with methyl dioxazolone (2a) (Scheme 1).
The related mechanism has been carefully explored and some
interesting results were obtained on the origins of regioselectivity
and catalytic activity. The results reported here are expected to
enrich the Ir(m)-catalyzed C-H amination of olefins and provides
useful information for the development of new transition-metal-
catalyzed regioselective C-H amination systems.

Computational details

All calculations were conducted using the Gaussian 16 program
package.” The hybrid B3LYP functional®® corrected with the
empirical dispersion term (known as Grimme-D3 with the zero-
damping scheme)'* was used for geometry optimizations of all
stationary points. In the optimizations, the 6-31G(d,p) basis set
was used for C, H, N, and O atoms, and the SDD pseudopo-
tential basis sets™ were considered for metal atoms. Geomet-
rical parameters for the stationary points were fully optimized
without any constraints. Vibrational frequency analyses were
performed on the optimized geometries at the same level of
theory to characterize the stationary points as local minima (no
imaginary frequency) or transition states (only one imaginary
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frequency). Intrinsic reaction coordinate (IRC) calculations
were used to verify that the transition state connects with
appropriate reactant and product. To obtain more accurate
energies, single-point calculations were further performed at
the higher level of BBLYP-D3/def2-TZVP'® together with the SMD
solvation model" for considering the dichloroethane solvation
effect. The free energies in solution reported in this study
include the free-energy corrections calculated by the vibrational
frequency analyses. In addition, the minimum-energy crossing
point (MECP) was optimized using the code developed by Har-
vey and co-workers.” Three-dimensional structures were
showed using the CYLview software.®

Results and discussion
Formation of active species

It was experimentally found that the precatalyst [Cp*IrCl,], was
ineffective without adding additional AgNTf, This drove us to
investigate the role of AgNTf, and the formation of active
species. Under the experimental conditions," various Ir(m)
species (e.g., Cp*Ir(OAc),, Cp*Ir(OAc)(NTf,), [Cp*Ir(OAc)]" + X~
(X~ = OAc™ and NTf, ), and [Cp*Ir(NTf,)]" + OAc~) may exist in
the presence of precatalyst [Cp*IrCl,],, AgNTf,, and LiOAc. As
shown in Scheme 3, in the absence of AgNTf,, the formation of
neutral Cp*Ir(OAc), is endergonic by 16.3 keal mol ™" (eqn (1)).
The dissociation of an anion OAc™ from Cp*Ir(OAc), to give
cationic [Cp*Ir(OAc)]" together with OAc™ is further endergonic
(AG = 31.2 keal mol™', eqn (2)), suggesting that it is an ener-
getically inaccessible process. It is worth noting that, when
AgNTf, was introduced, the formation of neutral Cp*Ir(OAc)
(NTf,) is less endergonic (AG = 9.3 keal mol ', eqn (3)) and the
dissociation of NTf,” from Cp*Ir(OAc) (NTf,) to give cationic
[Cp*Ir(OAc)]" is only endergonic by 8.7 kcal mol ™" (eqn (4)). In

2Li0AC
172 [CpHirCly; CpIN(OAC), AG=163 (eq1)
2LiOAc 2Licl
172[CpHirCly); le*Ir(OAc)]++ OAC AG=312 (eq2)
2Licl
AgNTf, + LiOAc
112[CprirCly); Cp*Ir(OAC)(NTf,) AG=93  (eq3)
AgCI + LiCl
AgNTF, + LiOAC
112 [CpHIrCly, [CprIrOAC| + NTf, AG=87  (eq4)
AgCl + LiCl
2AgNTf, + 2LiOAC
1/2[Cp*IrCly) [cpironc) + 0AG  AG=372  (eq5)
2AgCI+ 2LiNTF,
AgNTf, + LiOAG
1/2[CpIrCly, [COINNTR)|" + OAC  AG=420 (¢q6)

AgCH+ LiCl

Scheme 3 Calculated reaction free energies (AG, kcal mol™) for the
formation of various Ir(i) species.
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addition, the formation of [Cp*Ir(OAc)]" or [Cp*Ir(NTf,)]" via
two molecules of LiOAc and AgNTf, was also calculated and was
ruled out due to the relatively high reaction free energy (AG =
37.2 keal mol™", eqn (5); AG = 42.0 keal mol ™%, eqn (6)). Taken
together with the above calculations, we can conclude that the
cationic [Cp*Ir(OAc)]" species should be the active species
involved in further catalytic cycle. And, AgNTf, play an impor-
tant role in thermodynamically promoting the formation of
[Cp*Ir(OAc)]". These computational results could provide
a preliminary understanding on the role of AgNTf, additive and
the formation of active species [Cp*Ir(OAc)]".

Matalation (allylic C-H activation) and decarboxylation

According to previous studies and above discussions, the
cationic species [Cp*Ir(OAc)]" (Ir-1) with unsaturated coordi-
nation environment should be the active species, which
promotes the alkene coordination and further activation. As
shown in Fig. 1, the coordination of 1-decene (1a) to
[Cp*Ir(OAc)]" (Ir-1) could form the more stable 7-complex Ir-2.
This step is exergonic by 4.3 keal mol ™. To achieve allylic C-H
activation, Ir-2 firstly isomerizes to Ir-2’ via changing the coor-
dination mode of acetate from «2 to «1 and forming an agostic
interaction Ir---H-C instead.”® Such an isomerization step via Ir-
TSiso has an energy barrier of 10.9 kecal mol™' and is endo-
thermic by 10.2 keal mol ™. Then, C-H activation in Ir-2’ takes
place through a traditional concerted metalation deprotonation
(CMD) transition state Ir-TS3 to give the 5*-allyl-Ir(m) interme-
diate Ir-4. The relative activation energy for C-H activation
process is 19.6 kcal mol ', which should be kinetically
reasonable under the experimental condition (35 °C)."* Starting
from Ir-4, the coordination of methyl-1,4,2-dioxazol-5-one (2a)

A
AGsol
keal mol!

View Article Online
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to the Ir(m) center of n*-allyl-Ir(m) intermediate Ir-4 is exergonic
by 0.8 keal mol ™', giving the intermediate Ir-5 for further C-N
bond formation. Subsequently, the decarboxylation (CO,
extrusion) easily takes place via Ir-TS6 to yield the allyl-Ir(v)-
nitrenoid Ir-7. The step has a low energy barrier of
4.0 kecal mol™" and is highly exothermic by 21.5 kcal mol "
(relative to the precatalyst and substrates). Such low energy
barrier could be ascribed to the unique binding feature between
the dioxazole moiety and the Ir center.”* By comparison, the CO,
extrusion from free methyl dioxazolone (2a) was calculated and
encountered a high energy barrier (33.6 kcal mol ™, Fig. S4t).

Migratory insertion (C-N formation) and protodemetalation

After the formation of allyl-Ir(v)-nitrenoid intermediate Ir-7, there
are two potential sites for migratory insertion (Fig. 2), viz., terminal
(C1, leading to the linear amidation product) or internal position
(C3, leading to the branched amidation product). As we can see
from Fig. 2, the migratory insertion takes place at the C3 site (via Ir-
TS8, black line) is more favorable than C1 site (via Ir-TS8', blue
line) by 3.5 keal mol ™" and is an irreversible process, which is well
in line with the regioselectivity observed experimentally.

Starting from the preferred migratory insertion product Ir-9,
the coordination of a molecule of AcOH, which is formed in the
C-H activation step (Fig. 1), could form the adduct Ir-10 and
then the protodemetalation of amination product takes place
via a barrierless transition state Ir-TS11 to give the final
branched product P-C3 and regenerates the active species Ir-1.
As discussed above, the computational results generally support
the proposed mechanism, which mainly involves the generation
of the active species [Cp*Ir(OAc)]" with the aid of AgNTf,, alkene
coordination, allylic C-H activation (matalation) giving 5>-allyl-
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Fig. 1 Calculated free energy profiles for allylic C—H activation by the Ir() catalyst. Bond distances shown in the structures are given in

angstroms.
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Fig. 2 Calculated free energy profiles for C—N bond formation by the Ir(n) catalyst. Bond distances shown in the structures are given in

angstroms.

Ir(m) intermediate, decarboxylation forming the key Ir(v)-nitre-
noid species, regioselective migratory insertion (C-N forma-
tion), and the final protodemetalation producing the amidation
product and regeneration of the active species.

Origin of regioselectivity

To have a better understanding of the regioselectivity, the structure of
Ir-7 was carefully examined (Fig. 2). It is found that the Ir-C1 bond is
stronger than Ir-C3 bond, reflected by the shorter bond distance of
Ir-C1 (2.21 vs. 2.40 A of Ir-C3) and the larger Wiberg bond indexes

AGsoy 0.5
kcal mol! Rh-TS8'

~> NPA Charge
- Rh:7 Rh: +0.14
C1:-0.29

Rh-C1:0.48 N-C1:0.10 C3: +0.01

Rh-C3:0.32 N-C3:0.11 N: -0.35

(WBI) for Ir-C1 (0.54 vs. 0.38 for Ir-C1). This suggests that the
migratory insertion into Ir-C3 bond is easier than Ir-C1 bond. In
addition, the interatomic distance N---C3 (2.77 A) is shorter than N---
C1(2.92 13), which will also support more favorable N-C3 formation
compared with N-C1. Therefore, both the weaker Ir-C3 bond and the
shorter interatomic distance of N---C3 make the migratory insertion
into Ir-C3(internal) bond easier than Ir-C1(terminal) bond, leading
to branch-selective allylic C-H amidation.

For a comparison, the migratory insertion in the case of Rh
catalyst was also calculated. As displayed in Fig. 3, although the

Fig. 3 Calculated free energy profiles for migratory insertion by the Rh(i) catalyst. Bond distances shown in the structures are given in

angstroms.
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Fig. 4 Calculated free energy profiles for intermolecular allylic C—H amidation of 1-decene by the Co(in) catalyst.

migratory insertion takes place at the C3 site (via Rh-TS8) is
more favorable than C1 site (via Rh-TS8') by 2.9 kcal mol , the
energy difference is smaller than that in Ir case (3.5 kcal mol %),
which is in general agreement with the observed lower regio-
selectivity in Rh system (2.9 : 1 for Rh vs. > 20 : 1 for Ir)."* In Rh-
7, similar to Ir case, the Rh—C1 (WBI: 0.48) bond is stronger than
Rh-C3 (WBI: 0.32) bond, which could account for the superi-
ority of migratory insertion into Rh~C3. To be noted, in contrast
to Ir-7, the bond index of N-C3 (0.11) is similar to N-C1 (0.10) in
Rh-7, which will lower the regioselectivity in comparison with Ir
system. The smaller difference in NPA charge between N and C3
in Rh-7 than that in Ir-7 could be also account for the observed
different regioselectivity.

Catalytic activity of different catalyst

Although [Cp*IrCl,], as a precatalyst works for such kind of C-H
amination, the analogue [Cp*CoCl,], failed to produce any
amidation products under the same experimental conditions.
To elucidate the origin of such a reactivity difference, we carried
out DFT calculations for the case of [Cp*CoCl,],. Firstly, similar
to the case of [Cp*IrCl,],, the free energy of the formation of
active species [Cp*Co(OAc)]" was calculated. The result shows
that the triplet is the ground state of [Cp*CoCl,], and is more
stable than its singlet by 5.1 kcal mol . In the case of triplet,
the formation free energy of [Cp*Co(OAc)]" is 6.8 kcal mol ™"
(Fig. 4), which is lower than that the case of Ir (8.7 kcal mol ™).
Therefore, the difference of catalytic activity between the two
cases (Ir and Co systems) cannot be explained by the formation
of active species.

Subsequently, the energy profile of Cp*Co(m)-catalyzed
terminal alkene C-H amidation reaction was further calculated.
The results show that Cp*Co(m)-catalyzed process is similar to

© 2021 The Author(s). Published by the Royal Society of Chemistry

that of Cp*Ir(m). It is also worth noting that Co-catalyzed
process follows a two-state reactivity scenario (Fig. 4). Unsur-
prisingly, the allylic C-H activation of terminal olefin have an
energy barrier of 28.0 kcal mol ™', which is significantly higher
than that for Ir case (AG* = 19.6 kcal mol ', Fig. 1). The high
energy barrier of allylic C-H activation for Co catalyst could
account for its catalytic sluggishness. Such a high energy barrier
could be ascribed to the relatively unstable alkene-coordinating
m-complex and the less stable transition state 'Co-TS3 in
comparison with Ir system.

As for the alkene-coordinating m-complex, the coordination
of an alkene to *Co-1 giving *Co-2 is an isoenergetic process
(Fig. 4), but it is an exothermic process for Ir system (ca
4.3 keal mol ™, Fig. 1) which could effectively lower the energy
platform. To shed light on the different relative stability of the
two m-complexes Ir2 and >Co-2, distortion/interaction

3Co-2
AE it(cat-Co) = 1.1 kcal mol!
AE gigt(sub) = 1.7 kcal mol™!
AEin: = -18.3 kcal mol™!
AE* =-15.5 kcal mol!

Ir-2
AE ist(cat-Ir) = 6.6 kcal mol™
AE gigt(sub) = 7.6 kcal mol™!
AEjn¢ = -35.0 kcal mol™
AE* = -20.8 kcal mol™

Fig. 5 Optimized structures of r-complexes Ir-2 and *Co-2 and their
distortion/interaction analysis. Bond distances shown in the structures
are given in angstroms (A).

RSC Adv, 2021, 11, 19113-19120 | 19117
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analysis® has been conducted (Fig. 5). In such analysis, each -
complex structure was divided into two fragments, viz., the
coordinating alkene part (fragment sub) and the remaining
metal moiety (fragment cat-M). AEg;q, is the energy required to
distort separated fragments from their equilibrium geometry
into the olefin-coordinated m-complexes. This energy is regar-
ded as the destabilizing factor from geometry distortion. AEj,,
denotes the interaction energy between the fragments in the -
complex. The energy AE* is defined as AE* = AEgjs(cat) +
AEgise(sub) + AE;,.. As shown in Fig. 5, although the distortion
energies of the two fragments in Ir-2 (AEgs(cat-Ir)
6.6 kcal mol ™' and AEg;g(sub) = 7.6 kcal mol*) are larger than
that in >Co-2 (AEgs(cat-Co) = 1.1 kcal mol ™" and AEg;(sub) =
1.7 keal mol ™), the interaction between the two fragments in Ir-
2 (AEjn = —35.0 keal mol ") is significantly stronger than that
in *Co-2 (AEj,, = —18.3 kcal mol ") by —16.7 kcal mol *,
making Ir-2 more stable than *Co-2. Therefore, it is the
discriminatory strength of interaction that causes the different
relative stability of the two m-complexes Ir-2 and *Co-2.

The frontier molecular orbitals of the two -complexes could
also provide valuable information to explain their relative
stability (Fig. 6). In the case of Ir-2, there is strong orbital
interaction between the metal center and alkene part. For
instance, the HOMO-1 orbital is the ¢ binding orbital which is
composed of the d orbital of Ir and w-bonding orbital of the
alkene. The HOMO orbital is the back donation 7-binding
orbital, which is composed of the d orbital of Ir and w*-bonding
orbitals of alkene moiety. The electrons in HOMO and HOMO-1
orbitals are localized in the d orbital of the metal atom and
alkene moiety in Ir-2. However, in *Co-2, only a very small
number of electrons in SOMO and SOMO-1 orbitals are

19118 | RSC Adv, 2021, 11, 19113-19120
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Fig. 7 Optimized transition state structures of Ir-TS3 and 1Co-TS°3.
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localized in the Co-d orbital and alkene moiety. This may be due
to the high spin of ®Co-2, which makes the metal center has
fewer empty d orbitals, so that the d orbital cannot accept more
electrons. Meanwhile, the single electron in Co-d orbital has the
Pauli repulsion to the alkene electrons. Therefore, the coordi-
nation capacity of alkene in *Co-2 is weaker than that in Ir-2.

As for the C-H activation transition state, the singlet "Co-TS3
is slightly lower than *Co-TS3 by 1.1 kcal mol™" and the spin-
crossing process occurs before C-H activation. The net energy
barrier from m-complex *Co-2 to 'Co-TS3 is 21.2 kcal mol
while the energy barrier in Ir system is 15.2 kcal mol " (Ir-2 —
Ir-TS3, Fig. 1). To get more information on the difference of C-H
activation process in two systems, the structures of Ir-TS3 and
'Co-T83 are carefully compared (Fig. 7). As displayed in Fig. 7, it
is found that the C3-H bond is more activated in Ir-TS3 than
that in 'Co-TS3, manifested by the longer bond distance (d(cs...
1) = 1.59 A in Ir-TS3 vs. d(c3...;u) = 1.40 A in 'Co-TS3) and smaller
bond index (WBI(c3...;y) = 0.32 in Ir-TS3 vs. WBI(c3...;y) = 0.36 in
'Co-TS3). Importantly, the metal center plays a vital role in
hydrogen transfer process. The results show that although the
atomic radius of Ir is larger than Co, the distance of Ir---H in Ir-
TS3 (1.71 A) is shorter than d(co---m) in 'Co-TS3 (1.86 A), sug-
gesting that the stronger metal---H interaction exists in Ir-TS3
compared to 'Co-TS3. The WBI values of metal---H (WBLy..1q) =
0.31 in Ir-TS3 vs. WBI(go...1s) = 0.14 in 'Co-TS3) and the tortile
angles of C3-H-01 (128.5° in Ir-TS3 vs. 147.5° in 'Co-TS3) could
further illustrate the aforementioned reactivity difference in the
two catalytic systems.

On the basis of above discussion, the high catalytic activity of
Ir catalyst is mainly attributed to the relative stability of alkene-
coordinating m-complex and the stronger metal---H interaction
assisting hydrogen transfer in comparison with Co system. In
addition, Ir-catalyzed C-H activation process is exothermic,
while it is an endothermic process for Co system. Consequently,
Cp*Ir(m)-catalyzed allylic C-H activation of terminal alkene is
more favorable than Cp*Co(m) both thermodynamically and
kinetically.

Conclusions

In summary, Cp*Ir(m)-catalyzed allylic C-H amination reaction
of 1-decene with methyl dioxazolone has been investigated by
DFT calculations. The computational results suggest that the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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reaction mainly includes the following steps: the formation of
active species [Cp*Ir(OAc)], alkene coordination, allylic C-H
activation (matalation) giving #’-allyl-Ir(m) intermediate,
decarboxylation of methyl dioxazolone to form the key Ir(v)-
nitrenoid species, regioselective migratory insertion (C-N
formation), and the final protodemetalation to give the ami-
dation product and regenerate the active species. The results
show that AgNTf, plays an important role in the formation of
active species [Cp*Ir(OAc)]". As for the regioselectivity, in the
key Ir(v)-nitrenoid species, both the weaker Ir-C(internal) bond
and the shorter interatomic distance of N---C(internal) make
the migratory insertion into Ir-C (internal) bond easier than Ir-
C (terminal), leading to branch-selective allylic C-H amidation.
By comparison of Cp*Ir(m)- and Cp*Co(ui)-catalyzed processes,
it is obvious that the higher catalytic activity of Ir complex is
mainly attributed to the relative stability of alkene-coordinating
m-complex and the stronger metal---H interaction assisting
hydrogen transfer in comparison with Co system. The analyses
of geometric parameters, frontier molecular orbital, bond
indexes, and distortion-interaction offered insights into such
catalytic systems. The result presented here could add better
understanding to the mechanism, regioselectivity, and catalytic
activity of transition-metal-catalyzed allylic C-H amination and
is expected to be helpful for further development of regiose-
lective C-H amination reactions.
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