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A theoretical understanding of the Pd-catalyzed C(sp3)—H activation of aliphatic amines has been examined using the
B3LYP density functional theory. The concerted metalation—deprotonation (CMD) mechanism is identified in the rate-

determining steps of all possible reaction pathways. The rate- and regio-determining step of the catalytic cycle is

deprotonation of Cneny—H bond through a six-membered cyclopalladation transition state. According to the relative

activation barriers, the Cpeny—H activation is kinetically and thermodynamically more favorable than the Ceny—H activation.

More important, the only acetoxylation product is located, ignoring the diethyl-substituted or the dimethyl-substituted in

the morpholine and not producing the lactone amines molecules, which is in good agreement with the experimental

observations.

Introduction

Transition-metal—catalyzed C—H bond functionalizations have
attracted increasing interests in organic synthesis to transform
carbon—carbon or carbon-

transition

into
the vyears,
coordinate to a substrate could promote the cleavage of the

unreactive C-H bonds
heteroatom bonds." Over metals
C—H bond, which is reactive toward a series of reactions.> More
recently, palladium-catalyzed tandem C-H activation and C-C
coupling reactions have emerged,g’4 which are available for
improving synthetic efficiency and economically as a powerful
and popular strategy. In the past several decades, lots of
studies have been reported on the PdO/Pd|| intermediates.’
Similarly, the high pd" and pPd" complexes as activate
intermediates have also been widely proposed.6 Ritter, Derat,
Canty, and co-workers have carried out extensive studies to
investigate the binuclear Pd intermediates, which are proved
to be important in the palladium-catalyzed C-H
functionalizations. They found the process from lower-valent
Pd'/Pd" to the high-valent pd" or Pd" prefers to take place
through pentacoordinated complexes rather than octahedric
ones.”? In particular, the Pd(OAc),-catalyst systems have been
successfully employed for the C—H activation of a wide range
of substrates.” In contrast to the wealth of methods recently
developed for the functionalization of arenes and
heteroarenes C(spz)—H bonds,10 the functionalization of
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aliphatic C(sp3)—H bonds™ remains a challenging task.
Especially, the regioselectivity of the C—H activation reactions
particularly presents a more complicated problem.12
Fortunately, the presence of directing groups were found
effectively to control selectivity for C-H activation of a
complex substrate containing multiple C-H bonds. For
example, the reported C(sp3)—H activations with directed
groups, such as the monodendate substituted pyridines
(qu),13 and the bidentate 8-Aminoquinoline (Eq2),14 could
achieve through a five-membered metallacycle intermediate,
respectively.za‘m’15 Notably, a comprehensive mechanism of
the C-H bond cleavage step by the concerted metalation—
deprotonation (CMD) pathway has been demonstrated to be
important in further development of cross-coupling reactions
using transition-metal t:atalysts.16
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Scheme 1 Some reported site-selective palladium-catalyzed C—
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While many studies described above have focused on
palladium catalyzed C(sp3)—H activation of aryl halides via 5-
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membered palladacycle intermediates. In contrast, in 2014,
the Gaunt’s group studied the palladium-catalyzed C(sp3)—H
activation of aliphatic amines through a four-membered
cyclopalladation intermediate, which described the selective
transformation of a methyl group with unprotected secondary
amine,17 as depicted in Scheme 1 (Eq3). In this context,
theoretical mechanistic investigations are of vital importance.
As one part of our ongoing work toward understanding the
mechanisms of Pd-catalyzed C—H activation, we are interested
in examining the mechanisms of regiospecific dehydrogenative
cross-coupling of aliphatic amines as shown in Scheme 1, using
PhI(OAc), as the terminal oxidant.

Herein, the plausible mechanism on Pd(OAc),-catalyzed
C(sp3)—H activation of aliphatic amines (A) was shown in
Scheme 2. Firstly, the palladium coordinate with the substrate
to generate the activated precursor intermediate (B), acetate
act as an internal base to cleave the C—H bond via a six-
membered transition state (C) by a concerned metalation-
deprotonation (CMD) pathway, subsequently leading to a four-
membered cyclopalladation intermediate (D). Next, a Pd(IV)
intermediate (E) was located by a Pd(ll) precursor and
oxidative PhI(OAc),. Finally, reductive elimination from penta-
coordinated Pd(IV) complex E may take place via the C—N
cyclization transition state (F) to form the aziridene product (G)
and to help regenerate the Pd-catalyst back to its native
oxidation state during the reaction cycle.
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Scheme 2 The proposed mechanism of the catalytic cycle.

Computational details

All calculations in this work were performed by the density
functional theory with the three-parameter hybrid functional
(B3LYP)18 using Gaussian09 program package (G09),19
employing the true effective core potentials (ECP) such as
LANL2DZ* basis/pseudopotential for Pd, and 6-31G(d,p)21 for
all other nonmetal atoms. Frequency calculations were
performed on all gas-phase optimized geometries to verify
stationary points as minima (no imaginary frequencies) or

2| J. Name., 2012, 00, 1-3

transition states (only one imaginary frequency). Intrinsic
reaction coordinate (IRC)22 analysis was carefully carried out to
confirm whether it connected the correct configurations of
reactant and product on the potential energy surface. All the
energies discussed in the main text are relative solvation-free
energies (AG,,), adding the solvation corrections to the
computed gas phase relative free energies (AG,qg). According
to the experiments, toluene was used as the solvent with the
SMD*® model. Optimized structures were visualized by the
CYLview program.24

Results and discussions

Methyl-C—H activation vs Ethyl-C—H activation. As shown in
Figure 1, two possible C—H activation pathways were discussed,
including Cremy—H activation and Ceny—H activation. Firstly,
amine coordinates to Pd(OAc), to form INT-1, which is more
stable than the starting reactants by 13.1 kcal/mol. In current
paper, the S-configurations of C—H activation were mainly
discussed with similar mechanism as R isomers. Starting from
INT-1, two possible CMD Cyetny—H activation and Ceeny—H
activation may take place. During Cy,etny—H activation, the rate-
determining six-membered transition state TS-1 connects
intermediate INT-1 and INT-2 with a barrier of 27.2 kcal/mol.
In TS-1, one H atom of methyl group would be abstracted by
one AcO as the acetate ligand-assisted C—H activation
162 A5 shown in Figure 1, it should be noted that a
four-membered metallacycle intermediate INT-2 is formed. In
contrast, the S-configuration C.yy,—H activation takes place
through a six-membered transition TS-1-a with a relatively
higher barrier of 35.4 kcal/mol than that of Cpewny—H activation,
suggesting a favorable Cyemny—H activation, which is in
agreement with the experimental results.”® Also interestingly,
after TS-1-a, a five-membered palladacycle intermediate INT-
2-a is located by 1.8 kcal/mol less stable than INT-2. As shown
in Figure 1, it should be noted that a four-membered
metallacycle INT-2 is formed,
energetically lower than the former intermediate INT-1 by 4
kcal/mol. After INT-2, a more stable Pd(IV) intermediate INT-3
is located by lowering energy of 9.1 kcal/mol with the
presence of oxidative Phl(OAc),. In INT-3, two acetate groups
of PhI(OAc), are released and coordinate with Pd. After then,
the N-H bond of the substrate is activated by another AcO
with a barrier of 18.8 kcal/mol through transition state TS-2. In
contrast, the acetoxylation transition states TS-2’ was also
carefully considered, the C-O formation from Pd(IV)
intermediate INT-3. Accordingly, the C-O formation barrier is
higher than that of TS-2 by 6.3 kcal/mol. Therefore, not
surprisingly, the acetoxylation product should be excluded.
After octahedral intermediate INT4, a transition state (TS-3) of ring
closure is located by overcoming the relatively lower barrier of 7.6
kcal/mol. Subsequently, the generation of final product via the
formation of the C-N bond undergoes reductive elimination with
releasing the larger binding energy of around 33.8 kcal/mol.
Interestingly, after intermediate INT-4, a more reactive unsaturated
pentacoordinated Pd(IV) intermediate INT-5 is generated by
lowering energy of 10.2 kcal/mol with the dissociation of one

mechanism.

intermediate which is
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HOAc from Pd centre. Therefore, not surprisingly, the
generation of pentacoordinated Pd(lV) intermediate INT-5 is
thermodynamically favorable. After then, transition state TS-4 of
ring closure is successfully located by overcoming the relatively
lower barrier of 7.1 kcal/mol than that (7.6 kcal/mol) of

hexacoordinated transition state TS-3. Subsequently, the
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generation of final product via the formation of the C—-N bond
undergoes reductive elimination with releasing the larger binding
energy of around 23.1 kcal/mol. Figure S1 also showed the
similar results are also obtained with Cg,,—H activation from
INT-2-a to final product.
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Figure 1 Potential Gibbs free energy (kcal/mol) profiles of the overall catalytic cycle. The most preferred pathway involving S

configuration C,h,—H activation is indicated by black colour.
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Figure 2 Optimized geometries of INT-1, the C—H activation
transition states TS-1 and TS-1-a, intermediate INT-3, the N—H
activation transition state TS-2, and the acetoxylation
transition state TS-2’. Selected distances are shown in A.

As shown in Figure 2, the geometrical feature of TS-1 is a
four-centered interaction among the Cyetny—H, one O atom of
AcO and Pd. The concomitant C—Pd bond elongate the C..H
distance from 1.09 A (INT-1) to 1.36 A (TS-1). In the transition
state TS-1, the C..Pd distance is 2.26 A, and in TS-1-a, C...Pd
distance is 2.31 A, indicating a slight stronger Pd...C interaction
in TS-1. Similarly, the length of C—H and C-O bond in TS-1 (1.36

This journal is © The Royal Society of Chemistry 20xx

A and 1.35 A, respectively) are a little shorter than those in TS-
1-a (1.39 A and 1.36 A, respectively). In methyl activation TS-1,
the dihedral angle O—C,—C,—C; increases from 44.9° to 47.8". In
contrast, in ethyl activation TS-1-a, the dihedral angle O-C,—
C,—C; increases from —-74.8° to —49.2° the dihedral angle
changes is higher with 25.6°. Therefore, it can be understood
that ethyl activation is restricted by larger distortion than that
of methyl activation for the C—H activation, suggesting a
favorable Cetny—H than Cethyi—H activation. From INT-3 to TS-2,
the N...H distance is elongated from 1.05 A (INT-3) to 1.38 A
(TS-2). Simultaneously, the Pd—0O bond is elongated from 2.05
A to 2.18 A, the stronger O...H distance is shortened from 1.67
A to 1.15 A to promote N-H activation by AcO". In TS-2’, the
Pd—C bond is elongated from 2.07 A (INT-3) to 2.51 A, one of
the acetate is transferred to the methylene.

Terminal ethyl-C—H activation vs Methylene-C—H activation
Figure 3 shows the energy profile for the competed C-H
activation of diethyl-substituted substrate: the five-membered
palladacycle (Terminal ethyl-C—H activation) or the four-
membered palladacycle (Methylene-C—H activation). In detail,
transition state B-TS-1 of the terminal ethyl C(sps)—H activation
connects intermediate B-INT-1
palladacycle intermediate B-INT-2 by overcoming a barrier of
21.6 kcal/mol. The Pd...C distance is shortened while the C—H
bond is elongated from 1.09 A (B-INT-1) to 1.39 A (B-TS-1). In
contrast, transition state B-TS-1-a of methylene—C(sp3)—H
activation connects intermediate B-INT-1 and four-membered
palladacycle intermediate B-INT-2-a with a relatively higher
barrier of 29.0 kcal/mol, indicating a more favorable terminal
C—H activation than methylene C—H activation. In B-TS-1-a, the

and five-membered
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Pd...C distance (2.30 A) is a little longer than that (2.24 A) in B-
TS-1, and the C—H bond is elongated from 1.09 A (B-INT-1) to
1.44 A (B-TS-1-a).

AGqal

keal/mol

Figure 3 Potential free energy profile for C—H activations of
diethyl-substituted substrate. Gibbs free energies are given in
kcal/mol. Selected distances are shown in A.
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Figure 4 Potential free energy profile for the catalytic cycle.
Gibbs free energies are given in kcal/mol.

In the following step, an octahedral Pd(IV) intermediate B-
INT-3 will be generated by the presence of oxidative Phl(OAc),,
which is more stable than B-INT-2 by 5.8 kcal/mol, as shown in
Figure 4. Starting from B-INT-3, it may potentially undergo
transition state B-TS-2 by C—O formation with a relatively
lower barrier of 10.2 kcal/mol. Subsequently, B-TS-2 undergoes
reductive elimination to give the final acetoxylation product by
releasing the larger amount of energy of 62.7 kcal/mol.
Interestingly, during our calculations, the N—H activation
(transition state B-TS-2’) may occur by connecting B-INT-3 and
final product with a relatively larger barrier of 21.3 kcal/mol
than that of the corresponding C—O interaction (10.2 kcal/mol)
in B-TS-2, leading to the aziridine product after reductive
elimination. previously discussed, a more
thermodynamically stable pentacoordinated Pd(IV)
intermediate B-INT-4 is formed by one HOAc dissociation,

Also as

4| J. Name., 2012, 00, 1-3

releasing 10.7 kcal/mol of free energy from B-INT-3. After B-
INT-4, it may potentially undergo transition state B-TS-3 by C—
O formation with a relatively lower barrier of 9.4 kcal/mol.
Subsequently, B-TS-3 undergoes reductive elimination to give the
final acetoxylation product by releasing the larger amount of
energy of 51.2 kcal/mol. Interestingly, during our calculations,
the N—H activation (transition state B-TS-3') may also occur by
connecting B-INT-4 and final product with a relatively larger
barrier of 22.5 kcal/mol than that of the corresponding C—O
interaction (9.4 kcal/mol) in B-TS-3, leading to the aziridine
product after reductive elimination. Based on these data, the
pathway through hexacoordinated intermediate B-INT-3 is
unlikely because of its high activation energy. Therefore, not
surprisingly, the C—O formation is more favorable from B-INT-4
to final acetoxylation product than aziridine product. It is in
good agreement with the experiment results.”®

Aziridine vs acetoxylation product from the absence of
lactone. Figure 5 shows the energy profile for the competing
C—H activation of dimethyl-substituted substrate. In detail, the
reaction is initiated with aliphatic amines and Pd(OAc),. After
coordination, intermediate C-INT-1, a tetra-coordinated Pd(ll)
intermediate is located by 14.1 kcal/mol more stable than
reactants. After C-INT-1, a C(sp3)—H cleavage via the acetate-
enabled concerted metalation-deprotonation (CMD)
mechanism is favored. Figure 5 shows the rate-determining
transition state C-TS-1 connects intermediate C-INT-1 and C-
INT-2 with a relatively higher barrier of 26.5 kcal/mol. Similarly,
a more stable six-coordinated Pd(IV) intermediate C-INT-3 is
formed after the oxidation of the PhI(OAc),, releasing energy
of 11.4 kcal/mol. In the following step, the C—O coupling takes
place through transition state C-TS-2, which shows the
migration of OAc” anion to C atom of methylene with a relatively
lower barrier of 13.3 kcal/mol, leading to final acetoxylation
product by releasing the larger amount of energy of 66.1 kcal/mol.
In contrast, the N—H activation transition state C-TS-2-a
connects intermediate C-INT-3 and C-INT-4-a with a relatively
larger barrier of 20.1 kcal/mol than that of the corresponding
C—0 coupling. After C-INT-4-a, the reductive elimination from
Pd(IV) to Pd (ll) step is located through C-TS-4-a with a
relatively lower barrier of 6.2 kcal/mol than that of the N-H
activation. A three-membered ring is then formed in aziridine
product, releasing a large amount of energy of 51.2 kcal/mol. And
the dissociation of the acetate of the Pd center
exothermic process. Admittedly, as shown in Figure 5, the
dissociation of one HOAc takes place exothermically via C-INT-
3 by releasing 6.3 kcal/mol of free energy to form a more
thermodynamically stable pentacoordinated Pd(I1V)
intermediate C-INT-4. A subsequent reductive elimination
reaction leads to final acetoxylation product via transition state
C-TS-3 with a barrier of 14.4 kcal/mol. Transition state C-TS-3
would lead to the irreversible formation of acetoxylation
product in an exothermic reaction that releases 60.9 kcal/mol
of free energy. Also, the N—H activation pentacoordinated
transition state C-TS-3-a connects intermediate C-INT-4 and C-
INT-5-a with a relatively larger barrier of 22.1 kcal/mol than

is an
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substrate.

that of the corresponding C—O coupling transition state C-TS-3.
After C-INT-5-a, a three-membered ring is then formed via
transition state C-TS-5-a with a relatively lower barrier of 5.1
kcal/mol. The overall process from C-INT-5-a to aziridine
product is also exothermic and irreversible and releases 46.4
kcal/mol of free energy. Based on the discussions above, it is
clear that the pentacoordinated Pd(IV) intermediate C-INT-4 is
most favorable because of its thermodynamical stability.
Notable is the difference between the barrier of formation of
acetoxylation and aziridine product, indicating that the
acetoxylation product  process is kinetically  and
thermodynamically favorable than aziridine product process,
which is in good agreement with the experimental
observations.

Conclusions

In summary, the mechanism of palladium-catalyzed aliphatic
amine C(sp3)—H activation has been performed using density
functional theory computational methods. The catalyst-
substrate complex consisting of coordination through a
nitrogen is favorable for ensuing C—H activation. Selectivity
issues in the C—H activation step have been analyzed, the

This journal is © The Royal Society of Chemistry 20xx

Cmethyi—H bond activation takes place through unexpected four-
membered transition state. DFT calculations showed that C—H
is the rate-determining step and the acetate
assisted CMD mode happened in this deprotonation step.
Theoretical calculations also indicated that pentacoordinated
Pd(IV) intermediates are thermodynamically and kinetically more
favorable than the corresponding hexacoordinated intermediates.
When the diethyl-substituted exist in the morpholine structure,
the terminal ethyl C(sp3)—H bond is more reactivated than the
C—H bond of methylene, and prefers to form the acetoxylation
product. In the absence of the lactone substrate, the directing
acetoxylation product is kinetically and thermodynamically
favorable, which is in good agreement with Gaunt’s
observations. The results may enrich the understanding of Pd-
catalyzed C—H activation on cyclic aliphatic amines and could
serve as a benchmark for regioselectivity. We hope these
theoretical insights could serve as stimulation and guideline for
experimental efforts in this field.
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