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Introduction

The transition metal catalyzed C-H activation has been very
popular in recent years and has attracted a lot of attention from
theoretical chemists."™ Since the 1970s, the coupling organic
reactions with Ni, Ru, Rh,'*** and Pd***™° as catalysts have been
developed rapidly and attracted the attention of many chemists.
Pd, as an important part of catalysts, has attracted the attention
of many chemists in recent years, such as, the Kumada, Heck,
Suzuki and Negishi” groups. Moreover, the ability to function-
alize at C-H bonds in the absence of activation groups has great
potential in many synthetic pathways. Among them the strategy
of using a transition metal to insert starting materials and
substitute the functional group at the target position became
the most attractive pathway in synthesizing plenty of substrates
used in industrial manufacture, the pharmaceutical field and
bioengineering departments. In recent years, Engle's
group>®*?** has an impressive achievement on the activation
of abundant C-0, C-N and C-C bonds via an oxidative addition
pathway to form a specific electronically species. To further
elucidate the B-X elimination mechanism an experiment was
carried out by Engle and co-workers shown in Fig. 1. From these
results, we worked out these questions: (i) what is the mecha-
nism of this reaction? (ii) Why is the difference between posi-
tion of hydroxy made such an influence in 2A-OH and HO-2A of
this work? (iii) Why the yield of N-2A the lowest in these
substituents? In this work, we theoretically investigated sp® C-H
functionalize of various substrates such as four different
nucleophile groups shown in Fig. 2, catalyzed by Pd(u) complex
to elucidate characteristic features of this reaction and provide
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reactivity. Such as, the elemental composition, the structure of different functional groups and the
stronger steric repulsions contribution.

a unique perspective of sp® C-H functionalization. We selected
these substrates to compare reactivity between different func-
tional groups' sp® C-H bonds, and difference between the
presence and the absence of electron with drawing N atom; we
made a clear answer to the above-mentioned questions, because
this reaction is one of the most important reactions in forming
newly redox-neutral approach. C-H provides us a crucial way for
making C-C bonds, allowing access to unconventional and
structures with high selectivity and efficiency.

Computational details

All geometry optimizations without symmetry restriction were
performed by the B3LYP/BSI level (BSI designates the basis set
combination of LandL2DZ for Pd atom and 6-31G(d) for other
nonmetallic atoms) with Grimme's GD3BJ dispersion correc-
tions.>** Frequency calculation at the same level were per-
formed to ensure the local minima (no imaginary frequencies)
or the transition states (only one imaginary frequency), and to
derive the thermochemical corrections for the enthalpies and
free energies. The intrinsic reaction coordinate (IRC)**** calcu-
lations has been employed to track minimum energy paths
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Fig. 1 The mechanism of palladium-catalysed reaction of this work.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra03506e&domain=pdf&date_stamp=2022-09-13
http://orcid.org/0000-0003-1276-828X
https://doi.org/10.1039/d2ra03506e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03506e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012040

Open Access Article. Published on 15 September 2022. Downloaded on 4/5/2026 12:10:53 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
0 1 Alkyl
N y
AQJ\/\/ . ' AOMX c-0
Proto [Pdl] CHactivation CN
depalladation c-C
W H C-F
5 c-S
Bond
activation
N‘
[P@/ X
Nuclo
palladation

N‘[P\l
/{ elimination

Fig. 2 The proposed mechanism of the experimental given by the
Engle’s group.

from transition structure to the corresponding local minima. To
evaluate better potential energy, single-point calculations were
performed using the M06/BSII level,**=** using the acetonitrile as
the solvent and SMD as the solvation model, where BSII
designates the basis set combination SDD for Pd atom and 6-
311++G(d,p) for other atoms. Solvation effect (THF) was evalu-
ated with SMD in this work. In all of the figures that contain
energy diagrams, calculated relative Gibbs free energies (kcal
mol ') are presented. All these calculations were carried out
using Gaussian16 program.** Multiwfn®*® and VMD*” was used to
perform electron distribution. The optimized structures of the
species under study were illustrated using CYLview.**
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Results and discussion

We will describe the detailed catalytic reaction process, active
species, rate-determination step here. In addition, we will firstly
make a comparison of the effect caused by different nucleo-
philic groups on the whole reaction process. We will make
a comparison of reactivity among various reactive substituents
and discuss determining factors of reactivity. In the end, the
theoretical prediction of an advantaged suggestion will be pre-
sented to provide for laboratory reference, while the oxidative
addition of C-H bonds is often an essential substrate activation
step in important catalytic hydrocarbon functionalization.

Overview of catalytic

The details of catalytic reaction mechanism and crucial steps were
elucidated here. The overall free energy profiles for the catalytic
C-H activation process by palladium catalyst was shown in Fig. 3.
This reaction occurs through Pd catalyzed cycle; the first step is
Pd-catalyst through C-H activation process added to the nitrogen
on the benzene ring of the starting materials 1a's directing group
8-amino-quinoline (AQ); the second step is the rate determining
step, it called B-heteroatom/carbon (B-X) elimination in which the
leaving groups leave from the M4's geometry to create another
stable geometry which contain unsaturated hydrocarbon/alkene;
the third step is nucleo-palladation which from species M6
turns into species M9, in which it across a transition state TS4; the
final step is the depalladation step also called catalyst regenera-
tion process. Among them we will make a detailed analysis for two
important elementary steps: carbon (B-X) elimination and
nucleopalladation.
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Fig. 3 The first part free energy profile for HN-2A catalytic activation.
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Fig. 4 The second part free energy profile for HN-2A catalytic activation.

As shown in Fig. 3, this reaction initiates from the coordi-
nation of the directing group 8-amino-quinoline (AQ) of 1a to
the active Pd(n) center forming the complex M1 with exoergic by
—8.9 kcal mol ™. In order to achieve the relatively remote y-C's
functionalization other than the carbon (a-C) closest to the
carbonyl group. By introducing the 8-amino-quinoline (AQ), the
directing effect of its bidentate was used to coordinated with
pd(I) and activates N-H bond on amide, then followed by the
C(sp3)-H activation on carbon chain's y-C other than «-C to
introduce the nucleophilic group to construct C-X bond. In
addition, amide bonds are easily hydrolyzed under acidic or
alkaline and biological conditions. The N-H activation of the
coordinated 1a could take place via the transition state TS1 to
form the five-membered metalacyclic intermediate M2 and
dissociation of acetic acid (HOAc). This N-H bond activation
step is a typical concerted metalation/deprotonation mecha-
nism, with a small barrier of 1.7 kcal mol ™, once the N-H bond
is activated and an acetic acid is eliminated with the generation
of Pd(u) species. In addition, natural bond orbital (NBO) anal-
ysis was performed for TS1 to obtain the atomic charges. The
analysis results indicate that the negative charge value of O
(—0.711 €) in OAc™ is much lower than that of O atom (—0.575 €)
in the carbonyl. The N-H activation process can be illustrated by
reduced Pd-N bond distances, 2.04 A in M2 (see Fig. S1, ESI?),
which means the chemical bond was formed.

In the following B-heteroatom/carbon (B-X) elimination, M2
isomerize into a more stable intermediate M3 with exoergic by
—0.6 keal mol . After generating the metal complex M3, the B-H>
transfer process to the O atom of acetic acid can be achieved by
a barrier of 21.6 kcal mol ', accompanied by the formation of Pd-
C' bond. The H transfer process can be illustrated by the gradually
elongated C'-H? bond and reduced Pd-C" and O'-H” bond, from
the 1.10, 4.29 and 4.38 A in M3, 1.42, 2.28 and 1.34 A in TS2, and
2.74, 2.06 and 1.00 A in M4 in which acetic acid act as a proton
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shuttle. The following H' atom can easily attack the O> atom of
the leaving group and reductive elimination from M4 can be
facilely accomplished via the regioselectivity-determining transi-
tion state TS3 generating the more stable m-alkene complex M5
with exergonic by 14.8 kcal mol™". In the geometry of M5, the
C=C bond is almost perpendicular to the Pd heterocyclic plane,
so the formed five-membered ring and six-membered ring do not
have obvious twisted heterocyclic. The barrier for this process is
predicted to be 15.2 kecal mol *, which is accessible for experi-
mental realization under mild conditions.

And then we considered the syn-nucleopalladation and anti-
nucleopalladation pathways according to the energy profile. In
the nucleo-palladation step, the nitrogen nucleophile (NuH)
attacks the Pd(u) centre forming the intermediate M6 (in Fig. 4)
through ligand exchange. In the meantime, intramolecular syn-
nucleopalladation occurs via TS4 (in Table 1) syn-
nucleopalladated intermediate M7, which is a [5-5-5] thick
ring structure, the C=C bond is almost perpendicular to the Pd
heterocyclic plane, due to the nucleophilic group takes a posi-
tion to the unsaturated C atom of olefin, the barrier for this
inner-sphere syn-addition pathway is predicted to be
16.6 kcal mol™?, but if measured from the most stable inter-
mediate M5, the barrier should be increased to 24.9 keal mol™*.
On the other hand, we also located the anti-addition pathway
(TS4’) from the complex M5 is disfavored and requires a barrier
of 27.4 kcal mol~". The formation of the syn-nucleopalladated
intermediate M7 is exoergic by 31.8 kcal mol~', which can
provide thermodynamic driving force to move the reaction
forward. The syn-nucleopalladation process can be explanation
by the reduced Pd-C* bond (2.11 A), while Natural Bond Orbital
(NBO) clearly showed that Pd (0.175 au) attack C (—0.156 au) to
form Pd-C? bond (2.11 A), shown in Fig. 5.

After that, in the deprotonation process, the involvement of
the acetic acid solvent to coordinate with the Pd center of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Natural bond orbital (NBO) analysis and electron-static
potential map (ESP) for geometry TS4 of different nucleophile groups.

M7 gives the Pd(u) complex M8. Subsequently, the M8 undergo
H-transfer process via the transition state TS5 generating the
complex M9. The barrier for this H-transfer step is predicted to
be 17.2 keal mol™". The distorted complex M9 can be readily
transformed to the more stable complex M10.

Finally, in the depalladation step, Pd(u) center exchange with
acetic acid molecule in the solution, then Pd-N bond eventually
dissociates from the N atom of the directing group 8-amino-
quinoline (AQ) to release the target nucleophilic substitution
2a, and the palladium-(u) catalyst is regenerated, this catalyst
regenerates process is exergonic by 7.1 kcal mol .

The influence of affinity groups on the reaction process

In this work, several different nucleophile groups were chosen to
compare the different influence on nucleo-palladation HN-2A,
2A-OH, HO-2A and N-2A, respectively. Among these molecules,
HN-2A has a pleased yield, it means that this reaction substrate
has a higher conversion rate. For this reason, we choose HN-2A as
the criterion, of which different nucleophile groups shows
different performance, and to figured out the reason why they
show such different manner in this mechanism. In contrast to
the structure of N-2A and HN-2A, the difference is that the six-
membered ring is benzene in HN-2A while the six-membered
ring is pyridine in the N-2A. For the HO-2A and 2A-OH, they
not only change the methyl group which on nucleophile's
pentagon group into H atom which electron-donating ability is
lower than before, but also bring in hydroxyl group into the
benzene ring in the same time. The difference between those two
species is just the positions of the hydroxyl group in their leaving
group. As shown in Fig. 6, the three structures all tend to reduce
the electron-donating capacity of nucleophile groups, and the
difference in the degree of reduction process needs to be further
explained.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Several different nuclephile groups choosed in this work.

First of all, the TS4 energy barriers of HN-2A, 2A-OH, N-2A and
HO-2A are —4.6 kcal mol™*, 2.7 keal mol™?, 2.6 kcal mol™, and
2.6 keal mol ™ *, respectively, when cross through the nucleophilic
addition step, the transition state TS4 in which the reaction rate
of this are 1.6 x 107° ecm?® molecula™* s7%, 8.6 x 107% cm?
molecula™ s, 9.0 x 107® em® molecula™* s™*, and 9.0 x 10~°
cm® molecula " s, respectively, shown in Table 2. All of which
go through the same process before they turn into the M6
structure. So, we just comparing the rate constant after the
bonding of the nucleophile groups. The rate constant of the
reactants through TS4 is roughly scaled down. It can be seen that
although 2A-OH is slightly slower than HO-2A when it crosses the
transition state TS4 in the decisive step, but the rest of other
nucleophile groups’ reaction rate is basically the same as the
reaction yield. We also found that the transition state TS4 of
which N-2A has the highest energy barrier and the lowest rate
constant. Because the carbon atoms on the benzene ring of N-

Table 1 Kisthelp was used to calculate the reaction rate of the reac-
tion step. Calculated reaction rate constants k for the unimolecular in
s~ and bimolecular in cm® molecula* s7?

Species Molecular k

TS1 Unimolecular 1.1 x 10**
TS2 Unimolecular 1.1 x 10**
TS3 Unimolecular 4.9 x 10"
TS4 Bimolecular 1.6 x 10°°
TS5 Unimolecular 1.8 x 10"

Table 2 The rate constant of the M6 reactants combine with different
nucleophile groups to form target products

Species Yield Energy barrier (kcal mol™") Frsa (571

HN-2A 90% —4.6 1.6 x 10°°
2A-OH 77% 2.7 8.6 x 10°®
N-2A 19% 2.6 9.0 x 1078
HO-2A 6% 2.6 9.0 x 1078
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2A's nucleophile group is replaced by the N atom who has
a stronger electronegativity. In the process of performing tran-
sition state TS4, due to the stronger N atom electronic absorption
ability, the catalyst does not perform as well as HN-2A to remove
nucleophilic group's H atoms, substrates need to cross a much
larger barrier of reaction energy, it also makes a lower reaction
rate and a lower production rate. Hence, we can conclude that the
lone pair electrons strengthen the benzene ring conjugation,
which is mainly caused by the weak electron-withdrawing p(N-
C)-w conjugation due to the non-planar p orbital on the nitrogen
atom at 3-positions of the pyridine-ring have unshared lone pairs,
which form a p-m conjugated system with the = electrons of the
benzene ring. It is also noted that the electron cloud density of
benzene ring is shifted due to a stronger electronegativity of
nitrogen atom, resulting in a more unevenly distributed on the
conjugated surface and they can increase the electron cloud
density of N on the pyridine ring.

The electron cloud density of pyridine group affects its
electron-donating activity, which enhances the difficulty of
leaving group to form the substrate M6. In addition, 2A-OH and
HO-2A's geometry are similar to each another, they both turn the
methyl groups into H atom, meanwhile added a hydroxyl func-
tional group on the nucleophile group, and what worth
mentioning is that the difference between them just the position
of the hydroxyl group, but there is a big difference in yield, which
worth further explanation. First of all, hydroxyl plays different
role in 2A-OH and HO-24, in the state of 2A-OH, the lone pair on
O atom plays more as electron-donor than as nucleophile, but in
HO-2A situation, the hydroxyl plays as more on nucleophilic
groups that have higher electron trapping capacity. Secondly,
hydroxyl's electronegativity is larger than methyl, which weaker
the nucleophile's H atom leaving capacity, it means the reaction
through 2A-OH and HO-2A to forming transition geometry TS4
need more reaction to receive the same result as HN-2A does.

In this work, the deformation energy (Epef.a/Epetp) of frag-a and
frag-b are defined as follows: Epcra = Ei(frag-ajrs — Eq(frag-a)ope
and Eperp, = E(frag-b)rs — E(frag-b)opr, where subscripts “TS” and
“opt” denote the geometry in the TS and the optimized stable
geometry, respectively. Which is means the energy difference
between the frag-a/b moiety in TS4 and that in the equilibrium
structure of catalyst. The sum of deformation energies indicates
the degree of molecule easy or not to across energy barrier. The
result shows that HN-2A, N-2A, HO-2A's deformation energy
increase gradually, while Egepqum i 15.0 kecal mol
15.2 keal mol ™, 18.5 kecal mol ™ *, respectively, shown in Table 3.
Which indicate that the difficulty of crossing energy barrier is
getting harder and harder with the changes in structure, and the
results were consistent very well with the yield data.

Table 3 Deformation energy (Eqer) Of fragments a and b

Species  Egera (kcal mol ") Egegp (kcal mol™")  Egergum (kcal mol ™)
HN-2A 13.0 1.9 14.9
2A-OH 13.0 1.9 14.9
N-2A 13.3 1.9 15.2
HO-2A 12.8 5.7 18.5

26120 | RSC Adv, 2022, 12, 26116-26122
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The energy decomposition analysis (EDA) results are
summarized as pie charts shown in Fig. 7 to declare the quan-
titative contributions of each part of nucleophile-substrate
interactions to the overall mechanism in palladation reaction.
Each pie chart contains two different effects, steric repulsions
and orbital interactions. The weak interactions have been
visualized by NICPlots to elucidate the steric effects (see Fig. S8,
ESIt). This EDA analysis provides a unique way to identify the
dominant factor on how the nucleophile interact on reaction
yield. Therefore, a more embedded theoretical investigation on
the dominant effect can be performed here to illustrate different
effects caused by each nucleophile-substrate. This simple
energy decomposition was also performed here. The total
energy variation of forming a complex can be decomposed as:

__ grecomple: frag
i

= (AEqs + AExc + AEpyui) + AEom,
= AEsteric + AEorb

where AE, is electrostatic interaction term, normally negative
if the fragments are neutral; AE. is change of exchange-
correlation energy during complexation process; AEp,y,;; comes
from the Pauli repulsion effect between electrons in occupied
orbitals of the fragments and is invariably positive, sometimes
it is also referred to as exchange-repulsion term. For conve-
nience, it is customary to combine these three terms as steric
term (AEsceric)-

AE,, in above formula is orbital interaction term, it arises
from the mix of occupied MOs and virtual MOs, and it exhibits
polarization and charge-transfer effects. If the combined
wavefunction is used as initial guess for complex, then AE,;,
can be evaluated by subtracting the first SCF iteration energy
from the last SCF iteration energy:

AEo, = EscF,last — EScF, st

Note that Escpast = Ecomplex- Obviously, we have below
relationship.

AFEgeric = AEo — AEo, = ESCF,lst - ZE{rag

2A-0H
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x
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Fig. 7 Energy contributions of different types interactions of nucle-
ophile substrate in Pd(OAc), catalyzed system.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The results of deformation energy analysis and EDA studies
performed in this mechanism.

While absolute and also relative orbital contributions are lager
in the HN-2A complex, with a weaker steric interaction result in
the slightly weaker bond strength. The bonding picture of these
four species are very different from each other. Without the
attractive contributions of —41.0 kcal mol " arising from steric
interactions, N-2A would not be stable. And the bond dissocia-
tion energy of N-2A is slightly larger than the rest of other
substrates. The decomposition of the HN-2A, 2A-OH, N-2A; HO-
2A's total interaction shows that —49.2 kcal mol Y,
—46.5 keal mol™, —41.0 kcal mol™ and —48.3 kcal mol™*
comes from steric effect and —1.3 kcal mol™, —3.6 kcal mol™*,
—8.6 kcal mol™! and —4.6 kcal mol™" comes from orbital
contribution, respectively, shown in Fig. 8. The EDA shows that
the dominant increase come from stronger steric contribution.

Conclusions

DFT calculation was carried out to simulate the origin of
difference manner carried out by nucleophile group, and we get
a deeper perspective conversion about these different groups.
Firstly, we get the mechanism about the outset of the works,
which contain four vital step, N-H activation, B-X elimination,
nucleophilic addition and catalyst regeneration. Secondly, we
find out the relationship between the structure and reactivity,
and how did these differences perform by chemical bond,
energy barrier, NBO, BDE. Through the analysis of the chemical
bond between the target y-C and Nu group, we can see that the
better the electron donating ability of the Nu group's five-
membered ring, has the lower the reaction energy barrier
needs to be crossed when combining y-C atom, and the smaller
steric interactions between the target y-C and Nu groups, and
the greater the orbital interactions of the formed chemical bond
showed by the EDA analysis. Meanwhile, BDE analysis showed
that compared with HO-2A's group with the lowest yield, the
bond dissociation energy of other Nu groups was relatively high,
indicating that the more stable target chemical bond. Natural
Charge Population obtained by NBO analysis showed the same
electron flow trend from y-C to Nu group. Finally, the rate-
determining step is the nucleophilic addition step, while to
cross TS4 energy barrier, and the EDA shows the steric repul-
sions contribute to the majority of the intra-molecular
interactions.
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