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Abstract

Context The activation of C-H bonds is a fundamental process in synthetic organic chemistry, which enables their replace-
ment by highly reactive functional groups. Coordination compounds serve as effective catalysts for this purpose, as they
facilitate chemical transformations by interacting with C-H bonds. A comprehensive understanding of the mechanism of
activation of this type of bond lays the foundation for the development of efficient protocols for cross-coupling reactions.
We explored the activation of C(sp2)—H bonds in 1-Phenyl-4-vinyl-1H-1,2,3-triazole derivatives with CH;, OCHj;, and NO,
substituents in the para position of the phenyl ring, using palladium acetate as catalyst. The studied reaction is the first step
for subsequent conjugation of the triazoles with naphthoquinones in a Heck-type reaction to create a C—C bond. The basic
nitrogen atoms of the 1,2,3-triazole coordinate preferentially with the cationic palladium center to form an activated species.
A concerted proton transfer from the terminal vinyl carbon to one of the acetate ligands with low activation energy is the
main step for the C(sp?)-H activation. This study offers significant mechanistic insights for enhancing the effectiveness of
C(sp?)-H activation protocols in organic synthesis.

Methods All calculations were performed using the Gaussian 09 software package and density functional theory (DFT).
The structures of all reaction path components were fully optimized using the CAM-B3LYP functional with the Def2-SVP
basis set. The optimized geometries were analyzed by computing the second-order Hessian matrix to confirm that the cor-
responding minimum or transition state was located. To account for solvent effects, the Polarizable Continuum Model of the
Integral Equation Formalism (IEFPCM) with water as the solvent was used.
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in a highly reactive functionalized carbon atom [1, 2]. Tran-
sition metal complexes have been extensively employed to
activate C(sp®)-H bonds, leading to the development of vari-
ous synthetic methodologies. The availability of abundant
carbon-rich biomass has renewed interest in C(sp®)-H bond
activation as a first step towards the synthesis of fuels and
fine chemicals, as highlighted by several studies [3-6].

Coordination compounds act as effective catalysts for
C(sp?)-H activation by direct interaction of the C-H bond
with the metallic center, allowing for activation and subse-
quent functionalization. This interaction provides a practi-
cal alternative for achieving chemical transformations, as
the activated C-H bonds become a center of high reactivity
[7]. This offers a viable alternative for achieving the desired
chemical transformations. Understanding the mechanism
and kinetic parameters for such activation is essential
towards creating more effective functionalization protocols
[8-13].

The field of catalytic activation of C-H bonds has seen
significant advances in recent years. Since the description
of the acetolysis reaction of diphenyl mercury in acetic acid
was first proposed by Winstein and Traylor in 1955, the work
of Fagnou et al. has presented crucial aspects for the under-
standing of the mechanisms of C-H bond activation [14].
The use of transition metal catalysts in the direct coupling
reaction is a useful tool in the regio- and chemo-selective
control to obtain hetero arenes. These studies collectively
underscore the growing importance and potential of catalytic
activations not only of C-H bonds but also of C-O bonds in
organic synthesis [15, 16].

C-H bond activation protocols typically involve the coor-
dination of a metal to a hydrogen atom, followed by a reac-
tion step that forms a new product. The choice of metal,
ligands, and reaction conditions can have a significant
impact on the efficiency and selectivity of the reaction. In
this regard, palladium-based catalysts have been widely used
due to their ability to activate C-H bonds on a variety of sub-
strates. In addition, several studies have pointed to the use of
auxiliary ligands that have allowed the selective activation
of C-H bonds in complex molecules [17, 18].

In this context, the mechanism for activation of C-H
bonds can occur by a variety of pathways, such as concerted
metalation deprotonation (CMD), aromatic electrophilic
substitution (SeAr), internal electrophilic substitution (IES),
and base-assisted IES (BIES) and ambiphilic metal-ligand
assistance (AMLA), [19-24] thus broadening the scope and
potential of this field of research on C-H activation mecha-
nisms [25].

Computational methods are a valuable tool for explor-
ing the inherent complexity of the carboxylate-assisted C-H
bond activation process. This process is well understood and
can be confidently applied in various contexts [26—28]. Stud-
ies dedicated to characterizing C-H-assisted cleavage with
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various metals have shown that the interaction between the
C-H bond and an electron-deficient metal center makes the
bond susceptible to cleavage by a chelating carboxylate base
[29, 30].

The goal of the present study is to examine the activation
parameters for the initial step of the reaction between 1-Phe-
nyl-4-vinyl-1H-1,2,3-triazole derivatives and 1,4-naphtho-
quinones, catalyzed by Pd(OAc),, in a Heck-type reaction
to form a new C-C bond. In the course of our investiga-
tion, we observed that the 1,2,3-triazoles in the presence of
the Pd(OAc), catalyst lead to a complex which allows for
C(sp?)-H activation by a concerted proton transfer from the
terminal vinyl carbon to one of the acetate groups of the cat-
alyst. Additionally, we also investigate the effect of para sub-
stituents in the phenyl ring on the activation parameters, as it
has been shown that these substituents may induce changes
in the reaction product after coupling with the naphthoqui-
nones. Scheme 1 illustrates the catalytic cycle of the reaction
between the 1-Phenyl-4-vinyl-1H-1,2,3-triazole derivatives
and 1,4-naphthoquinone derivatives mediated by Pd(OAc),
in a Heck-type reaction culminating in the formation of a
new C-C bond [31]. In the present study, we concentrate on
the first step of the reaction, coordination of the 1,2,3-tria-
zole to the Pd(OAc), catalyst followed by activation of the
C(sp?)-H bond, which will finally lead to the formation of a
new C-C bond after coordination with the naphthoquinone.

Computational methods

All calculations were performed using the Gaussian 09
software package, with computations using the density
functional theory [32]. All structures involved in the reac-
tion path (reactants, products, intermediates, and transition
states) were fully optimized using the CAM-B3LYP func-
tional [33] with the Def2-SVP basis set [34]. For the opti-
mized geometries, we computed the second order Hessian
matrix to confirm them as a minimum energy structure (no
negative eigenvalue) or as a transition state (just one nega-
tive eigenvalue). Solvent effects were included through the
implicit solvation model using the Polarizable Continuum
Model of the Integral Equation Formalism (IEFPCM), with
water as solvent (e =78.35) [35]. Relative energies were
computed in kcal mol~!, taking the isolated reactants (1-Phe-
nyl-4-vinyl-1,2,3-triazole derivatives and the Pd(OAc),
complex) as reference. The normal vibrational modes cal-
culations enabled us to obtain thermodynamic and kinetic
parameters (at 7=298 K and p=1 atm) by employing the
standard statistical thermodynamic equations for an ideal
gas [36]. Energy values in the text are discussed in terms of
AH (kcal mol™"). The coordinates of all structures discussed
in this text, including transition structures, are given in the
Supporting Information.
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Scheme 1 a Reaction conditions for the synthesis of product 6.
b Representation of the proposed catalytic cycle for the reaction
between 1-Phenyl-4-vinyl-1H-1,2,3-triazol and 1,4-naftoquinone
mediated by a Pd(OAc), catalyst. Coordination mode A is the coordi-

Results and discussion
General aspects

Our first step was to investigate the coordination mode of
the 1-Phenyl-4-vinyl-1,2,3-triazole to the Pd(OAc), com-
plex. Previous studies on this first step considered only the
coordination via the C=C double bond of the vinyl moiety
[31]. However, when we tried the alternative coordination
via the basic nitrogen atoms of the 1,2,3-triazole ring, we

L
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nation via the N-3 atom of the 1,2,3-triazole ring (4a) and coordina-
tion mode B is coordination via the C=C double bond of the vinyl
moiety (4b) [31]

found that the pre-reactive complex (4a) is 8.98 kcal mol™!
more stable than coordination via the C=C double bond of
the vinyl moiety (4b) (Scheme 2; all energy values discussed
in this section are for the R = H derivative). Following the
relative basicity order, N-3 of the 1,2,3-triazole ring coor-
dinates preferentially to the metal center [37, 38]. The two
alternative pre-reactive complexes and their relative energies
are given in Scheme 2.

In both cases, one of the acetate groups is partially unco-
ordinated, so that the Pd atom maintains the planar tetra
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Scheme 2 Energy profiles for the initial steps of the coupling reac-
tion between the 1-Phenyl-4-vinyl-1,2,3-triazole derivatives and the
Pd(OAc), complex. The energy data are for the R=H derivative. The
grey line corresponds to the coordination mode B, with the metal

coordination mode and the 42 oxidation state. In the struc-
ture coordinated by the N-3 atom (4a), the C=C double bond
is facing the Pd cation, with one of the hydrogens of the
terminal carbon pointing towards the uncoordinated oxygen
atom of the acetate group, a point that is relevant for the next
step. Differentley, in the structure coordinated by the C=C
double bond (4b), the triazole ring is far apart from the Pd
center.

We also computed the transition structures leading to
these initial complexes. Their relative energies follow the
same trend of the relative energies of the stable complexes.
Activation energy to coordination via the N-3 atom of the
triazole ring (4b-TS) is 4.40 kcal mol~! (Scheme 2), while
activation energy to coordination via the C=C double bond
(4b-TS) is 9.72 kcal mol~! (Scheme 2).

Starting from the less stable initial complex (4b), the rota-
tion of the 1,2,3-triazole ring may bring it to an orientation
where it can undergo a nucleophilic attack of the oxygen
atom of the uncoordinated acetate group on the C=C double
bond of the vinyl moiety. Both carbon atoms of the C=C
double bond could undergo the nucleophilic attack to form
an intermediate bicyclic complex. Although the complex
formed upon attack on the terminal carbon (5b*) is less sta-
ble than the one formed upon attack on the carbon atom vici-
nal to the triazole ring (Sb) by 5.65 kcal mol™! (Scheme 2),
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center coordinating via the C=C double bond. The orange line cor-
responds to the coordination mode A, with the metal center coordi-
nating via the N-3 atom of the 1,2,3-triazole ring. The blue line repre-
sents the alternative path after coordination via the C=C double bond

the activation energy to form Sb (5b-TS) is smaller than
that to form 5b* (5b*-TS) by 5.15 kcal mol~! (Scheme 2).
Additionally, we could not envisage any pathway further
from the 5b* structure. In contrast, starting from 5b-TS, a
second displacement of the acetate group, promoted by the
N-3 of the 1,2,3-triazole ring, leads finally to the bicyclic
complex Sb. This is the most stable species along this path-
way (Scheme 2). Therefore, by coordination of the 1-Phenyl-
4-vinyl-1,2,3-triazole derivatives to the Pd(OAc), complex
via the C=C double bond, the final species is the bicyclic
complex 6b, with one of the acetate group bonded to the
carbon atom vicinal to the triazole ring. Observe that, in
this case, there is a rehybridization of the carbon atoms of
the vinyl group, going from the original sp> hybridization
to the sp? hybridization seen in the bicyclic species 6b. The
new bonds required for this rehybridization are formed one
with the Pd center and another one with the uncoordinated
acetate group. 6b is 18.26 kcal mol~' more stable than the
starting reactants (Scheme 2). Along this path, the highest
energy structure is the transition state Sb-TS, with a relative
energy of 9.72 kcal mol™! (Scheme 2).

A completely different picture emerges when consider-
ing the alternative coordination mode, via the N-3 atom of
the 1,2,3-triazole ring. Firstly, the initial complex (4a) is
more stable than the corresponding 4b by 8.98 kcal mol™!
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(Scheme 2). Secondly, as we will show below, the highest
energy point on this pathway also has lower relative energy
than the highest energy point on the pathway described
before.

As pointed out before, after coordination of the 1-Phenyl-
4-vinyl-1,2,3-triazole derivatives to the Pd(OAc), complex
via the N-3 atom (4a), the C=C double bond is found facing
the Pd atom, with one of the hydrogen atoms of the terminal
carbon of the vinyl group pointing towards the uncoordi-
nated oxygen atom of the acetate group. In an attempt to find
a pathway going ahead from 4a, we arrived at a highly stable
structure (5a), with correspondingly low activation energy to
form it (5.02 kcal mol~!, Scheme 2), resulting from a proton
transfer from the terminal carbon atom of the vinyl group
to the uncoordinated oxygen atom of the acetate group and
formation of a C-Pd bond, in a concerted process. Processes
similar to this one have been largely reported before in con-
nection with the activation of the C(sp?)-H bond, catalyzed
by transition metal complexes, like the one employed in the
present study [7, 39-41]. Notably, the activation energy
required for this concerted step is lower (by 5.02 kcal mol™")
than that for the alternative route, starting with the coordina-
tion of the double bond to the palladium center.

The final structure in this alternative path is also a bicy-
clic species where the N-3 nitrogen atom of the 1,2,3-tria-
zole ring and the carbon atom of the vinyl group are both
coordinated to the palladium atom. One of the acetate groups
completely detaches from the palladium center in the form
of an acetic acid molecule. In this case, there is no rehybridi-
zation of the carbon atoms of the vinyl group, which main-
tain their C(sp?) nature. Observe that, in both pathways, the
palladium center maintains the formal +2 oxidation state.

With the results discussed above, we are proposing
that, upon coordination of a 1-Phenyl-4-vinyl-1,2,3-tri-
azole structure to the palladium diacetate, the preferen-
tial coordination mode is via the basic N-3 atom of the

1,2,3-triazole ring leading to a bicyclic species where
both the N-3 atom and the terminal carbon of the vinyl
group are coordinated to the palladium atom. The highest
energy point on this pathway is the transition structure Sa-
TS, with a relative energy of 5.02 kcal mol~! (Scheme 2).
Therefore, the pathway via coordination of the N-3 atom
of the 1,2,3-triazole followed by reaction with the vinyl
group, goes through a transition structure having much
lower energy, therefore being a faster process.

The analysis of interatomic distances around the metal
center unequivocally demonstrates the formation of a C-Pd
bond during the reaction in both pathways. The interatomic
C-Pd distances in 5a and 6b are of 1.95 A (C(sp?)-Pd) and
1.98 A (C(sp®)-Pd), respectively, providing evidence for
the coordination of the substrate to the metal center.

The thermodynamic feasibility of the reaction is
indicated by the strong exothermicity in both pathways
(—14.87 kcal.mol™! for 5a and —18.26 kcal mol~! for 6b
(Scheme 2), with a much lower activation energy for the
coordination mode A, via the N-3 atom of the 1,2,3-tria-
zole ring (structure 5a).

The concerted metalation deprotonation (CMD) mecha-
nism in the coordination mode A is supported by the fact
that it allows for the simultaneous formation of the Pd-C
bond, deprotonation of the substrate, and formation of the
O-H bond, as shown in Fig. 1. The obtained data is con-
sistent with this coordinated set of events, reinforcing the
conclusion that the reaction occurs via the CMD mecha-
nism [42-46].

The IRC coordinate reveals a subtle shift in the charge
to the metallic center, hinting at a reductive transforma-
tion. This implies a rise in electron density on the metal
center aligning with the expected behavior of a nucleo-
phile. Such a change is indicative of a nucleophilic action,
contributing to the electron density increase and suggest-
ing a reductive process.
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Fig. 1 Transition state snapshots and IRC calculation (side view) of acetate ligand-assisted intramolecular activation and deprotonation
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Table 1 Relative enthalpy and Gibbs free energy, values for Gibbs
free energy are highlighted in bold, (kcal mol™!) of the main struc-
tures obtained for coordination mode A, for the investigated substitu-
ents. Values computed with CAM-B3LYP/Def2-SVP. The relative
energies were computed taking the corresponding isolated reactants
(1-Phenyl-4-vinyl-1,2,3-triazole and Pd(OAc),) as reference

R 4a-ts 4a Sa-ts S5a

H AH 4.40 -14.50 5.02 -14.90
AG 8.47 -7.84 13.80 -7.34

CH;, AH 4.45 -14.10 494 -15.60
AG 8.28 -7.59 13.93 -6.09

OCH; AH 1.76 -16.80 2.12 -17.80
AG 9.26 -17.78 12.92 -17.59

NO, AH 5.89 -12.20 7.33 -12.75
AG 6.99 -5.41 15.87 -5.84

Substituent effects

Experimental evidence shows that substituents in the para
position of the phenyl ring of the 1-Phenyl-4-vinyl-1,2,3-
triazole derivatives may have some effect on the course of
the reaction [31]. For the unsubstituted species (R =H), the
yield of the reaction after coupling with the 1,4-naphto-
quinone is 38%. Substitution by a methyl group (R =CH,)
increases the reaction yield to 70%; substitution by a nitro
group (R=NO,) reduces the yield to 28%, while substitu-
tion by a methoxy group (R=0CH;) leads to no reaction
[31]. Computation of the relevant points along the reaction
coordinate using the energy span protocol revealed that the

HOMO = -7.83 eV
N;-N,-C5-C, 29.5°

-OCH,
HOMO = -7.51 eV
N-N,-C5-C, 32.8°

relative stabilities and activation enthalpies of the main
intermediates for the substituted derivatives do not sig-
nificantly change as compared to the unsubstituted system,
attributing the observed effects on the reaction yield to the
experimental conditions [31]. We therefore investigated the
effect of the given substituents on the thermodynamic and
kinetic parameters for the two pathways we found. The main
data for the coordination mode A are given in Table 1. The
corresponding values for the coordination mode B are given
in the Supporting Information.

The data in Table 1 reinforces the previous findings.
Although there is some effect of the different substituents
on the relative energies, they are not enough to drastically
change the kinetic and thermodynamic parameters for the
reaction, as compared to the unsubstituted species, in par-
ticular for R = CHj;. The electron-releasing OCH; group
reduces the activation energy and increases the stability of
the final product by 2.90 kcal mol~!, while the electron-
withdrawing group NO, increases the activation energy by
2.31 kcal mol ™! and reduces the stability of the final product
by 2.15 kcal mol™".

To rationalize the electronic effects of the substituents in
the 1,2,3-triazole ring, we also analyzed their HOMO, and
the results indicate a complex relation between the molecu-
lar structure and the electronic properties. The substitution
seems to affect the electron density of the aromatic ring, con-
sistent with organic chemistry’s understanding of the effect
of substituents on conjugate systems (Fig. 2). However, the
N;-N,-C;5-C, dihedral angle creates a torsion between the

-CH,
HOMO = -7.73 eV
N,-N,-C;-C, 30.4°

-NO,
HOMO = -8.24 eV
N,-N,-C4-C, 19.6°

Fig.2 Representation of HOMO orbitals, their energies, and the N1-N2-C3-C4 dihedral angles in the triazole derivatives
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aromatic ring and the triazole group, disturbing the conju-
gation and limiting the extent of the electron delocalization
(Fig. 2). This may explain the minimal variation observed
in the electron density on the vinyl double bond. In addi-
tion, the small changes in the HOMO orbital energies for
the substituents suggest that chemical reactivity may not be
drastically affected by the nature of the substituent. The rela-
tive energies of the HOMOs, along with the disruption of
the conjugation, may be the key to understanding the small
effect on the energy of the transition states and final prod-
ucts. Thus, the substituent groups do not have a significant
influence on the electron density of the double bond of the
vinyl group and in the 1,2,3-triazole ring (Fig. 2).

In any way, it is seen that electron-releasing substituents
reduce the activation energy and stabilize the final product,
while electron-withdrawing groups increase the activation
energy and reduce the stability of the final product, although
to a small amount.

Conclusion

In the present study, we investigated the coupling between
1-Phenyl-4-vinyl-1,2,3-triazole derivatives and palladium
acetate. Our investigation show that the 1-Phenyl-4-vi-
nyl-1,2,3-triazole derivatives preferentially coordinate to
the Pd(OAc), complex via the N-3 atom of the 1,2,3-tria-
zole ring, with low activation energy. After a proton transfer
from the terminal carbon atom of the vinyl group to one of
the acetate groups, with the formation of a C(sp?)-Pd bond
and an acetic acid molecule, a highly stable intermediate
is formed. Although the alternative pathway, with coordi-
nation of the 1-Phenyl-4-vinyl-1,2,3-triazole derivative to
the palladium center via the C = C double bond of the vinyl
group also leads to a highly stable intermediate, the activa-
tion energy for this path is much higher. Substituent effects
are not so high, although electron-releasing substituents
decrease the activation energy and increase the stability of
the final intermediate, while the opposite is observed for
the electron-withdrawing groups, which increase the acti-
vation energies and reduce the relative stability of the final
intermediate.
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