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This report describes the oxidative cyclopalladation activation of a C=C bond during the Pd-catalyzed
hydroalkylation of alkynes and analyzes potential reaction pathways based on density functional theory
calculations. The more favorable pathway in-volves an oxidative cyclopalladation to generate a pallada-
cyclopropene intermediate, which is rarely examined in Pd-catalyzed alkyne transformations. The reac-
tion pathway proposed herein is kinetically favorable relative to the commonly proposed alkyne insertion
mode. Furthermore, the Laplacians of the electron density, interaction region indicators, Mayer bond or-
ders, and localized orbital bonding are evaluated to determine the reaction processes and characterize the
key intermediates. Theoretical calculations indicate covalent bonding between a Pd(II) center and the two
C-atoms in three-membered palladacycle species. Finally, electrostatic potential analysis reveals that the
regioselectivity is governed by the charge distribution on the palladacycle moiety during the protonation

DFT step.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Alkynes are key building blocks in organic synthesis because
they are widely used to obtain valuable compounds, including
alkanes, alkenes, ketones, and cyclic hydrocarbons, which are
prevalent in pharmaceuticals, natural products, optical materials,
and pesticides [1-10]. Owing to the highly reactive nature of C=C
bonds, alkynes can easily react with transition metal catalysts (e.g.,
Pd, Rh, Cu, Ag, and Au, among others), where the metals of-
ten serve as mw-acids [11-22,3,23]. Numerous important synthetic
methods relating to alkyne transformations (e.g., Fujiwara Reaction,
Pauson-Khand Reaction, and Larock Reaction) have been developed
[24-28]. Over the past few decades, the metal-catalyzed transfor-
mation of alkynes to multi-substituted alkenes has emerged as
a direct and efficient strategy for producing multi-functionalized
alkenes [29-35]. Targeted multi-substituted alkenes represent one
of the most useful building blocks for organic synthesis, owing to
their abundance and versatile reactivity [36-41]. Scheme 1 sum-
marizes the established reaction pathways for converting internal
alkynes to multi-substituted alkenes. When an M-H or M-Nu in-
termediate is generated, insertion of the alkyne C=C bond into the
M-H/M-Nu bond could yield vinyl-metal intermediates, where the
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intermediates, where the two substituents (R1 and R2) from the
alkyne typically adopt cis-positions in the product alkene (Scheme
1, Mode A) [42-47]. Alternatively, alkynes could act as m-ligands
coordinating to the transition metal centers; in this case, the C=C
bond would be activated, leading to intermolecular nucleometal-
lation, which generates vinyl-metal intermediates. The R1 and R2
groups following this reaction would likely adopt trans-positions
in the product (Scheme 1, Mode B) [48-52]. Alkyne transforma-
tion reactions catalyzed by Ti, Zr, Ta, and other early transition
metals typically involve an oxidative cyclometallation of the C=C
bond with the metal center to form three- or five-membered
ring metallacycle intermediates [53-60]. However, although there
are limited reports describing oxidative cyclopalladation via five-
membered palladacycle intermediates [61-65], even fewer exam-
ples involving three-membered palladacycles have been reported
[66]. Thus, herein we propose a novel alkyne activation model,
whereby oxidative cyclopalladation of a C=C bond yields an ac-
tive three-membered palladacycle intermediate. Subsequent elec-
trophilic attack or hydrogen atom transfer can generate multi-
substituted alkenes (Scheme 1, Mode C).

To better understand this reaction, we focused on the Pd-
catalyzed hydroalkylation of alkynes recently reported by Li and
co-workers to validate our proposal (Scheme 2) [67]. In this work,
hydrazones were selected as the hydroalkylation partners, and
trisubstituted alkenes were obtained in moderate-to-high yield,
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Scheme 2. Pd-catalyzed hydroalkylation of alkynes with hydrazones.

with high regioselectivity. The present study employed density
functional theory (DFT) to investigate the potential mechanisms
of the Pd-catalyzed hydroakylation reaction, while focusing on the
mode of activation and the transformation of alkynes.

All of the DFT calculations were performed using the Gaussian
16 [68] series of programs in the solution phase with the solvation-
model density (SMD) [69-71] model (solvent=1,4-dioxane). The
B3LYP-D3 functional [72-75] was applied with the standard def2-
SVP [76-78] basis set for all atoms to conduct geometry optimiza-
tions in 1,4-dioxane. Harmonic vibrational frequency calculations
were performed for all stationary points to (i) determine whether
they corresponded to local minima or transition state structures
and (ii) derive thermochemical corrections for the enthalpies and
free energies. The M06 [79-82] functional proposed by Truhlar and
co-workers was used with the def2-TZVP [76-78] basis set for all
atoms to calculate the single-point energies in 1,4-dioxane, thus
providing accurate energy information. The solvent effects were
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Scheme 3. Competitive Pd-catalyzed reaction pathways: acetylene activation and
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considered based on single-point calculations of the solution-phase
stationary points simulated with the SMD continuum model. The
Gibbs free energies (AGpmog(14-dioxane)) Teported in this paper were
obtained using Eq. 1,

AGM06(1,4—dioxane) = AEM06(1,4—dioxane) + AG(correrstion) (])

where AG(correction) 1S the thermochemical correction for the Gibbs
free energy calculated at the B3LYP-D3/def2-SVP level in the so-
lution phase (solvent=1,4-dioxane), and AEyog(14-dioxane) 1S the
single-point energy calculated at the M06/def2-TZVP level in 1,4-
dioxane relative to stationary points in the 1,4-dioxane solvent.
The AGwmoe(14-dioxane) Values are used to discuss the energies.
The Mayer bond order [83,84], interaction region indicator (IRI)
[85], Laplacian of the electron density [86-88], and localized or-
bital bonding analysis (LOBA) [89] were calculated at the B3LYP-
D3/def2-SVP level in 1,4-dioxane. The electrostatic potential was
also computed using the highly effective algorithm of the Multi-
wifn program [90].

Hydrazones served as the hydroalkylation partners in the
present work. Existing reports generally propose that the catalytic
cycle begins with hydrazone activation by Pd(0). Therefore, there
is a competition between acetylene activation and hydrazones ac-
tivation in the catalytic cycle. As shown in Scheme 3, the oxidative
addition of the hydrazone N-H moiety to the Pd(0) center could
generate a Pd(Il)-hydrazinide species, which facilitates subsequent
denitrogenation and C-C bond formation. Alternatively, acetylene
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Fig. 1. Potential reaction pathways for Pd-catalyzed hydroalkylation of alkynes with hydrazones.
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Fig. 2. Free energy profile and selected transition state (ts) and intermediate structures along Path A for Pd-catalyzed hydroalkylation of alkynes with hydrazones. Energies
are reported in kcal/mol and represent the relative free energies calculated with the DFT/M06 method in 1,4-dioxane; bond distances are reported in angstroms,

activation by Pd(0) via oxidative cyclopalladation could generate a
metallacyclopropene species, which could also convert to the de-
sired product. Therefore, there is a competition between the hy-
drazone and acetylene activation pathways. Two catalytic cycles
involving these proposes are illustrated in Fig. 1. All pathways
begin with the Pd(0) species I, and in the first step, the hydra-
zone coordinates to the Pd center to yield intermediate III. In Path
A (proposed by Li et al.), hydrazine N-H oxidative addition oc-
curs to yield Pd(Il)-hydrazinide V. Subsequent alkyne insertion af-
fords the six-membered palladacycle VI, which can undergo base-
assisted denitrogenation to form the four-membered palladacycle
intermediate VII Protonation of VII generates the alkenyl Pd(II) in-
termediate VIIL Finally, reductive elimination releases the desired
Z-alkene P, and ligand exchange with phosphine oxide regener-
ates the Pd(0) species I. In Path B, oxidative cyclometallation of
alkyne IV with the Pd center generates palladacyclopropene in-
termediate IX. Subsequent base-assisted isomerization via proton
transfer forms hydrazone-coordinated Pd(Il) intermediate X, which

then undergoes denitrogenation to generate an alkyl-bonded Pd(II)
species XI. Protonation of XI opens the palladacyclopropene ring to
afford the vinyl Pd(Il) intermediate XII, and finally, reductive elim-
ination releases the desired Z-alkene P and regenerates the Pd(0)
catalyst.

We first considered Path A, which was proposed following the
experimental studies. As shown in Fig. 2, Pd(PCy3)(OPCy3) 1 was
chosen as the relative zero point for the free energy profiles (fur-
ther details in Supporting information). In Path A, the coordina-
tion of hydrazone 2 to the Pd(0) species generates intermediate
3 through an endergonic process (+6.7kcal/mol). Oxidative ad-
dition of the N-H bond to the Pd center then generates Pd(Il)-
hydrazinide intermediate 5 via transition state ts-4, which en-

dergonic by an additional 12.3 kcal/mol; the energy barrier for

this step is 20.3 kcal/mol. Subsequent ligand exchange with 1,2-
diphenylethyne 6 forms intermediate 7 and releases a phosphine
oxide species in another endergonic process (+1.8 kcal/mol). Con-
jugative insertion of the alkyne via transition state ts-8 has an en-
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Fig. 3. Free energy profile and selected transition state and intermediate structures along Path B for the Pd-catalyzed hydroalkylation of alkynes with hydrazones. The
energies are reported in kcal/mol and represent the relative free energies calculated with the DFT/MO06 method in 1,4-dioxane; The bond distances are reported in angstroms.

ergy barrier of 22.7 kcal/mol, and the generation of vinyl Pd inter-
mediate 9 is endergonic by 1.3 kcal/mol. Geometric optimization
of transition state ts-8 revealed Pd—C3 and C1-C2 bond lengths
of 2.33 and 2.34A, respectively. Deprotonation of intermediate 9
by the base (1,8-diazabicyclo[5.4.0Jundec-7-ene; DBU) via transi-
tion state ts-10 leads to synergistic denitrogenation. The calcu-
lated free energy barrier is 9.0 kcal/mol, and this step is associated
with a free energy release of 33.6 kcal/mol. In ts-10, the Pd—N1,
C1-N2, H- N1, and H— N3 bond distances are 2.06, 1.53, 1.50, and
1.14A, respectively, which verifies the synergistic process. Subse-
quent protonation of 11 occurs via transition state ts-12, overcom-
ing an energy barrier of 20.7 kcal/mol to afford vinyl Pd-hydride
intermediate 13, which releases 15.0 kcal/mol of free energy. Rapid
reductive elimination of 13 yields the final Z-alkene 15 via transi-
tion state ts-14, with concomitant regeneration of the active Pd(0)
species 1; this step is exergonic by 32.8 kcal/mol. The calculated
overall activation free energy for Path A is as high as 43.5 kcal/mol,
indicating that this reaction pathway is kinetically unfavorable.

Next, an alternative pathway was analyzed based on our pro-
posal, where the Pd(II) species acts as a good Lewis acid during hy-
drazine activation. As shown in Fig. 3 (Path B), hydrazone 2 coordi-
nates with Pd to form intermediate 3, and then, 1,2-diphenylethyne
6 performs ligand exchange with phosphine oxide in 3 to pro-
duce intermediate 16. Oxidative cyclization of the alkyne 7 bond
to the Pd center in intermediate 16 forms the three-membered pal-
lada(Il)cycle intermediate 17. This step is associated with a free
energy absorption of 1.3kcal/mol, and the geometry of the Pd
changes to square planar. Moreover, in intermediate 16, the Pd—C1,
Pd—C2, and C1—C2 bond lengths are 3.51, 3.42, and 1.22 A, respec-
tively; however, those bond lengths in intermediate 17 are 2.07,
2.06, and 1.29A, respectively. Following base-assisted deprotona-
tion and re-protonation via transition states ts-18 and ts-20, re-
spectively, the proton on the hydrazonic N-atom could transfer
to the benzylic C-atom of intermediate 17; thereby achieving iso-
merization of the coordinated hydrazone to alkylenehydrazine in
pallada(Il)cycle 21. The calculated energy barrier of proton trans-
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Fig. 4. (a) Laplacian of electron density for intermediates 16 and 17 plotted on the C1-Pd—C2 plane; (b) Three-dimensional structures and plane structures for IRI analysis
of intermediates 16 and 17 on the C1-Pd—C2 plane (blue =notable attraction; green =van der Waals interaction; red = notable repulsion); (c) Bond lengths (A), Mayer bond

orders, and LOBA for intermediates 16 and 17.

fer is 22.0kcal/mol. Subsequent base-assisted denitrogenation via
transition state ts-22 generates benzylic pallada(ll)cycle 23 with
an energy barrier of 16.1 kcal/mol, and this step is exergonic by
24.4kcal/mol. In intermediate 23, the Pd(Il) center has a lone pair
of electrons in the axial direction [91,92]. There should be a weak
interaction between the B-H* and the Pd dz2 lone pair. Protona-
tion of the carbon atom on the three-membered pallada(Il)cycle
moiety via transition state ts-24 generates vinyl Pd(Il) intermedi-
ate 25 in an exergonic process (-25.9 kcal/mol). The calculated en-
ergy barrier for this step is 13.5kcal/mol. Finally, reductive elim-
ination via transition state ts-26 affords the Z-alkene product 15
(exergonic by 24.3 kcal/mol) and regenerates the active Pd(0) cat-
alyst 1. The calculated overall activation free energy of Path B is
only 27.4 kcal/mol, which is 16.1 kcal/mol lower than that of Path
A. These results confirm that our proposed mechanism is feasible.

These theoretical calculations indicate that the oxidative cy-
clization step in Path B is the key process for alkyne activation, and
an accompanying change in the oxidation state of the Pd center is
proposed. To verify the oxidation state change during oxidative cy-
clization, the Laplacians of the electron density (Fig. 4a), the IRI
(Fig. 4b), the Mayer bond order, and the localized orbital bonding
(Fig. 4c) of intermediates 16 and 17 were analyzed. The Laplacians
of the electron density on the plane defined by C1, C2, and Pd in
intermediates 16 and 17 were plotted using AIM theory. In 16, the
bond critical point (BCP) was identified between Pd and the C1=C2
triple bond, whereas in 17, two BCPs were detected (between Pd-
C1 and Pd-C2); therefore, two new covalent bonds were formed in
intermediate 17 (between Pd-C1 and Pd-C2). The IRI analysis sim-
ilarly indicated that the Pd-C1 and Pd-C2 interactions in 17 were
strongly attractive (dark blue area in Fig. 4b), analogous to other
covalent bonds. However, Pd-C1 and Pd-C2 were only weakly in-
teracting (light green area in Fig. 4b) in intermediate 16, which in-
dicated non-bonding interactions. These results support the coor-
dination of the unsaturated C=C bond to the Pd center in 16 and
covalent bonding between Pd-C1 and Pd-C2 in 17. The bonding be-
tween C1 and C2 was also considered. As shown in Fig. 4c, the
calculated Mayer bond orders of Pd-C1, Pd-C2, and C1-C2 in in-
termediate 16 were 0.02, 0.02 and 2.28, respectively; in contrast,
those values in intermediate 17 were 0.64, 0.71, and 1.87, respec-
tively. The results reveal that the C1-C2 bond in intermediate 16 is
likely to be a triple bond, whereas the C1-C2 bond in intermediate
17 is more like a double bond. Moreover, localized orbital bonding

analysis (LOBA) indicated that the oxidation states of Pd in inter-
mediates 16 and 17 were 0 and +2, respectively. All of these an-
alytical results strongly support the oxidative cyclization step, as
well as the change in Pd oxidation state. The results revealed that
the three-membered pallada(ll)cycle species plays a role of Lewis
acid to assist deprotonation and re-protonation (proton transfer)
of hydrazones, which is an essential precondition for denitrogena-
tion. By this way, the coordinated hydrazone can be transformed
into alkylenehydrazine, which participates in the subsequent step.
Therefore, generation of pallada(ll)cycle is required at the begin-
ning of the catalytic cycle.

In the experimental study, a wide range of non-symmetrical
alkynes was examined, and high regioselectivities were observed
(generally greater than 95:5). Based on the calculated free energy
profiles of the potential reaction pathways, we concluded that the
regioselectivity is governed by the protonation step when a non-
symmetrical alkyne is employed as the substrate, i.e., protonation
at C1 and C2 could afford the respective regioisomers. Our compu-
tational results (Fig 5a, further details in Supporting Information)
indicate that the energy barrier of protonation at C2 of the benzylic
pallada(Il)cycle 23’ via transition state ts-24’a is 1.6 kcal/mol lower
than that at C1 via transition state ts-24’b, thus, the generation of
alkene product 15’a is more favorable. The calculated regioselectiv-
ity ratio (rr) is 90:10, which is consistent with the experimentally
observed regioselectivity. To further investigate the origin of this
regioselectivity, the electrostatic potential intermolecular penetra-
tion diagrams of the protonated transition states ts-24’a and ts-
24'b were analyzed (Fig. 5b). In transition state ts-24’a, C2 in the
pallada(Il)cycle moiety has a positive surface potential, while the
DBUH™ moiety has negative surface potentials, indicating that the
protonation of C2 is preferential. In contrast, both the C1 and the
DBUH™ moieties in transition state ts-24’b have negative surface
potentials, leading to electrostatic repulsion, which is unfavorable
for C1 protonation. Therefore, electrostatic potential analysis sug-
gested that the regioselectivity of the product is controlled by the
charge distribution on the pallada(Il)cycle, which governs the fa-
vorability of C2 protonation. This conclusion is consistent with the
DFT computations, as well as the experimental results.

In this work, a C=C bond’s oxidative cyclopalladation activation
during the Pd-catalyzed hydroalkylation of alkynes was proposed
and investigated by DFT calculations at the MO6 level of theory.
This novel pathway involves five main steps: (1) oxidative cyclopal-



K. Zhong, S. Liu, X. He et al.

a) \at \
7 NN
§§(/" o
R: v \l =
CysP ~g1* "y‘ -£_ (
Pd R i TR0 (‘
ol | —— o= "l
Ph H —_— Ph s
B 15%a ! g
ts-24'a
BH*
cyp ts-24'a
YN g R AAG” = 0.0 kcal/mol

[SVAN /‘,\ /
Ph X )

20kcal/mol |
e .. 4
sy
5 ‘ .
“m ti“‘
¢ | gade
# J y
A o
"y 2 | )3
S ot N 99 " " (&
S 59 P ‘ ,-S‘(\\/»
B RO © 2
o Gl &4 aS%e
: oA T v.
ts-24a 1 7% ts-24'b ~

calculated regioselectivity ratio (rr): 90:10
i experimental regioselectivity ratio (rr): 95:5

Fig. 5. (a) Theoretical regioselectivities for the Pd-catalyzed hydroalkylation of non-
symmetrical alkynes with hydrazones (bond distances reported in angstroms). (b)
Electrostatic potential inter-molecular penetration diagrams of the protonated tran-
sition states, ts-24’a and ts-24'b.

ladation with the alkyne and the Pd center to generate a pallada-
cyclopropene; (2) base-assisted proton transfer to form alkylenehy-
drazine-coordinated Pd(Il); (3) deprotonation-driven denitrogena-
tion to form a benzylic Pd(Il) species; (4) protonation-mediated
ring-opening of the palladacyclopropene to generate a vinyl Pd(II)
intermediate; and (5) reductive elimination to release the Z-alkene
product. The internal alkyne plays the role of an atypical oxi-
dant for Pd(0) oxidative cyclization. The previously proposed C=C
bond insertion for the alkyne transformation is kinetically unfa-
vorable. The Laplacians of the electron density, IRI analysis, Mayer
bond orders, and LOBA revealed the covalent bonding between the
Pd(Il) and the C-atoms in three-membered palladacycle interme-
diate species. Electrostatic potential analysis indicated that the re-
gioselectivity of the reaction process is controlled by the charge
distribution on the pallada(ll)cycle during the protonation step. The
results presented herein contribute to a better understanding of
transition metal-catalyzed alkyne transformations and provide a
practical theoretical guide for further experimental investigation.
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