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isted regioselectivity regulation in
palladium-catalyzed cyclization reactions:
a theoretical study†

Song Liu, *ab Dianmin Zhang,*a Yue Gong,a Lianli Ma,a Li Lia and Wei Chena

The regulation of regioselectivity is an objective often pursued by organic chemists, and the comprehension

of its mechanisms is crucial for devising efficient synthetic pathways. In this report, we conducted

theoretical calculations to explore the regioselectivity regulatory mechanisms of two palladium-

catalyzed cyclization reactions. In these cyclization reactions, manipulating the structural differences in

the reaction substrates leads to the formation of distinct products. A detailed reaction mechanism and

reactivity profile for this reaction were revealed. Furthermore, a p–p stacking assisted regioselectivity

regulatory mechanism was proven by distortion–interaction energy analysis and noncovalent interaction

calculations. The calculated results presented herein provide a theoretical guide for further experimental

investigations of regioselectivity regulation.
Introduction

Regioselectivity is an important eld in organic synthetic chem-
istry that mainly focuses on the differences in reactivity at various
positions on a substrate.1 Several reactive sites may exhibit
similar activity, leading to the formation of a mixture of isomers
in the nal product. Catalytic methods are ideal synthetic
approaches in organic chemistry, as they allow for the prediction
and switching of regioselectivity to access site-diverse
regioisomers by altering the fewest reaction parameters.2

Various regulatory strategies in organic chemistry, such as
steric effects,3 electronic effects,4 chelation control,5 and ligand
control,6 have been used to achieve regioselectivity7 (Scheme
1a). Chemists can use these strategies to manipulate the
outcome of organic reactions to achieve certain modications at
specic sites within complex molecules, but the regulatory
mechanism of regioselectivity is oen ambiguous. In organic
synthesis, understanding the regulatory mechanisms of these
strategies is essential for designing efficient synthetic routes to
obtain the targeted products.8

Recently, Huang et al. described two palladium (Pd)-
catalyzed cyclization reactions of enynols with aminals.9 In
their reports, different products were obtained by manipulating
the skeletal variances of substrates. As shown in Scheme 1b, the
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use of (2-(but-3-en-1-yn-1-yl)phenyl)methanol as the substrate
led to the predominant formation of the O-heterocycle-
containing allenic amine product 4. Furthermore, the use of
hept-6-en-4-yn-1-ol as the substrate resulted in the formation of
polysubstituted 1,3-diene embedded in O-heterocycle 5 as the
main product (Scheme 1b). Control experiments conrmed the
non-cyclic allenic 1,5-diamine 3 as the key intermediate in both
cyclization reactions. However, the detailed regioselectivity
Scheme 1 Palladium-catalyzed cyclization of enynols with aminals.
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regulatory mechanism for these Pd-catalyzed cyclizations is still
not clear. Herein, we used density functional theory (DFT)
calculations to explore these Pd-catalyzed cyclization reactions
and proposed a p–p stacking assisted regioselectivity regulatory
mechanism (Scheme 1c). A detailed reaction mechanism and
reactivity prole were also provided.
Scheme 2 The proposed catalytic cycle for the production of inter-
mediate 3.
Computational methods

All DFT calculations were carried out with Gaussian 16.10 The
B3LYP functional11 with a standard 6-31G(d) basis set (the SDD
basis set for Pd) was used for geometry optimizations.
Harmonic frequency calculations were performed for all
stationary points to conrm them as local minima or transition
structures and to derive the thermochemical corrections of the
enthalpies and free energies. All minima had zero imaginary
frequency and all transition states had only one imaginary
frequency. The solvent effects were considered by single-point
calculations on the gas-phase stationary points with the SMD
continuum solvation model.12 The M06 (ref. 13) functional with
the 6-311+g(d) basis set (the SDD basis set for Pd) was used to
calculate the single-point energies with dimethyl ether as the
solvent. For the 1,2-dimethoxyethane (DME) solvent data not
included in Gaussian 16, the key parameters were set in the
input le manually (for 1,2-dimethoxyethane, eps = 7.2, while
the other parameters were the same as those for diethyl ether).
The energies given in this report were the M06 calculated Gibbs
free energies in 1,2-dimethoxyethane solvent. The optimized
structures were displayed using CYLview.14 The distortion and
interaction energies were calculated B3LYP functional with the
6-31G(d) basis set. Additionally, a basis set superposition error
(BSSE)15 correction was applied when calculating the interaction
energies. The noncovalent interactions (NCIs)16 were calculated
using B3LYP-D3 functional with the 6-31G(d) basis set.

The global reactivity index values were also calculated using
theM06 functional and the 6-311+g(d) basis set for all atoms. The
N (global nucleophilicity index)17 values were calculated with eqn
(1), where 3HOMO refers to the orbital energy of the highest
occupied molecular orbital (HOMO) and 3LOMO refers to the
orbital energy of the lowest unoccupied molecular orbital
(LUMO). In eqn (1), tetracyanoethylene (TCE) with the lowest
HOMOenergy among the organicmolecules was used as a ref. 18.

N = 3HOMO (Nu) − 3HOMO (TCE) (1)

The Nk (local nucleophilicity index) values were calculated
according to eqn (2), where the fk

− (condensed Fukui function)
values can be obtained by fk

− = qk(N − 1) − qk(N).19

Nk = N × fk
− (2)
Scheme 3 Proposed catalytic cycle for the generation of the allenic
amine product 4 and 1,3-diene O-heterocycle 5.
Results and discussion

The proposed catalytic cycle for the Pd-catalyzed cyclization of
enynols with aminals is illustrated in Schemes 2 and 3. Scheme
38286 | RSC Adv., 2024, 14, 38285–38292
2 depicts the catalytic cycle for the allenic 1,5-diamine inter-
mediate 3. The aminomethyl cyclopalladated complex A was the
active catalyst in both cyclizations. The coordination of the
terminal alkene in the enynol substrate 1 with the Pd(II) center
generated intermediate B. The subsequent migratory insertion
of the enyne triple bond into the Pd(II)–C bond provided the p-
allylpalladium intermediate C, which was intercepted by an
aminal to form intermediate D via an SN2-type reductive elim-
ination process. Finally, the SN2-type oxidative addition of the
amino cation to the Pd(0) center afforded the non-cyclic allenic
1,5-diamine intermediate 3 together and regenerated the active
Pd complex A to complete the catalytic cycle.

The proposed catalytic cycles in the production of the allenic
amine 4 and the 1,3-diene O-heterocycle product 5 are depicted
in Scheme 3. By employing (2-(but-3-en-1-yn-1-yl)phenyl)
methanol 1 as the substrate in Path I, the 1N atom in interme-
diate 3 can serve as a nucleophilic site to interact with the
cyclopalladated complex A through SN2-type reductive elimi-
nation, resulting in the formation of the quaternary ammonium
intermediate E and Pd(0). The intermediate E is intramolecu-
larly intercepted by the pendent alcohol through SN2-type
substitution to yield the desired product 4. Finally, the SN2-type
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Calculated free energy profiles for the production of the allenic
amine product 4 using (2-(but-3-en-1-yn-1-yl)phenyl)methanol 1 as
the substrate.
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oxidative addition of the generated amino cation to the Pd(0)
center regenerated the active palladium-complex A to complete
the catalytic cycle. Moreover, the use of hept-6-en-4-yn-1-ol 10 as
the substrate led to the 2N atom in intermediate 3 acting as
a nucleophilic site to attack the Pd complex A, forming the
quaternary ammonium intermediate F. The allene in interme-
diate F was intercepted by the pendent alcohol to give the 1,3-
diene O-heterocycle product 5.

The calculated free energy proles for the generation of
intermediate 3 using (2-(but-3-en-1-yn-1-yl)phenyl)methanol 1
as the substrate are presented in Fig. 1, with the aminomethyl
cyclopalladated complex INT1 serving as the reference zero
point. The binding of the terminal alkene in the enynol
substrate 1 to the Pd(II) center led to the endergonic generation
of intermediate INT2 (12.9 kcal mol−1). The subsequent
migratory insertion of the enyne triple bond into the Pd(II)–C
bond took place through the transition state TS1, resulting in
the formation of the p-allylpalladium intermediate INT3, with
a free energy barrier of 12.2 kcal mol−1. In transition state TS1,
the length of the formed C–C bond is 2.19 Å. The intermediate
INT3 would then be intercepted by an aminal, leading to the
formation of allene-coordinated Pd(0) intermediate INT4
through an SN2-type reductive elimination transition state TS2
(activation free energy= 27.0 kcal mol−1). In the transition state
TS2, the length of the formed C–N bond is 1.97 Å. The following
SN2-type oxidative addition occurred between Pd(0) and the
amino cation via transition state TS3, with an energy barrier of
4.4 kcal mol−1. The release of the allenic 1,5-diamine interme-
diate 3 led to the exothermic formation of the aminomethyl
cyclopalladated complex INT1 (4.3 kcal mol−1) in comparison
with substrates 1 and 2. Moreover, the calculated free energy
proles for the generation of intermediate 3' using hept-6-en-4-
yn-1-ol 1' as the substrate are presented in Fig. S1.†
Fig. 1 Calculated free energy profiles for the production of intermediat

© 2024 The Author(s). Published by the Royal Society of Chemistry
The p-allylpalladium in INT3 can be intercepted by the
tethered alcohol to form the 1,3-diene O-heterocycle product 5
through the SN2-type reductive elimination transition states TS4
and TS5. In TS4, the aminal substrate functioned as a base to
facilitate reductive elimination, while the intramolecular amido
group in transition state TS5 assisted in reductive elimination.
The energies of TS4 and TS5 were respectively 1.1 and
21.6 kcal mol−1 higher than that of TS2, indicating that these
pathways were unfavorable.
e 3 using (2-(but-3-en-1-yn-1-yl)phenyl)methanol 1 as the substrate.
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The free energy proles for the generation of the allenic
amine product 4, using (2-(but-3-en-1-yn-1-yl)phenyl)methanol
1 as the substrate are presented in Fig. 2. To investigate the
effect of solvation on the system's structure and energy, an
explicit DME molecule was included with substrate 3 to allow
for the possibility of intermolecular hydrogen bonding between
the hydroxyl group of 3 and a solvent oxygen atom. In the
absence of the solvent molecule, an artefactual and misleading
intramolecular O–H/p hydrogen bond would occur. The 1N
atom in intermediate 3-DME served as a nucleophilic site to
interact with the cyclopalladated complex INT1 through SN2-
type reductive elimination to provide the quaternary ammo-
nium intermediate INT5 and Pd(0). The free energy barrier for
this SN2-type reductive elimination transition state TS6 is 26.3
kcal mol−1; the formed C–N bond and broken C–Pd bond had
lengths of 2.05 and 3.41 Å, respectively. The resulting Pd(0) was
captured by the amino cation, produced through the proton-
ation of the aminal with HClO4, to form the cyclopalladated
complex, INT1. The generated intermediate INT5 was then
intramolecularly intercepted by the pendent alcohol through
the SN2-type substitution transition state TS7 with a free energy
barrier of 24.2 kcal mol−1, to yield the desired allenic amine
product 4.

The free energy proles for the formation of the 1,3-diene O-
heterocycle product 50 using (2-(but-3-en-1-yn-1-yl)phenyl)
methanol 1 as the substrate are depicted in Fig. 3. The 2N
atom in intermediate 3-DME acted as a nucleophilic site to
undergo SN2-type reductive elimination with the cyclo-
palladated complex INT1 to generate the quaternary ammo-
nium intermediate INT6. The free energy barrier for the SN2-
type reductive elimination transition state TS8 (28.8 kcal mol−1)
was 2.5 kcal mol−1 higher than that of TS6, as the use of (2-(but-
3-en-1-yn-1-yl)phenyl)methanol as the substrate primary resul-
ted in the formation of the allenic amine product 4. In TS8, the
Fig. 3 Calculated free energy profiles for the production of the 1,3-
diene O-heterocycle product 50 using (2-(but-3-en-1-yn-1-yl)phenyl)
methanol 1 as the substrate.

38288 | RSC Adv., 2024, 14, 38285–38292
formed C–N bond had a length of 2.13 Å, while the broken C–Pd
bond was 3.26 Å. The intermediate INT6 is expected to undergo
an intramolecular interception by the pendant alcohol through
an SN2-type substitution transition state TS9, resulting in the
formation of the 1,3-diene O-heterocycle product 50.

The free energy proles for the formation of the allenic
amine product 40 using hept-6-en-4-yn-1-ol 10 as the substrate
are depicted in Fig. 4. The 1N atom in intermediate 30-DME
functioned as a nucleophilic site that interacted with the
cyclopalladated complex INT1 via SN2-type reductive elimina-
tion to create the quaternary ammonium intermediate INT50

and Pd(0). The energy barrier for this SN2-type reductive elimi-
nation transition state TS60 was 33.1 kcal mol−1. The resulting
intermediate INT50 was further reacted intramolecularly with
the adjacent alcohol via an SN2-type substitution transition
state TS70, with a free energy barrier of 27.7 kcal mol−1, to yield
the allenic amine product 40.

The free energy proles for the synthesis of the 1,3-diene O-
heterocycle product 5 from the hept-6-en-4-yn-1-ol 10 substrate
are displayed in Fig. 5. The nitrogen atom (2N) in intermediate
30-DME functioned as a nucleophilic site to undergo SN2-type
reductive elimination with the cyclopalladated complex INT1,
producing the quaternary ammonium intermediate INT60. The
energy barrier for the SN2-type reductive elimination transition
state TS80 was 31.8 kcal mol−1. The intermediate INT60 under-
went intramolecular interception by the adjacent alcohol
through an SN2-type substitution transition state TS90, with
a free energy barrier of 29.9 kcal mol−1, to yield the 1,3-diene O-
heterocycle product 5. TS80 had a free energy 1.3 kcal mol−1

lower than that of TS60, and the free energy of the 1,3-diene O-
heterocycle product 5 was 12.4 kcal mol−1 lower than that of the
allenic amine product 40. These ndings elucidate that the
primary product formed was the 1,3-diene O-heterocycle
product 5 when using hept-6-en-4-yn-1-ol as the substrate.
Fig. 4 Calculated free energy profiles for the production of the allenic
amine product 40 using hept-6-en-4-yn-1-ol 10 as the substrate.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Distortion and interaction energies of the transition states TS6
and TS60. Values are given in kcal mol−1 (DE‡dist is the distortion ener-
gies. DE‡int is the interaction energies. DE‡ is the reaction energies)

DE‡dist(3-DME or 30-DME) DE‡dist(INT1) DE‡dist DE‡int DE‡

TS6 9.5 35.9 45.4 −15.9 29.5
TS60 11.2 37.2 48.4 −16.5 32.0

Fig. 5 Calculated free energy profiles for the production of the 1,3-
diene O-heterocycle product 5 using hept-6-en-4-yn-1-ol 10 as the
substrate.
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The free energy barrier for TS6 was 6.8 kcal mol−1 lower than
that of TS60, whereas the free energy barriers for TS8 was
3.0 kcal mol−1 lower than that of TS80. The reactivity of the 1N
atom decreased when the substrate was changed from (2-(but-3-
en-1-yn-1-yl)phenyl)methanol 1 to hept-6-en-4-yn-1-ol 10,
whereas the reactivity of the 2N atom remained unchanged. This
difference in the reactivities of 1N and 2N contributed to the
varying selectivity observed with different substrates.

The local nucleophilicity index Nk values were calculated to
analyze the nucleophilicity of the nitrogen atoms (1N and 2N) in
intermediates 3 and 30. The calculatedNk values for

1N and 2N in
intermediate 3 were respectively 1.294 and 0.122 eV, while the
values were 1.464 and 0.003 eV for intermediate 30 (Fig. 6). The
nucleophilicity of 1N was stronger than that of 2N in both
intermediates. Notably, the nucleophilicity of 1N and 2N in non-
cyclic allenic 1,5-diamine intermediates 3 and 30 remained
unaffected when using (2-(but-3-en-1-yn-1-yl)phenyl)methanol 1
or hept-6-en-4-yn-1-ol 10 as substrates.
Fig. 6 Calculated local nucleophilicity index Nk values.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Distortion–interaction energy analysis was used to elucidate
the disparity in the free energy barrier between transition states
TS6 and TS60. The distortion energy of TS60 was 3.0 kcal mol−1

higher than that of TS6, while their interaction energies were
similar (Table 1). The distortion energies of intermediates 3-
DME and 30-DME in TS6 and TS60 were 9.5 and 11.2 kcal mol−1,
respectively. The distortion energy of INT1 in both TS6 and TS60

were similar. Analysis of the distortion energy revealed that the
difference in energy barriers of TS6 and TS60 was controlled by
the distortion energies of intermediates 3-DME and 30-DME.

The structural information for intermediate 3-DME and
transition state TS6 are shown in Fig. 7. In the optimized
structure of intermediate 3-DME, the dihedral angle of
1C–1N–2C–3C is 95.7°, whereas this dihedral angle changes to
54.7° in TS6. In the optimized structure of intermediate 30-DME,
the dihedral angle of 1C–1N–2C–3C is −64.8°, which changes to
55.2° in TS60 (Fig. 8). These calculated results indicated that the
difference in free energy barrier between TS6 and TS60 was
controlled by the distortion of the benzyl group associated with
1N in intermediates 3-DME and 30-DME.

To further investigate the regioselectivity regulatory mecha-
nism behind these Pd-catalyzed cyclization reactions, NCI
analysis was conducted for transition states TS6 and TS60. The
p–p stacking of two phenyl rings in transition state TS6
occurred when (2-(but-3-en-1-yn-1-yl)phenyl)methanol 1 was
used as the substrate (Fig. 9). By contrast, in transition state
TS60, there is solely a C–H/p interaction between the alkyl
chain and phenyl group. NCI calculations revealed that the p–p
stacking in TS6 are stronger than the C–H/p interactions in
Fig. 7 Structural information for intermediate 3-DME and transition
state TS6.

RSC Adv., 2024, 14, 38285–38292 | 38289
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Fig. 8 Structural information for intermediate 3'-DME and transition
state TS6'.

Fig. 9 Noncovalent interactions of TS6 and TS60 (blue, attraction;
green, weak interaction; red, steric effect).
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TS60. This difference results in a lower distortion energy for TS6
compared to TS60, which consequently reduces the reactivity of
the 1N atom when the substrate is changed from (2-(but-3-en-1-
yn-1-yl)phenyl)methanol 1 to hept-6-en-4-yn-1-ol 10.
Conclusions

In this work, DFT calculations were used to explore the mech-
anism of Huang's Pd-catalyzed cyclization reactions with an
emphasis on the regioselectivity regulation mechanism. Theo-
retical calculations revealed that these reactions proceeded via
migratory insertion, SN2-type reductive elimination, and
oxidative addition to give the non-cyclic allenic 1,5-diamine
intermediate. The allenic amine and 1,3-diene O-heterocycle
38290 | RSC Adv., 2024, 14, 38285–38292
products were then obtained through subsequent reductive
elimination, SN2-type substitution, and oxidative addition.

The reactivity of the 1N atom decreased when (2-(but-3-en-1-
yn-1-yl)phenyl)methanol instead of hept-6-en-4-yn-1-ol was used
as the substrate, while the reactivity of the 2N atom exhibited
minimal change. This difference in reactivities of 1N and 2N
contributed to the varying selectivity observed with different
substrates. Distortion–interaction energy analysis and NCI
calculations indicated that the presence of p–p stacking in
intermediate 3-DME led to the lower distortion energy of TS6
than that of TS60, consequently reducing the reactivity of the 1N
atom upon changing the substrate from (2-(but-3-en-1-yn-1-yl)
phenyl)methanol to hept-6-en-4-yn-1-ol for regioselective
control.
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