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Unveiling the reaction mechanism and the
regioselectivity of Diels—Alder cycloadditions

between 2-methoxy-3-thiophenylbutadiene and
methyl vinyl ketone using topological tools
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The [4 + 2] Diels—Alder cycloaddition reaction between 2-methoxy-3-thiophenylbutadiene 1 and methy!l
vinyl ketone 2 has been studied at the density functional theory level using a panoply of tools to unravel
the regioselectivity and the reaction mechanisms. From the analysis of the CDFT reactivity indices, 2

behaves as an electrophile, while 1 behaves as a nucleophile. This cycloaddition is characterized by

a non-polar character as evaluated by a low value of the electrophilicity difference between the

reactants as well as a low value of the global electron density transfer at the transition state. Futher, the

bonding evolution theory shows that this reaction takes place via a one-step asynchronous mechanism.
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QTAIM descriptors also highlight the asynchronicity, which confirms the absence of the formation of

a new covalent bond. Generally, the ortho/endo pathway is both thermodynamically and kinetically
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1. Introduction

Diels-Alder (DA) cycloadditions are fundamental [4 + 2] reac-
tions that efficiently construct six-membered rings from
conjugated dienes and unsaturated dienophiles."? They provide
rapid access to highly substituted cyclohexenes with multiple
stereogenic centers, making them essential for complex mole-
cule synthesis.** The use of heteroatom-substituted dienes
further expands their scope by introducing functional groups
that can be retained or transformed in subsequent steps.”>”
Regioselectivity, largely determined by substituents on the
diene and dienophile, is a key factor in these reactions. In
unsymmetrical dienes, one substituent often acts as a regio-
director, controlling the major product. For example, the
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favored over the other routes as revealed by the Distortion/Interaction-Activation Strain (DIAS) analysis,
which shows that this preference is primarily driven by differences in interaction energies.

cycloaddition of 2-methoxy-3-thiophenylbutadiene 1 with
methyl vinyl ketone 2 predominantly yields 1-thiophenyl-2-
methoxy-4-acetylcyclohex-1-ene (3, ~80%) due to the directing
effect of the SPh group (see Scheme 1).*

Building on this, the present study uses computational
methods to investigate the electronic factors controlling regio-
selectivity, providing mechanistic insight into the formation of
the major regioisomer.

Quantum chemical methods have become indispensable for
gaining insight into DA reactions, as they allow a detailed
examination of activation barriers,”'® reaction pathways,'"*>
and stereochemical outcomes."'* Computational studies have
been particularly effective in identifying reactivity trends, di-
stinguishing between concerted and stepwise mechanisms, and
rationalizing endo/exo pref. 15 and 16 Within this context,
Frontier Molecular Orbital (FMO)" considerations have tradi-
tionally been used to interpret cycloaddition reactivity by
correlating activation energies with the energetic matching of
interacting orbitals. A reduction in the HOMO-LUMO energy
separation, achieved for instance by introducing electron-

PhS COMe MeO, COMe  peo.
+ | 70°, 24h .
75%
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Scheme 1 DA cycloaddition between
phenylbutadiene 1 with methyl vinyl ketone 2.

2-methoxy-3-thio-
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donating substituents on the diene or electron-withdrawing
groups on the dienophile, generally leads to an enhancement
of the reaction rate.™

Conceptual Density Functional Theory (CDFT) was devel-
oped to provide a more quantitative understanding of chemical
reactivity by introducing global descriptors such as the elec-
tronic chemical potential (u), electronegativity (x), chemical
hardness (n), softness (S), electrophilicity (w), and nucleophi-
licity (N).*** In particular, the electrophilicity and nucleophi-
licity indices have been widely employed to assess the polar
character of cycloadditions reactions.”*** At a more localized
level, Parr and Yang proposed molecular Fukui functions,****
which allocate global reactivity indices to individual atoms
within a molecule. These local descriptors allow the identifica-
tion of the most electrophilic and nucleophilic sites in
a reagent, offering a detailed picture of atomic reactivity and
providing insights into the regioselectivity observed in DA
cycloadditions.****

In parallel, approaches centered on electron density analysis
have provided complementary insight into the nature of
chemical bonding and its evolution along reaction coordinates.
The Quantum Theory of Atoms in Molecules (QTAIM)* and the
Electron Localization Function (ELF)** allow changes in elec-
tron density organization to be monitored during the course of
a reaction.*** On this basis, the Bonding Evolution Theory
(BET)*® was developed to describe bond formation and cleavage
in terms of topological changes in ELF basins.**** More
recently, Molecular Electron Density Theory (MEDT)* has
emphasized that variations in electron density, rather than
orbital interactions alone, are the driving force behind organic
reactivity. Within this framework, the combined use of CDFT
descriptors, electron density topology, and non-covalent inter-
actions (NCI)** analyses offers a consistent strategy for under-
standing both reactivity and selectivity in DA cycloadditions.****

This study provides a comprehensive mechanistic and
selectivity analysis of the DA cycloaddition between 2-methoxy-
3-thiophenylbutadiene 1 and methyl vinyl ketone 2 using MEDT
framework. Owing to the non-symmetry of the reactants, the
reaction can proceed along four competing pathways, corre-
sponding to two regioisomeric routes (ortho and meta) and two
stereoisomeric routes (endo and exo). The four associated
transition states (TSs) (TS-on, TS-ox, TS-mn, and TS-mx) leading
to the corresponding cycloadducts (CA-on, CA-ox, CA-mn, and
CA-mx) have been located and fully characterized (Scheme 2). By
applying BET, we reveal how bonds form and break, how elec-
tron density is redistributed, and whether the reaction occurs
via a concerted yet asynchronous pathway. Complementary
analyses using NCI, QTAIM, and ELF further identify the key
electronic and structural factors governing the regio- and
stereoselectivity observed experimentally.”® Importantly, this
work provides novel insight into the role of substituent-
dependent interaction energies in directing both kinetic and
thermodynamic preferences, offering a unified topological-
energetic framework that connects asynchronicity, selectivity,
and reactivity in DA cycloaddition between 2-methoxy-3-
thiophenylbutadiene 1 with methyl vinyl ketone 2 a contribu-
tion not addressed in previous studies.
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Scheme 2 Possible regio- and stereoisomeric pathways for the DA
cycloaddition between 2-methoxy-3-thiophenylbutadiene 1 with
methyl vinyl ketone 2.

2. Computational methods

All quantum chemical calculations, including geometry opti-
mizations and harmonic vibrational frequency analyses for
reactants, TSs, and products, as well as intrinsic reaction
coordinate (IRC) computations,'” were carried out within the
framework of DFT using the Gaussian 16 software suite.*> The
MO06-2X hybrid meta-GGA functional developed by the Minne-
sota group*® was employed in conjunction with the 6-311 +
G(d,p) basis set. This computational protocol has proven to be
well suited and reliable for describing similar reaction mecha-
nisms. The D3 correction was also considered for the role of
dispersion correction energies.*” Solvent [diethylether, ¢ = 4.33]
effects were modelled with the IEFPCM (integral equation
formalism of the polarizable continuum model) method.*®
Calculations were performed for 7= 298.15 K and, initially, for
P = 1.0 atm. The stationary points corresponding to reactants,
products, and TSs were identified and validated through
frequency calculations, ensuring the absence of imaginary
frequencies for minima and the presence of a single imaginary
frequency for each TS. To confirm the proper connection
between reactants and products, IRC calculations were per-
formed for all TSs using the standard IRC procedure.

NCI analyses were conducted based on the reduced density
gradient and low-gradient isosurfaces,**** employing the NCI-
Plot program.® In addition, QTAIM analysis was carried out
using the Multiwfn package,® relying on the mono-
determinantal wavefunctions obtained at the M06-2X-D3/6-311
+ G(d,p) level of theory.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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For the BET investigation along each reaction pathway,
topological analyses were performed by extracting the wave-
function at successive points along the IRC. The ELF was
subsequently computed using the TopMod package,* adopting
a cubic grid with a spacing smaller than 0.2 bohr. The evolution
of electron populations associated with atoms involved in bond
formation along the reaction coordinate was visualized using
the DrawProfile program,® whereas ELF isosurfaces were
rendered with DrawMol.** Within the BET framework, two
categories of ELF basins were identified: monosynaptic basins
V(4), associated with localized lone electron pairs on atom A,
and disynaptic basins V(A,B), corresponding to shared electron
density between atoms A and B.

3. Results and discussion

3.1. Reactants properties

3.1.1. ELF and NPA analysis. The topological analysis of the
ELF is a valuable method to study the distribution of electron
density in a molecule, thereby facilitating the prediction of its
chemical reactivity.>>*® Thus, an ELF topological analysis of the
electronic structures of 2-methoxy-3-thiophenylbutadiene 1 and
methyl vinyl ketone 2 was first performed. ELF basin attractor
positions, together with the most relevant valence basin pop-
ulations, are shown in Fig. 1.

The ELF topology of 2-methoxy-3-thiophenylbutadiene 1 is
defined by three disynaptic basins, V(C1, C2), V(C2, C3), and
V(C3, C4), with electron populations of 3.64, 2.21, and 3.48e,
respectively, revealing a markedly delocalized 7 system (Fig. 1).
Notably, the significantly reduced population of the central
V(C2, C3) basin indicates pronounced electronic depletion and
polarization within the conjugated framework, which enhances
the nucleophilic character of the terminal carbon atoms and
facilitates their participation in the cycloaddition process.

In contrast, the ELF analysis of methyl vinyl ketone 2 exhibits
a well-localized C5=C6 disynaptic basin with a population of
3.37e, characteristic of an electron-poor 7 bond (Fig. 1). This
localization reflects the strong electron-withdrawing effect of
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2

Fig. 1 ELF basin attractor positions of 2-methoxy-3-thio-
phenylbutadiene 1 and methyl vinyl ketone 2, in vacuo.
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Scheme 3 Proposed Lewis-like structures together with the natural
atomic charges in average number of electrons e of 2-methoxy-3-
thiophenylbutadiene 1 and methyl vinyl ketone 2. Negative and posi-
tive charges are shown in red, and blue colors, respectively, in vacuo.

the carbonyl group, reinforcing the electrophilic nature of the
dienophile. The complementary ELF signatures of 1 and 2
therefore support a polar DA reaction, in which electron density
flows from the delocalized 7 system of the diene toward the
activated C=C bond of the dienophile, consistent with the
observed reactivity trends.

Scheme 3 illustrates the Lewis-type representations derived
from the ELF valence basin populations, together with the
corresponding Natural Population Analysis (NPA) charges.”
The NPA results reveal a marked charge separation within
compound 1, with the C1, C3, and C4 carbon atoms bearing
negative charges of —0.50, —0.20, and —0.31e, respectively,
whereas the C2 carbon atom carries a positive charge of +0.30e.
In comparison, methyl vinyl ketone 2 displays a more homo-
geneous charge distribution along the C5=C6 fragment, with
both carbon atoms exhibiting identical negative charges of
—0.30e.

3.1.2. CDFT analysis. CDFT provides a reliable approach to
analyse reactivity in DA reactions.’®*® The global reactivity
indices, namely, the electronic chemical potential u, chemical
hardness 7, global electrophilicity w, and global nucleophilicity
N of 2-methoxy-3-thiophenylbutadiene 1 and methyl vinyl
ketone 2 are given in Table 1. The chemical potential u of 2-
methoxy-3-thiophenylbutadiene 1 (—3.72 eV) is higher than that
of methyl vinyl ketone 2 (—4.79 eV), indicating that the GEDT is
transferred from 1 to 2, consistent with a forward electron
density flux (FEDF) mechanism.*® The chemical hardness 5 of 2
(8.42 eV vs. 7.35 eV for 1) reflects greater resistance to electronic
deformation and a more rigid m-system, in line with its elec-
trophilic character. This is further supported by the global
electrophilicity index w, which is higher for 2 (1.36 eV) than for 1
(0.94 eV), whereas the nucleophilicity index N of 1 (2.09 eV)
surpasses that of 2 (0.49 eV), highlighting the moderate nucle-
ophilic character of the diene. Taken together, these descriptors
classify 1 as a moderate nucleophile and weak electrophile,
while 2 behaves as a moderate electrophile and a weak nucle-
ophile, consistent with standard electrophilicity and

Table 1 DFT-based reactivity indices (in eV) of reactants, in vacuo

u n 9] N
1 —3.7 7.4 0.9 2.1
2 —4.8 8.4 1.4 0.5
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nucleophilicity scales.®* Moreover, the studied DA reaction has
a non-polar character, as substantiated by the low value of the
difference of electrophilicity indices between the two reactants
(Aw = 0.4 €V).*

In polar cycloaddition reactions that involve non-
symmetrical reactants, regioselectivity is generally governed by
the interaction between the most electron-rich site of the
nucleophile and the most electron-deficient site of the electro-
phile. In this context, Domingo introduced the nucleophilic
Py and electrophilic Py Parr functions,®® which are obtained
from electron-density variations associated with the GEDT from
the nucleophile to the electrophile. These functions are
currently regarded as one of the most reliable descriptors for
evaluating local reactivity in polar and ionic reaction
mechanisms.

Accordingly, the nucleophilic P, Parr functions of 1 and the
electrophilic Py Parr functions of 2 were examined to identify
their most reactive atomic centers (Fig. 2 and Table S3).

The analysis reveals that, within 1, the C4 carbon atom (see
Scheme 2 for atom numbering) exhibits the highest nucleo-
philic character, with a Py value of 0.08. Conversely, in 2, the
P{. Parr function reaches its maximum at the C5 carbon atom,
which displays a markedly high electrophilic value of 0.50.
These findings indicate that the preferred interaction occurs
between C4 of the nucleophile and C5 of the electrophile,
promoting a regioselective C4-C5 bond formation. This inter-
action pathway leads to the formation of the ortho regioisomer,
in agreement with the experimentally reported predominance
of the corresponding ortho cycloadduct (~80%).?

3.2. Thermodynamic analysis

Table 2 indicates that the investigated Diels-Alder reaction is
thermodynamically favorable in the gas phase, as evidenced by
negative enthalpy and Gibbs free energy changes for all cyclo-
adducts. The calculated free energy variations span from —24.2
to —31.1 kcal mol ™, confirming that cycloadduct formation is
both exothermic and exergonic. Among the four possible
products, CA-mn corresponds to the global thermodynamic
minimum, exhibiting the largest free energy release (AG =
—31.1 kecal mol '), while CA-on is the second most stable
cycloadduct (AG = —26.1 kcal mol ™).

o,
?'.

J

1+

Fig. 2 3D representations of the spin densities (n = 0.02) of 1 and 2
together with the nucleophilic P, Parr functions for 1, and the elec-
trophilic P§ Parr functions for 2, in vacuo.
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Table 2 Thermochemical state functions (AE, AH, AG, in kcal mol™
and AS in cal mol™ K™Y) of the DA reaction between 1 and 2. Solvent
(diethylether) effects were described using IEFPCM

AE AH AS AG

In vacuo

TS-on 8.8 9.9 —51.0 25.1
TS-0x 12.5 13.4 —46.8 27.3
TS-mn 9.6 10.9 —51.9 26.3
TS-mx 13.2 14.1 —46.9 28.1
CA-on —44.5 —40.6 —48.4 —26.1
CA-ox —42.2 —38.3 —47.1 —24.2
CA-mn —48.8 —44.2 —46.6 —-31.1
CA-mx —42.2 —38.3 —46.4 —24.5

Diethylether (¢ = 4.33)

TS-on 9.1 10.3 —50.9 25.4
TS-ox 12.4 13.4 —46.7 27.3
TS-mn 9.8 10.9 -50.9 26.2
TS-mx 12.9 13.7 —46.8 27.6
CA-on —43.9 —-39.6 —48.6 —25.2
CA-ox —41.7 —37.4 —46.9 —23.5
CA-mn —42.8 —38.2 —45.0 —25.3
CA-mx —41.6 —37.2 —44.9 —24.3

The remaining products, CA-mx and CA-ox, are less stabi-
lized but remain thermodynamically accessible (Fig. 3). The
analysis of the activation Gibbs free energies highlights a clear
differentiation between the regio- and stereochemical path-
ways. Along the ortho approach, the TS-on is kinetically favored
over its exo counterpart TS-ox by 2.2 kcal mol ™. A similar trend
is observed for the meta pathway, where TS-mn exhibits a lower
activation barrier than TS-mx. These results consistently point
to a pronounced preference for endo selectivity, regardless of the
regiochemical mode of approach. A comparison of all TSs
further reveals that TS-on possesses the lowest activation free
energy among the accessible pathways. Consequently, despite
the theoretical accessibility of multiple reaction channels, the
reaction is kinetically dominated by the TS-on pathway, which
accounts for more than 85% of the TS Maxwell-Boltzmann
populations.** This strong kinetic bias dictates the initial
regioselectivity of the reaction.

AG
(kcal mol)

811 Gamn

Reaction coordinate

Fig. 3 Relative Gibbs free energy diagram (298.15 K) of the DA reac-
tion between 1 and 2 in vacuo.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In contrast, the relative stability of the cycloadducts follows
a different ordering, with CA-mn being overwhelmingly favored
on thermodynamic grounds. This apparent divergence between
kinetic and thermodynamic preferences indicates that the
reaction operates under kinetic control at the TS level, followed
by thermodynamic stabilization of the products. Such
a scenario consistently explains the experimentally observed
product distribution, where CA-on is formed as the major
product (80%), while CA-mn appears as a significant minor
component (20%).° To further assess the interplay between
kinetics and thermodynamics, a linear correlation between the
calculated activation energies (AE) and reaction energies (AE°)
was examined within the framework of the Bell-Evans-Polanyi
(BEP) principle.®® The resulting relationship, AE” = 0.5 AE +
33.24 (R* = 0.52) (Fig. S1), displays a slope close to the classical
BEP value of ~0.5,% indicating a moderate thermodynamic
contribution to the activation barriers. However, the relatively
modest correlation coefficient suggests that barrier heights are
not governed exclusively by reaction exergonicity but are
significantly influenced by additional electronic and structural
factors specific to each competing pathway. This interpretation
is further supported by the DIAS analysis (see Section 3.6),
which demonstrates that differences in activation barriers
primarily arise from pathway-dependent interaction energies
rather than from distortion effects alone. Therefore, while
a general BEP-type tendency can be identified, the noticeable
deviations arise from the distinct electronic character and
structural organization of the competing TSs. This ultimately
results in kinetic selectivity that does not directly mirror the
thermodynamic stability of the final products.

The inclusion of diethyl ether slightly reduces the exer-
gonicity of cycloadduct formation (e.g., AG = —25.3 kcal mol "
for CA-mn and —25.2 keal mol " for CA-on) without signifi-
cantly affecting the activation barriers (AG = 25.4-
27.7 keal mol™"), pointing to a modest solvent effect that
preserves the regio- and stereoselectivity trends. Overall, these
results demonstrate that the outcome of the reaction is
predominantly controlled by kinetic factors, with product
distributions determined mainly by the relative heights of the
activation barriers rather than by the thermodynamic stability
of the cycloadducts.

Methyl vinyl ketone exhibits two distinct geometric
conformers, namely s-cis and s-trans. DFT calculations show
that the s-trans conformer is slightly more stable in terms of
electronic energy and enthalpy than the s-cis one (Table S1).
However, when Gibbs free energies are considered, the s-cis
conformer  becomes  marginally favored (AG =
—0.17 keal mol %), indicating a favorable entropic contribution.
As a result, the Maxwell-Boltzmann® populations at 298 K
predict a predominance of the s-cis conformer in solution (P =
57%), while the s-trans conformer accounts for about 43% of the
population. Owing to this small free-energy difference, both
conformers are significantly populated, and their relative reac-
tivities are therefore worth considering. Unless otherwise
stated, the following Sections and Subsections implicitly refer to
the s-trans conformation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Geometries of the TSs of the DA reactions between 1 and 2 in
vacuo.

The TSs geometries are depicted in Fig. 4 together with the
length of new forming C1-C6 and C4-C5 bonds for the ortho
pathway and C1-C5 and C4-C6 for the meta pathway (see
Scheme 2 for the nomenclature). To further elucidate the
asynchronous character of the studied DA reaction, the inter-
atomic distances (7), bond development indices (/), and the
asymmetry parameter (Al) were examined for both the ortho and
meta pathways (Table 3).°® In the ortho approach, TS-on displays
[ values of 0.671 and 0.455 for the for the C4-C5 and C1-Cé6
bonds, respectively, resulting in a pronounced asymmetry (Al =
0.216). Similarly, TS-ox shows slightly lower but still significant
asynchronicity, with [ values of 0.662 (C4-C5) and 0.449 (C1-
C6), and Al = 0.168. In both TSs, the formation of the C4-C5
bond is clearly more advanced than that of the C1-C6 bond,
confirming a strongly asynchronous bond-forming process
along the ortho pathway. In contrast, For TS-mn, the forming
bond distances are 2.11 A (C1-C5) and 2.35 A (C4-C6),

Table 3 M06-2X-D3/6-311 + G(d,p) key parameters of critical struc-
tures for the studied DA reaction, in vacuo

T'ca-cs (A) loacs Tci-ce (A) lcice Al
TS-on 2.06 0.671 2.41 0.455 0.216
CA-on 1.55 1.56
TS-ox 2.06 0.662 2.42 0.449 0.168
CA-ox 1.54 1.56

T'ci-cs (A) lci-cs T'ca—ce (A) lci-ce Al
TS-mn 2.11 0.639 2.35 0.494 0.145
CA-mn 1.55 1.56
TS-mx 2.13 0.626 2.34 0.471 0.155
CA-mx 1.55 1.53

IS P

lee=1~- Cicﬁp Al = ‘lc—c - c—c|

c—¢
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corresponding to [ values of 0.639 and 0.494, with Al = 0.145.
For TS-mx, the respective distances are 2.13 A (C1-C5) and 2.34
A (C4-Ce6), with [ values of 0.626 and 0.471, giving Al = 0.155. In
both TSs, the C1-C5 bond formation is more advanced than
that of the C4-C6 bond, although the smaller Al values indicate
a significantly lower degree of asynchronicity compared to the
ortho pathway. They indicate that the studied DA cycloaddition
take place via a one-step asynchronous mechanism, with the
ortho pathway being more asynchronous than the meta one.

The amount of GEDT at the TSs was estimated as the sum of
the natural atomic charges of the atoms belonging to the 2
moieties. GEDT values above 0.20e are characteristic of polar
reactions, while values below 0.05e indicate non-polar reac-
tions.*”® The computed GEDT values at the TSs range between
0.02 and 0.08e (Fig. 4), indicating a non-polar character of the
studied DA reaction, which is in good agreement with the CDFT
analysis.

3.3. Topological analysis of the ELF at the TSs

The Fig. 5 illustrates the ELF localization domains for the four
competitive TSs, TS-on, TS-0x, TS-mn, and TS-mx, involved in
the studied DA reaction.

The ELFs of all TSs display the presence of a three disynaptic
basins, V(C1, C2), V(C2, C3), and V(C3, C4), associated with the
diene framework, and a single disynaptic basin, ¥(C5, C6), at
the dienophile framework. V(C1, C2), ¥(C3, C4), and V(C5, C6)
exhibit integrated populations of 3.30-3.34e, 3.21-3.25¢, and
2.94-3.14e, corresponding to the C1-C2, C3-C4, and C5-C6
double bonds, respectively, whereas V(C2, C3) has an integrated
population of 2.65-2.67e, consistent with a single C2-C3 bond.
Notably, the ELF of TS-on and TS-ox displays a one mono-
synaptic basin, V(C4), with populations of 0.19 and 0.20e,
respectively. The absence of the disynaptic basins, V(C1, C6)
and V(C4, C5), indicates that the formation of these new C-C
bonds has not yet started at these TSs.

3.4. QTAIM analysis of the TSs

The QTAIM analysis provides insight into the nature of the
interactions at the TSs through the electron density p(r) and its
Laplacian V?p(r) at the bond critical points (BCPs) (Fig. 6 and
Table 4). For TS-on, TS-0x, TS-mn, and TS-mx, the p(r) values at
all forming C-C BCPs remain below 0.1 a.u., and the corre-
sponding V?p(r) values are positive, which are characteristic
features of closed-shell interactions rather than fully developed
covalent bonds. These results indicate that the new C-C bonds
are not yet formed and that bond formation is still at an early
stage at these TS structures, in agreement with the analysis of
their geometric structures and ELF distributions.

3.5. NCI analysis of the TSs

The NCI analysis of the TSs reveals distinct patterns of weak
interactions (Fig. 7). TS-on is characterized by predominantly
green surfaces, indicating weak van der Waals interactions, with
small blue patches corresponding to minor attractive contacts
(e.g., C-H---O) and scattered red regions reflecting localized
steric repulsion, suggesting moderate stabilization but less
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Fig. 5 ELF localization domains and the positions of TS attractor
basins (n = 0.80). Monosynaptic basins are shown in red, protonated
basins in blue, disynaptic basins in green, and attractor positions in
purple, in vacuo.

favorable than TS-mn and TS-mx. TS-ox shows a similar pattern
with slightly enhanced green regions, indicating additional van
der Waals stabilization. In contrast, TS-mn and TS-mx display
more extensive blue regions, indicating stronger attractive
interactions (e.g.,, C-H:--O and =---7 contacts), along with
reduced red regions and moderate green areas, highlighting

® ¢
@D, o 590%
d ¥,
TS-mn TS-mx

Fig. 6 AIM representation of TSs. The violet ellipses highlight the bond
critical points of new forming bonds, in vacuo.
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Table 4 MO06-2X-D3/6-311 + G(d,p) QTAIM parameters (in a.u.) of the bond critical points presented in the four competitive TSs associated with

the studied DA reaction, in vacuo

BCPs

C1-C6 C4-C5 C1-C5 C4-C6
TSs p V2p(r) P V2p(r) p V2p(r) P V2p(r)
TS-on 0.0665 0.0371 0.0435 0.0499 — — — —
TS-0x 0.0725 0.0321 0.0389 0.0483 — — — —
TS-mn e — — — 0.0647 0.0385 0.0445 0.0486
TS-mx — — — — 0.0723 0.0321 0.0392 0.0500

lower steric hindrance and overall greater stabilization, with TS-
mx being the most stabilized.

3.6. Distorsion/interaction-activation strain (DIAS) analysis

Considerable progress over the past two decades has provided
a clear mechanistic understanding of asynchronicity in DA
reactions. Within the activation strain model, this feature arises
from the interplay between strain and interaction energies, with
reduced Pauli repulsion identified as the dominant factor.”*”>
To quantitatively assess the energetic factors governing reac-
tivity and selectivity, the reaction profiles were analysed using
the Distortion/Interaction-Activation Strain (DIAS) frame-
work.”7* This approach decomposes the total electronic energy
(AE = AEpjs + AEy,) into distortion (AEp;s) and interaction
(AEy,) components, thereby providing direct insight into the
physical origin of the activation barriers. The calculations were
performed with the autoDIAS program.”

In this context, DIAS analyses were carried out for the ortho
(Fig. 8) and meta (Fig. 9) approaches, considering both endo and
exo pathways. For the ortho pathway (Fig. 8), comparison of the
AE, and AEp;s curves along the forming C1---C4 bond reveals
that the TS-on pathway exhibits a significantly more stabilizing
interaction energy (AEp,) than TS-ox, while the distortion

“

TS-mn

TS-mx

Fig. 7 NCI isosurfaces (0.4 isovalue) associated with the density
overlap from —0.02 < sign(4,) p(r) < 0.02 a.u. at the TSs involved in the
studied DA reaction, in vacuo.

© 2026 The Author(s). Published by the Royal Society of Chemistry

energy (AEp;s) profiles remain very similar for both TSs. When
both contributions are considered, the activation energy is
lower for TS-on than for TS-ox, and the corresponding TS occurs
earlier along the reaction coordinate, in agreement with Ham-
mond's postulate.

For the meta pathway (Fig. 9), along the C1---C5 forming
bond, AEy, is even more stabilizing for the TS-mn pathway
compared to TS-mx. The AEp;; curves remain very close
throughout the reaction coordinate, particularly beyond a C1:--
C5 distance of 2.2 A, where only a slight elevation is observed for
TS-mx. Consequently, the activation barrier is lower for TS-mn
than for TS-mx, and its TS is also reached earlier, again
consistent with Hammond's postulate.

Notably, all four competitive pathways display comparable
distortion energies (AEp;s), which mainly originate from defor-
mation of the 2-methoxy-3-thiophenylbutadiene 1 fragment.
Therefore, regioselectivity and endo/exo selectivity are primarily
governed by differences in interaction energies rather than by
distortion effects. The endo selectivity arises from a slightly
more stabilizing interaction energy, despite a marginal distor-
tion penalty relative to the exo pathway.

30.00

—Total energy E
25.00 Interaction energy AEps
Distortion energy /
Distortion for 1 //
20.00 Distortion for 2 /,
//
15.00 / y
< S S aE
g 10.00 S
E 5
5.00 P
u «//_’//
< 0.00 —
-5.00 .//
-10.00
-15.00 \
AEIr||
-20.00
3.20 3.00 2.80 2.60 2.40 220 2.00

rC4..C5 (A)

Fig. 8 Comparative DIAS diagrams for the endo (solid lines) and exo
(dashed lines) approaches of the ortho pathway of the DA reaction
between 2-methoxy-3-thiophenylbutadiene 1 and methyl vinyl
ketone 2 along the reaction coordinate projected onto the forming
C4---C5 bond distance as determined with the M06-2X-D3/6-311 +
G(d,p) level. The TSs are indicated by a dot.
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Fig. 9 Comparative DIAS diagrams for the endo (solid lines) and exo
(dashed lines) approaches of the meta pathway of the DA reaction
between 2-methoxy-3-thiophenylbutadiene 1 and methyl vinyl
ketone 2 along the reaction coordinate projected onto the forming
C1---C5 bond distance as determined with the M06-2X-D3/6-311 +
G(d,p) level. The TSs are indicated by a dot.

For the meta-approach, the higher AEp;; value observed for
the endo pathway originates from the closer spatial proximity
between the carbon atom of the come group in 2 and the SPh
group in 1, with d(C---SPh) distances of 3.81 A (endo) and 5.01 A
(exo). Similarly, for the ortho approach, the slightly higher AEp;
value for the endo pathway is attributed to closer steric contact
between these groups, with d(C---SPh) distances of 4.72 A (endo)
and 6.55 A (exo).

Overall, the DIAS results demonstrate that deviations from
a simple BEP relationship (Section 3.2) originate from pathway-
dependent interaction energies rather than from distortion
effects alone. The SPh substituent plays a key directing elec-
tronic role by enhancing stabilizing interactions at the TS level,
thereby governing regioselectivity, kinetic preference, and the
degree of asynchronicity within a consistent energetic-
topological framework. These findings indicate that the regio-
selectivity of the reaction is primarily dictated by the directing
electronic effect of the SPh group, which enhances stabilizing
interaction energies at the TS level.

3.7. BET analysis for the 1 + 2 DA reaction along the ortho-
and meta- path

3.7.1. BET analysis along the TS-on of the studied DA
reaction. The Fig. 10 presents the changes in electron pop-
ulations of the key basins involved in the formation of CA-on,
while the corresponding ELF isosurfaces are shown in Fig. 11.

The joint examination of these figures reveals that the reac-
tion coordinate can be partitioned into seven successive struc-
tural stability domains (SSDs), each reflecting a specific
topological reorganization associated with the stepwise creation
of the two ¢ bonds C4-C5 and C1-C6 (atom numbering given in
Scheme 2). In SSD-I, the ELF topology corresponds to that of the
isolated reactants. For 1, three disynaptic basins, V(C1, C2),
V(C2, C3), and V(C3, C4) are observed, with electron populations
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the IRC for the TS-on path of the 1 + 2 DA reaction in vacuo. The
relative potential energy along the IRC corresponds to the black
dotted curve.

of 3.62, 2.28, and 3.48e, respectively. 2 exhibits a single di-
synaptic basin related to the C5=C6 double bond, V(C5, C6),
integrating 3.35e. As SSD-I progresses, slight reductions in
electron density occur in the ¥(C1, C2), V(C3, C4), and V(C5, C6)
basins, with losses of 0.29, 0.22, and 0.20e, respectively, indi-
cating a gradual attenuation of 7 bonding in favor of ¢ char-
acter. Simultaneously, the V(C2, C3) basin becomes more
populated, reaching 2.59e, which signals the incipient devel-
opment of double-bond character in the C2-C3 linkage.

The passage from SSD-I to SSD-II and SSD-III is marked by
the appearance of two monosynaptic basins, V(C5) and V(C4),
localized on the C5 and C4 atoms and containing 0.20 and
0.37e, respectively. These basins correspond to pseudoradical
centers generated mainly through electron density withdrawal
from the V(C3, C4) and V(C5, C6) bonding regions, which
experience comparable depopulation. In the subsequent SSD-IV
domain, a further pseudoradical center emerges on atom C6 of
2, characterized by a population of 0.16e. This feature results

vioy V(C2,C3)
9(0{ 1
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b 3082, 28 g
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Fig.11 ELF (y = 0.72) snapshots of selected basins related to the bond

forming process along the IRC for the TS-on path of the 1 + 2 DA
reaction, in vacuo.
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from the continued depletion of the C5-C6 bonding basin,
amounting to an overall loss of approximately 0.72e. At the
beginning of SSD-V, the pseudoradical centers located on C4 and
C5 combine to form a new disynaptic basin, V(C4, C5). This
constitutes the first significant topological event, identified as
a cusp-type catastrophe, and corresponds to the formation of
the C4-C5 ¢ bond. At this point, the newly created basin holds
1.03e, while the electron populations of the V(C1, C2), V(C3, C4),
and V(C5, C6) basins continue to decrease. Further electronic
rearrangements take place in the SSD-VI region, where an
additional monosynaptic basin, V(C1), appears. This basin
identifies C1 as a new pseudoradical center and represents
a necessary precursor for the establishment of the second &
bond. Ultimately, at the onset of SSD-VII, the monosynaptic
basins V(C1) and V(C6) merge, giving rise to the disynaptic basin
V(C1, C6), which signals the formation of the C1-C6 bond.
During SSD-VII, the population of this basin increases steadily
from 1.13 to 1.76e, confirming the progressive stabilization of
the newly formed ¢ interaction.

3.7.2. BET analysis along the TS-mn of the studied DA
reaction. The Fig. 12 illustrates the variation of electron pop-
ulations within the principal basins involved in the formation
of CA-mn, whereas the corresponding ELF isosurfaces are
shown in Fig. 13.

The combined analysis of these figures indicates that the
reaction path can be segmented into five successive SSDs, which
account for the stepwise topological changes associated with
the formation of the two new ¢ bonds, C4-C6 and C1-C5 (atom
labelling according to Scheme 2). SSD-I corresponds to the
initial electronic structures of the separated reactants. The
passage to SSD-II is marked by the emergence of three mono-
synaptic basins localized on C1, C5, and C6 atoms, with initial
electron populations of 0.39, 0.23, and 0.16e, respectively. These
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Fig. 12 Electron populations (e) evolution for selected basins along
the IRC for the TS-mn path of the 1 + 2 DA reaction in vacuo. The

relative potential energy along the IRC corresponds to the black
dotted curve.
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populations arise from the depletion of the V(C1, C2) and V(C5,
C6) disynaptic basins, which lose 0.54 and 0.20e, respectively.

In SSD-III, the pseudoradical centers on atoms C1 and C5
merge, leading to the appearance of the V(C1, C5) disynaptic
basin. This event represents the first major topological trans-
formation, classified as a cusp catastrophe, and corresponds to
the formation of the first C1-C5 ¢ bond. At the onset of SSD-III,
this basin holds an electron population of 0.99e, while the
electron densities of the V(C1, C2), V(C3, C4), and V(C5, C6)
basins continue to decrease. At the beginning of SSD-1V, further
depletion of the V(C3, C4) basin induces the formation of an
additional pseudoradical center on atom C4, with a population
of 0.27e.

The final topological rearrangement occurs in SSD-V, char-
acterized by the emergence of the V(C4, C6) disynaptic basin
with an electron population of 1.01e, signalling the formation of
the second ¢ bond. This population is nearly equal to the
combined electron densities of the former monosynaptic basins
V(C4) and V(C6) at the conclusion of SSD-IV. Additionally,
throughout the progression from SSD-II to SSD-V, a continuous
increase in the population of the V(C2, C3) basin is observed,
reaching a total of 3.44e, which is consistent with the conver-
sion of a single into a double bond.

4. Conclusion

In summary, the DA reaction cycloaddition between 2-methoxy-
3-thiophenylbutadiene 1 with methyl vinyl ketone 2 has been
investigated at the DFT level, using a broad range of descriptors
and analysis schemes, leading to consistent and comprehensive
results. Adopting the tools of CDFT, 1 is classified as a moderate
nucleophile and weak electrophile, while 2 behaves as
a moderate electrophile and a weak nucleophile. Moreover, the
studied DA reaction has a non-polar character, as substantiated
by the low value of the difference of electrophilicity indices
between the two reactants (Aw = 0.4 eV) as well as by a small
GEDT at the TS (0.02 < GEDT < 0.08e). The calculation of Parr
functions reveals that the ortho regioisomeric pathway is more
favorable than the meta one. Energy calculations in both the gas
phase and diethyl ether indicate that the reaction proceeds
under kinetic control, affording exclusive ortho regioselectivity
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and pronounced endo stereoselectivity. The solvent increases
the activation barriers and attenuates the overall thermody-
namic driving force by stabilizing the reactants more effectively
than the TSs and products.

To rationalize these trends, the DIAS analysis was per-
formed. The energetic decomposition reveals that the observed
selectivity is governed primarily by differences in interaction
energies among competing pathways, whereas distortion ener-
gies remain essentially comparable. The favored TS-on channel
is characterized by more stabilizing TS interactions, which
account for their lower activation barriers. Conversely, strain
contributions do not provide significant discrimination
between the pathways.

This interaction-controlled mechanism explains the depar-
ture from a simple Bell-Evans-Polanyi relationship, as the
activation energies are modulated by pathway-dependent
interaction terms rather than by structural deformation
effects. In this framework, the SPh substituent plays a decisive
electronic role by reshaping the interaction-energy profile at the
TS level, thereby determining regioselectivity, stereoselectivity,
and kinetic preference. The agreement between the ELF,
QTAIM, and DIAS analyses establishes a coherent mechanistic
framework, demonstrating that the reaction proceeds through
a one-step asynchronous pathway.
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