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ABSTRACT
This study aims to investigate the phenomenon of torquoselectivity through three thermal cyclobutene ring-opening reactions (N1–N3).
This research focuses on the nature of the chemical bond, electronic reorganization, predicting non-competitive or competitive reac-
tions, and torquoselectivity preference within Quantum Theory of Atoms in Molecules (QTAIM) and stress tensor frameworks. Various
theoretical analyses for these reactions, such as metallicity ξ(rb), ellipticity ε, total local energy density H(rb), stress tensor polarizabil-
ity Pσ , stress tensor eigenvalue λ3σ , and bond-path length, display differently for non-competitive and competitive reactions as well as
for the conrotatory preferences either it is the transition state outward conrotatory (TSout) or transition state inward conrotatory (TSin)
directions by presenting degeneracy or non-degeneracy in their results. The ellipticity profile provides the motion of the bond criti-
cal point locations due to the different substituents of cyclobutene. In agreement with experimental results, examinations demonstrated
that N1 is a competitive reaction and N2–N3 are non-competitive reactions with TSout and TSin preference directions, respectively. The
concordant results of QTAIM and stress tensor scalar and vectors with experimental results provide a better understanding of reaction
mechanisms.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0068694

I. INTRODUCTION

Electrocyclic reactions are fundamental categories that play a
privileged role in improving experimental and theoretical organic
chemistry.1,2 Numerous scientists determined the selectivity of dis-
rotatory and conrotatory ring-closing or ring-opening reactions,
called torquoselectivity.3–5 Torquoselectivity is a particular type of
stereoselectivity for the electrocyclic reactions, based on the ener-
getic difference between the transition state (TS) and the preference
of substituents to rotate either inward or outward.6,7 The torquos-
electivity of the thermal electrocyclic ring-opening of cyclobutenes
on a wide range of substituents has been widely studied all along

these decades.7,8 For instance, Nakamura and collaborators have
presented theoretical predictions,9–11 accompanied by firm experi-
mental verification,12,13 on the torquoselectivity of the thermal elec-
trocyclic ring-opening of substituted cyclobutenes. Contemplates
have set up how substituents’ position of cyclobutenes affects the
activation energies and stereoselectivity of electrocyclic ring open-
ings.9 The Woodward–Hoffmann (WH) rule is based on how the
number of electrons implicated in the bond changes, determining
whether the ring closure and opening should be conrotatory or dis-
rotatory.14 However, the WH rule cannot clarify the experimental
data in electrocyclic reactions or reaction yields for those that do
not exhibit a high degree of symmetry.15–17 Even though Houk’s
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TABLE I. ΔTS (TSIC–TSOC) activation energies (kcal/mol) gained from the b3lyp/6-31G(d,p) theory level, including the disparity of the relative energy ∆E for the ring-opening
reactions (N1–N3)35–37 [refer to Fig. 1(c)]. For clarity, the lower energy is displayed in bold font.

Relative energy (Kcal/mol) Stereochemistry

Reaction Name (–X) △Ein △Eout △△(Ein–out) of the product

N1 Cyclobutene (H) 44.000 44.000 0.000 ⋅ ⋅ ⋅
N2 Chlorocyclobutane (Cl) 52.706 38.082 +14.62 E
N3 Cyclobutane carbaldehyde (CHO) 41.501 45.458 −3.957 Z

theory on torquoselectivity offers reasonable predictions for the
rotational selectivity of substituted cyclobutene electrocyclic ring-
openings, few precise experimental verifications have been reported.
An example of such reactions is electrocyclic ring-opening reactions
that are affected by steric, electrostatic, and directional effects in the
form of torquoselectivity.18 This is mainly because the ring openings
of cyclobutenes are usually carried out in complicated multifunc-
tional systems, which may interfere with substituent effects during
ring openings. Experimental studies reveal that as a general ten-
dency, electron donors and weak electron acceptors rotate outward
to form E-diene, and when the substituent is an electron acceptor,
inward rotation can be favorable to form Z-diene.19 This selectiv-
ity has been explained in terms of electronic effects arising from the
interaction between molecular orbitals of substituents and the break-
ing C–C bond during the electrocyclic process.7,20 Most substituents
prefer outward rotations due to either of these two electronic
effects.

In this regard, while the orbital model is extensively utilized for
conceptual purposes to anticipate torquoselectivity, it also obscures
interpretation. These constraints encourage the user to explore out
approaches that do not include orbital data. The total electronic
charge density ρ(r) and its derivatives are all real-valued functions
without phase information. Density functional theory (DFT) has
recently been utilized to reinterpret the Woodward–Hoffmann rules
for four types of pericyclic reactions, such as cycloadditions, electro-
cyclizations, sigmatropic, and cheletropic reactions.21–23 Eventually,
besides the alternative clarification that molecular orbital (MO) the-
ory, electron localization function (ELF),24,25 interacting quantum
atom (IQA)26 energy partition method offer to torquoselectivity,
it can be possible to quantify stress tensor and quantum theory of
atoms in molecules (QTAIM)27–29 to which extent the torquoselec-
tivity is transition state inward (TSin) or transition state outward
(TSout) preference. One ultimate successful theory that has been
generally utilized for considering chemical bonding is QTAIM.30,31

The QTAIM utilizes electron density to study well-defined local-
ized parts of a system instead of dealing with the whole molecule.
The electron density can be obtained from ab initio calculations and
directly from x-ray diffraction experiments, and the conceptual util-
ity of density functional theory methods does not decrease as the
level of accuracy increases. Moreover, QTAIM permits classifying
interactions within a molecule with the set of bond-paths (BPs) and
its critical points (CPs) known as the molecular graph. As noticed,
QTAIM has made a difference within understanding of several reac-
tions; among them are the electrocyclic reactions.32 For example, the
topology of Laplacian of the electron density [∇2ρ(r)] and ellipticity

at the bond critical points33,34 was utilized to recognize between per-
icyclic and pseudo-pericyclic. Even though just QTAIM and stress
tensor frameworks allowed quantifying and identifying the reac-
tion coordinate through directional parameters, albeit the later was
bounded to use with reactions with fundamentally similar nuclear
skeletons.

Previously some current authors investigated different ring-
opening reactions to gain a better understanding of torquoselectiv-
ity preferences.27–29 In the present study, we will investigate within
QTAIM and stress tensor frameworks to explore how different sub-
stituents can influence the ellipticity ε, metallicity ξ(rb), total energy
density H(rb), stress tensor polarizability Pσ , and stress tensor λ3σ .
As experiments have provided strong support for theoretical pre-
dictions, therefore, in this investigation, three ring-opening reac-
tions with H, Cl, and CHO substituents named N1–N3, respec-
tively, have been chosen, which have diverse nuclear skeletons, acti-
vation energies, and products that are conventionally evaluated to
be non-competitive or competitive corresponding to ∆TS < 1.0
kcal/mol (refer to Table I). The molecular diversity of the reaction
set studied is shown in Table I, which ranges from reactions with
only E or Z preference stereochemistry. However, it can be demon-
strated that N1 is a competitive reaction, while N2 and N3 are non-
competitive reactions based on the relative energy value from the
experimental data.

II. THEORY AND METHODS
Quantum Theory of Atoms in Molecules (QTAIM)38 is known

as a comprehensive topology interpretation tool of quantum
mechanics and provides a method to explore the distribution of elec-
trons ρ(r), returning a comprehensive quantitative analysis of the
atom’s bonding environments in a molecule. In the scalar field ρ(r),
it is possible to define a piecewise continuous gradient path by eval-
uating ∇ρ(r) at some points and consequently tracking this vector
for a very short distance and re-evaluating ∇ρ(r). An atom is an
area of real space bounded by surfaces in which there is zero flux
in the total electronic charge density distribution’s gradient vector
field. The interaction surface is defined by the set of trajectories end-
ing at the point where ρ(r) = 0, which implies that the zero-flux
boundary conditions are satisfied by an interatomic surface: ∇ρ(r)
⋅n(r) = 0, where n(r) is the unit vector common to the surface at
r since the surface is not passed over by any of the trajectories of
ρ(r). The charge density ρ(r) is a physical quantity with a particular
value at each point in space, and the forces exerted on it by the nuclei
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dominate a topological structure. The QTAIM and the stress tensor
analysis techniques are employed considering the higher derivatives
of ρ(rb) and the first-order density matrix, respectively, to diagnos-
ticate the critical points in the total electronic charge density distri-
bution ρ(r) by taking into account the gradient vector field ∇ρ(r).
These critical points can be divided into four topologically stable
critical points according to the ordered eigenvalues λ3 < λ2 < λ1, with
corresponding eigenvectors e3, e2, and e1 of the Hessian matrix. The
four different classes of QTAIM critical points are categorized by
applying the notation (R, ω) in which R refers to the rank of the
Hessian matrix, and it is noteworthy that the number of distinct
non-zero eigenvalues and ω stands for the signature (the algebraic
sum of the signs of the eigenvalues). The classes are labeled as (3,
−3), (3, −1), (3, 1), and (3, 3) corresponding to the nuclear criti-
cal points (NCPs), bond critical points (BCPs), ring critical points
(RCPs), and cage critical points (CCPs), respectively. In the limit
that the forces on the nuclei are zero, an atomic interaction line39

passes through a BCP and terminates two nuclear attractors along
which the charge density ρ(r) is locally maximal to nearby lines,
becoming a bond-path.40 The complete set of critical points with
the bond paths of a molecule or cluster is specified as the molecular
graph.

The total local energy density, H(rb) = G(rb) + V(rb), could
determine the presence of a degree of covalent character,41 where
G(rb) and V(rb) are the local kinetic and potential energy densities,
respectively, at a BCP. Precisely for a closed-shell interaction∇2ρ(rb)
≥ 0 a degree of covalent character shows a value of H(rb) < 0, while a
degree of lack of covalent character represents H(rb) > 0.

The length of the path drawn out by the e3 eigenvector of
the Hessian of the total charge density ρ(r) is described as the
bond-path length (BPL), flowing through the BCP where ρ(r)
is locally maximum in relation to any surrounding paths. The
dimensionless ratio (BPL-GBL)/GBL is used to calculate the bond-
path curvature between two bonded nuclei, where BPL is the
bond-path length and GBL stands for the inter-nuclear separa-
tion. In strained bonding environments, the BPL often surpasses
the GBL.42

The direction of the bond path at the BCP is indicated by
the eigenvector e3, and the most and least preferred directions
of electron accumulation in the plane perpendicular to the bond
path correspond to e2 and e1, respectively.43–45 The ellipticity ε
quantifies the relative accumulation of the electronic charge den-
sity ρ(rb) in the two directions perpendicular to the bond path at
a Bond Critical Point (BCP) with position rb. The ellipticity ε is
defined as ε = ∣λ1∣/∣λ2∣ − 1, and for values of the ellipticity ε > 0,
the shortest and longest axes of the elliptical distribution of ρ(rb)
are, respectively, related to λ1 and λ2 eigenvalues of the Hessian of
ρ(r). The most (facile) preferred direction of electron charge density
accumulation determines the direction of bond displacement.46–48

Later, Bone and Bader proposed that when a structure is
slightly perturbed, the direction of the displacement of the elec-
trons coincides with that of the atoms;43 this was subsequently
confirmed.

Metallicity, ξ(rb) = ρ(rb)/∇2ρ(rb) ≥ 1, is one of the correlated
quantities to the ellipticity ε for closed-shell interactions ∇2ρ(rb)
> 0, where ∇2ρ(rb) and ρ(rb) are the Laplacian and the values of
total electronic charge density at the BCP, respectively. ξ(rb)49 is
an important indicator for the ring-opening reactions’ bond path,

while the relative values of ρ(rb) and ∇2ρ(rb) seem to alter at a BCP
as the bond path stretched as long as eventually ruptured. There-
fore, ξ(rb) will relate to the reaction electronic flux [REF, J(ξ)], which
corresponds to a chemical process along with the intrinsic reaction
coordinate (IRC)(ξ) and is defined to be J(ξ) = −dμ/dξ, where μ is
the chemical potential. The use of the Greek letter “ξ” for the metal-
licity ξ(rb) and REF J(ξ) definitions is purely coincidental. Although
previously metallicity has been used to consider suspected metallic-
ity ranges of metalloids, metals, and non-metals,50 other researchers
represent that ξ(rb) is conversely associated with “nearsightedness”
the first-order density matrix and is appropriate for closed-shell
systems.51

The stress tensor eigenvalue λ3σ is calculated within the QTAIM
partitioning and is used as a metric of bond-path instability for val-
ues of λ3σ < 0. The virial theorem explicitly links the quantum stress
tensor σ(r) to the Ehrenfest force, providing a physical explanation
for the low-frequency normal modes that precede structural rear-
rangements.52 This investigation examines the stress tensor charac-
teristics within QTAIM using Bader’s suggested concept of the stress
tensor.53 The quantum stress tensor σ(r) is used to characterize the
mechanics of the forces acting on the electron density distribution
in open systems.54,55 The stress tensor stiffness Sσ = ∣λ1σ ∣/∣λ3σ ∣ is the
other proper descriptor of the resistance of the bond path to the
applied distortion. It follows a similar trend with ellipticity ε, where
double and single bonds are indicated by ε > 0.25 and lower values,
respectively; as is expected, the single bond is less resistant to tor-
sion than a double bond. Pσ displays the stress tensor polarizability,
Pσ = ∣λ3σ∣/∣λ1σ∣, which could define the reciprocal of the stress tensor
stiffness Sσ .56

III. COMPUTATIONAL DETAILS
The selected reactions were explored using the forward (f )

and reverse (r) intrinsic reaction coordinate (IRC) path shown
with positive and negative values in plots, respectively. The tran-
sition state was calculated for each reaction. The transition states
were revised to present one negative eigenvalue of the energy
second derivative matrix and the associated characteristic neg-
ative frequency. In the computational protocol, several sets of
atomic positions corresponding to the calculated points on the
IRC were generated. At the end of each calculated IRC path, the
last generated structures were then further geometry optimized to
local minimum energy structures. All IRC calculations were devel-
oped with mass-weighted coordinates, and the reaction path step-
size used in all cases was the default value of 0.1 amu1/2 bohr.
Finally, single-point calculations were generated at each point of
the IRC paths (including the end minima), considering the neces-
sary density information. All calculation data were carried out using
DFT B3LYP/6-311+G(d,p) with the Gaussian 09vD.0157 programs.
TZP-DKH basis sets were utilized in combination with the triple zeta
quality plus polarization functions to compute atomic charges and
valence orbital population levels using the Gaussian 09vD.01 soft-
ware. The Grimme term was evaluated for dispersion effects in dif-
ferent structures along the IRC path. However, the results obtained
are very similar with both analyses (with or without the Grimme
term). All calculations’ stability was confirmed using the wave func-
tions to perturbations, including spin restricted–unrestricted per-
turbations, and was found to be stable. Finally, the QTAIM and
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stress analysis were performed with the AIMAll58 suite on the wave
function.

IV. RESULTS AND DISCUSSION
The degeneracy or non-degeneracy of features of the chemi-

cal topology instead of university arbitrary activation energy selec-
tions were used to determine torquoselectivity preferences and
whether a reaction is competitive or non-competitive investigated
for three various molecular graphs, see Figs. 1(a) and 1(b). We
have analyzed the relative energy TSin/TSout plots for each reac-
tion to consider competitive or non-competitive reactions [refer to
Fig. 1(c)]. In addition, from the degeneracy and non-degeneracy
of the results shown in the variation of the metallicity ξ(rb)
along with the IRC plots, we have investigated that ξ(rb) > 1
for both TSin/TSout reactions related to the C2–C3/C2–C3 ring-
opening BCPs for N1 is degenerate and for N2 and N3 is non-
degenerate [refer to Fig 2(a)]. It is discovered that the relevant

variations of the metallicity ξ(rb) with the IRC for N2 and N3 show
differences, implying that N2 and N3 are non-competitive reac-
tions on the chemical basis of metallicity, which is a crucial ele-
ment in recognizing the ring-opening BCP’s electronic reorganiza-
tion along the pathways of reaction. To confirm the transition state
theory, the results exhibit that the maximum metallicity ξ(rb) of the
ring-opening C2–C3/C2–C3 BCPs for N1–N3 did not coincide at
the transition state, which is also in agreement with our previous
investigations.27–29

As it was mentioned earlier in the Introduction, based on previ-
ous experimental and theoretical results, N2 torquoselectivity pref-
erence was expected to be TSout, and N3 torquoselectivity prefer-
ence would be TSin. The relative energy and metallicity variations
ξ(rb) with the IRC plots exhibit this difference for each reaction [see
Figs. 1(c) and 2(a), respectively]. These plots demonstrate a more
significant difference between TSin and TSout for N2 in compar-
ison with N3. The results in metallicity ξ(rb) with the IRC plots
can allow us to gain a better understanding of how C2–C3/C2–C3

FIG. 1. Molecular graph snapshots (including a set of critical points and the bond paths) for inward conrotatory (TSin) reverse minima, transition state, and forward minima
are presented in the left, middle, and right panels, respectively, in (a). Corresponding molecular graphs for outward conrotatory (TSout) are presented in (b). The small-
undecorated green and red spheres are performed to demonstrate the bond critical points (BCPs) and ring critical points (RCPs), respectively. The dashed bond paths
correspond to BCPs where the total local energy H(rb) is greater than zero. See Table I in order to have more information about each reaction. Panel (c) illustrates the
variation of the relative energy ∆E along with IRC for N1–N3 reactions.
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FIG. 2. Panel (a) illustrates the variation of metallicity ξ(rb) along with the IRC for C2–C3/C2–C3 BCPs of ring-opening for N1–N3 reactions, respectively. The conversion
from the ring-opening C2–C3 shared-shell BCPs to a closed-shell C2–C3 BCPs has represented a shift in the sign of the Laplacian∇2ρ(rb) < 0 to∇2ρ(rb) > 0. The variation
of the stress tensor polarizability Pσ with the IRC of the N1–N3 reactions for the corresponding ring-opening BCPs is presented in (b). See the caption of Fig. 1 for further
details.

ring-opening BCPs behave in different situations of TSout or TSin.
According to the results from other research, the substituent of N2
is a strong electron donor and TSout, while the torquoselectivity pref-
erence of N3 is a slightly TSin.16 Metallicity ξ(rb) plots could properly
trace changes along with IRC steps and display enormous differences
for N2 compared to N3.

To explore in-depth, more QTAIM measures should be consid-
ered, for instance, ellipticity ε and total local energy density H(rb),
which also show apparent differentiation between N1 as degenerate
and N2 and N3 as non-degenerate (see S1–S2 of the supplementary
material, respectively). The results indicate that N1 is a competi-
tive ring-opening reaction, whereas N2 and N3 are non-competitive
reactions. Following metallicity ξ(rb), the apparent difference can
be seen for ellipticity ε and total local energy density H(rb) to
demonstrate N2 torquoselectivity as TSout and N3 torquoselectivity
as TSin.

Moreover, the stress tensor polarizability Pσ results demon-
strate an explicit differentiation between N1 as degenerate and N2
and N3 as non-degenerate [see Fig. 2(b)]. These results provide an
additional indicator to evidence that N1 is a competitive reaction,

while N2 and N3 are non-competitive reactions with TSout and TSin
torquoselectivity preferences, respectively. Furthermore, it can be
seen that the transition state in the stress tensor polarizability Pσ
plots, as was the case for the metallicity ξ(rb), does not concurrence
with the saddle point. In addition, the examination of the variation
of the stress tensor λ3σ along IRC shows similar trends for N1 as
well as for N2 and N3 (see S3 of the supplementary material). These
results for the stress tensor polarizability Pσ and λ3σ indicate a classi-
fication of the N1 reaction as competitive reactions and, in contrast,
N2 and N3 reactions with TSout and TSin torquoselectivity, respec-
tively, as non-competitive reactions, which are in agreement with the
QTAIM results.

Subsequently, the investigation of the bond-path length (BPL)
variation along with IRC for TSin/TSout reactions of C2–C3/C2–C3
ring-opening BCPs demonstrates that N1 is degenerate, and con-
versely, the relevant variations of the BPL for N2 and N3 demon-
strate significant differences (refer to S4 of the supplementary
material). The results obtained from the QTAIM and stress tensor
BCPs’ properties are in accordance and indicate N1 as competitive
reactions and N2 and N3 as non-competitive reactions. This section
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shows how QTAIM and stress tensor frameworks can identify com-
petitive and non-competitive reactions in agreement with experi-
mental data. Examine that QTAIM and stress tensor frameworks
are helpful indicators for predicting competitive or non-competitive
reactions and tracing ring-opening BCP changes along with IRC
steps to obtain a better understanding of torquoselectivity prefer-
ences for different substituents of cyclobutenes rather than using
conventional methods.

Further research comparing the bond-path ellipticity ε profile
(in a.u.) for TSin/TSout of the N1–N3 reactions is presented for the
C1–C4 BCPs in Fig. 3. According to the molecular graphs shown
in Fig. 1, N1 does not have any substituent groups, while N2–N3

have different substituent groups added to the various bonds of
cyclobutene; this is why we have chosen N1 as the constant reac-
tions and compare other reactions with it in Fig. 3. As previously
mentioned above, the N2 reaction is TSout preferred, while the N3
reaction is TSin preferred. It is clear that C2–C3 BCPs are the ring-
opening bond, and we have decided to compare the in-front bond
path, C1–C4 BCPs, ellipticity profile for each reaction to under-
stand torquoselectivity better. The following figures show that the
ellipticity value of the C1–C4 is decreasing from reverse to forward
directions, and in contrast, for the C1–C2 BCPs and C3–C4 BCPs,
the ellipticity value is increasing from reverse to forward directions
(see Fig. 3 and S5–S6 of the supplementary material).

FIG. 3. Comparison of the variations of the bond-path ellipticity ε profile (in a.u.) for TSin/TSout of the N1–N3 reactions is presented in (a)–(d) for the C1–C4 BCPs. See
Table II and S5–S7 of the supplementary material for further information on other BCPs.
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TABLE II. The values of the partial bond-path lengths (BPLs) (in a.u.) for TSin/TSout of the reverse and forward directions and transition state of the N1–N3 reactions are
presented for the C1–C4 BCPs. For clarity, the higher value of BCP shift are displayed in bold font. See Fig. 3 and S5–S7 of the supplementary material for further details.

C1–C4

Reverse Transition state Forward

TSIC C1-BCP-C4 C1–C4 BCP shift C1-BCP-C4 C1–C4 BCP shift C1-BCP-C4 C1–C4 BCP shift
Forward
Δεa

N1 1.268 15, 1.268 15 2.532 87 ⋅ ⋅ ⋅ 1.300 44, 1.300 44 2.598 25 ⋅ ⋅ ⋅ 1.388 83, 1.388 87 2.777 65 ⋅ ⋅ ⋅ 0.000 00
N2 1.265 10, 1.272 10 2.533 97 0.003 05 1.296 30, 1.311 22 2.605 02 0.004 15 1.401 87, 1.362 70 2.764 19 0.026 17 0.015 57
N3 1.267 18, 1.267 83 2.531 75 0.000 97 1.293 15, 1.297 30 2.588 28 0.007 29 1.396 35, 1.371 50 2.767 69 0.017 38 0.001 45

TSOC C1-BCP-C4 C1–C4 BCP shift C1-BCP-C4 C1–C4 BCP shift C1-BCP-C4 C1–C4 BCP shift Δεa

N1 1.268 15, 1.268 15 2.532 87 ⋅ ⋅ ⋅ 1.300 45, 1.300 45 2.598 27 ⋅ ⋅ ⋅ 1.388 84, 1.388 82 2.777 60 ⋅ ⋅ ⋅ 0.000 00
N2 1.272 15, 1.265 22 2.534 14 0.002 93 1.302 96, 1.308 56 2.609 06 0.002 51 1.374 77, 1.398 98 2.773 67 0.014 06 0.005 34
N3 1.268 15, 1.266 81 2.531 70 0.001 34 1.294 42, 1.296 39 2.588 51 0.000 14 1.365 40, 1.396 75 2.762 06 0.023 44 0.004 34
a(Δε = εN1f − εN2f , εN1f − εN3f ).

As observed in Fig. 3, the variation value for the forward direc-
tion of TSout is less than TSin for N2, and the opposite is true for
N3 (see Table II). In other words, the ellipticity profile values of
the C1–C4 BCPs could help to predict and exhibit the TSin or TSout
preferences. The ellipticity profile data could be another evidence
to confirm the experimental results for N1, which is competitive
reactions by the degeneracy of the plots, and N2 and N3 are non-
competitive based on the non-degeneracy of the plots (see Fig. 3). In
addition, from Table II, we could obtain that for N2 and N3, the BCP
shift values are more for TSin and TSout, respectively. We conclude
that N2 is TSout preferred and N3 is TSin preferred. In other words,
Δε of the forward direction are more for TSin and TSout of the N2
and N3 reactions, respectively, which are displayed in bold font in
Table II for clarity. The evaluation of the QTAIM and stress tensor
framework results, besides variations of the bond-path ellipticity ε
profile, is relevant with the experiment preference and demonstrates
that N2 is TSout and N3 is TSin.

V. CONCLUSIONS
To conclude, this study presents that QTAIM and stress ten-

sor frameworks contain ellipticity ε, metallicity ξ(rb), total local
energy density H(rb), stress tensor polarizability Pσ , bond-path
length (BPL), and stress tensor eigenvalue λ3σ in order to investigate
three sets of thermal ring-opening reactions and predict if a reaction
is competitive or non-competitive. Thus, QTAIM is utilized instead
of the conventional method calculated activation energies with the
kind of arbitrary ∆TS < 1 kcal/mol. It is evident how this new
method could assist in recognizing whether a reaction is competitive
or non-competitive because of the degeneracy and non-degeneracy
of the results. For instance, it is recommended that according to
the results from metallicity ξ(rb) as QTAIM scalar and stress ten-
sor polarizability Pσ , it is possible to predict that N1 is a com-
petitive reaction and, in contrast, N2 and N3 are non-competitive
reactions. The same agreement for other QTAIM and stress ten-
sor scalar measures such as ellipticity ε, total local energy density
H(rb), bond-path length (BPL), and stress tensor eigenvalue λ3σ is
achieved.

This investigation may also indicate that the maximal val-
ues of metallicity ξ(rb) and stress tensor polarizability Pσ do
not occur simultaneously with the transition state, which is
relevant to the transition state theory for non-competitive/
competitive ring-opening reactions, consistent with our earlier
research.27–29

An ellipticity profile is used to quantify the effect of varying
substituents on the non-competitive and competitive torquoselec-
tivity of cyclobutene electrocyclic reactions. It is displayed how the
substituent could affect the BCP location. We compare N1 as the
consistent reaction because it does not have a substituent. The results
confirm with other results that N1 is a competitive reaction and, in
contrast, N2 and N3 are non-competitive reactions. In addition, it
could be concluded that N2 has transition state outward conrotatory
(TSout) preferences, while N3 has transition state inward conrotatory
(TSin) preferences.

Although more investigations need to be done to explore
the validity of the QTAIM and stress tensor results, which could
be proper predictors for both TSin/TSout yields obtained from
the experiment, the appropriate consequences for different ring-
opening reactions are achieved.

SUPPLEMENTARY MATERIAL

See the supplementary material for six figures and one table.
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