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Abstract

Within this study, four thermal ring-opening reactions, Reactions (1-4), were selected in order to investigate the phenomenon
of torquoselectivity as well as predicting non-competitive or competitive reactions in QTAIM and stress tensor frameworks
rather than using conventional methods. The theoretical analysis for these reactions exhibits differently for non-competitive
and competitive reactions as well as for the conrotatory preferences either TSOC or TSIC directions by presenting degeneracy
or non-degeneracy in their results. The concordant results of stress tensor and QTAIM scalar and vectors with experimental
results provide a better understanding of all reactions mechanism. Examination the ?(rb), e, H(rb), Po, 737, BPL, and H
indicate that Reaction 1 is a competitive and Reactions (2-4) are non-competitive reactions with TSOC, TSOC, and TSIC
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1. Introduction

It has been several development studies about torquoselectivity during recent years. This property can
be defined as the preference by the outward or inward of the substitutes in the electrocyclic ring-opening
reactions 6. Traditionally, this property has been aboard into the Woodward-Hoffmann rules using the
orbital symmetry”®. The studies using the Woodward-Hoffmann rules in electrocyclic reactions establish a
relationship between electrocyclic ring-opening reactions with an electronic reorganization thought pericyclic
process. However, in several reactions it pericyclic reorganization cannot explain the experimental data in

electrocyclic reactions or reaction yields. Therefore, new points of view beyond orbital symmetry is necessary
9-16

During recent years our research group has studied the nature of chemical bonds using the background
studied by Silvi and collaborators using the bond progression theory as an extension of Bader s work and
the scalar field related to the electron localization function (ELF)!7 22, These studies have proposed the
electronic reorganization as a pseudo radical process instead pericyclic process suggested by Woodward-
Hoffmann rules 24726, Additionally, we use the analysis of natural bond orbitals (NBO), the quantum theory
of atoms in molecules (QTAM), and the electronic structure principles such as minimum polarizability,
minimum electrophilicity and, maximum hardness presenting new insights into the process of electronic
reorganization agree with experimental data?” 30,

Scheme 1. Ring-opening reaction of Cyclobutenes studied

Table 1. Thermal ring-opening reaction of cyclobutenes, the reaction set analyzed in this study.

Relative Energy (Kcal/mol) TS Reaction Reactant(substituents) TSIC TSOC (TSIC-TSOC) Stereochemistry Ref.
R1 1-chlorocyclobut-1-ene 41.425 41.425 0.000 —3!

R2 3-chloro-4-methylcyclobut-1-ene 49.411 42.642 4-6.769E,Z 32

R3 3-chloro-4-methoxycyclobut-1-ene 53.973 42.763 11.210E,Z 32

R4 3-methoxy-4-methylcyclobut-1-ene 44.794 51.323 -6.529E,F 32

Table 1 shows the reaction set analyzed in this study (seeFigure 1 ). There is molecular
variety in the reaction set analyzed from reactions without stereochemistry and competitive
reactions with E, Z stereochemistry. The main aim is to build a systematic study to understand
the nature of the chemical bond, electronic reorganization, and stereochemistry prediction
according to the experimental data.



2. Theory and Methods

Quantum Theory of Atoms in Molecules (QTAIM) 33 known as a comprehensive topology
interpretation tool of quantum mechanics, provides a method to explore the distribution of
electronsp (r ), returning a comprehensive quantitative analysis of the atom’s bonding envi-
ronments in a molecule. In the scalar fieldp (r ), we can define a piecewise continuous gradient
path by evaluating [?]p (r ) at some points and then tracking this vector for a very short
distance and re-evaluating [?]p (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 ending at the point wherep
(r ) = 0, which implies that the zero-flux boundary conditions are satisfied by an interatomic
surface: [?]p (r ) [?] n (r ) = 0. Wheren (r ) is the unit vector common to the surface atr since
the surface is not crossed by any of the trajectories of p (r ). The charge density p (r ) is a
physical quantity with a particular value at each point in space, and the forces exerted on it
by the nuclei dominate a topological structure. We may distinguish between various forms by
examining the properties of the Hessian matrix of p (r ) at each critical point. The ordered
eigenvalue set Ay < A2< A3z is obtained by diagonalizing the Hessian matrix of p (r ), and
the algebraic sum of these eigenvalues is the Laplacian of the electron density. In addition,
these three eigenvalues are corresponding with a set of eigenvectorse; , ez ,e3 . Analyzing the
eigenvalues of the Hessian matrix of p (r ) are used to determine whether the forces exerted by
and on the (r ) favor tensile modes, such as expansion or compression for the volume element
relevant to the positive or negative eigenvalue. An atomic interaction line (AIL)3* becomes
a bond-path, but not permanently a chemical bond 3%, when the forces on the nuclei become
vanishingly small.

Bond ellipticity is defined by € = |A1|/|A2| - 1 is providing the relative accumulation of the two
perpendicular axes of the Hessian matrix, negative A; and A, eigenvalues, to the bond-path
at a BCP323. Metallicity, £(r ) =p (r b)/[?]?p (r 1) [?] 1 is one of the correlated quantity to
the ellipticity € for closed-shell interactions [?]?p (r ) > 0. Where [?]%?p (r ,,) andp (r ) are
Laplacian and the values of total electronic charge density at the BCP respectively. The E(r
p) is an important indicator for the ring-opening reactions bond path 3637 while the relative
values of p (r ) and [?]?p (r 1) seem to alter at a BCP as the bond path stretched as long as
eventually ruptured. Therefore E(r ,) will relate to the reaction electronic flux (REF, J (%)),
which corresponding to a chemical process along with the IRC(&) and is defined to be J (§) = -
du /dE 38 Where u is the chemical potential. The use of the Greek letter ‘€’ for the metallicity
E(r p) and REF J (&) definitions is purely coincidental. Although previously metallicity has
been used to consider suspected metallicity ranges of metalloids, metals, and non-metals36:37,
other researchers represent that E(r ) is conversely associated with “nearsightedness” of the
first-order density matrix and is appropriate for closed-shell systems 3°.

The total local energy density, H (r,) =G (r ) +V (r b), could determine The presence of a
degree of covalent character 44! whereG (r ;,) andV (r ;) are the local kinetic and potential
energy densities respectively at a BCP . Precisely a degree of covalent character and a degree
of lack of covalent character for a closed-shell interaction, [?]2p (r ) [?] 0, where a value of
H (rp) < 0andH (r p) > 0 respectively. Stress tensor stiffness S5 = |A15|/|A35| is the other
proper descriptor of the resistance of the bond path to the applied distortion. It follows the
similar trend with ellipticity €, where double and single bonds indicate by € > 0.25 and lower
values respectively, as is expected the single bond is less resistant to torsion than a double
bond. P, display the stress tensor polarizability, P = |A3s|/|M1o|, Which could define the
reciprocal of the stress tensor stiffness S, 42744,

The length of the path followed out by thees eigenvector of the Hessian of the total charge
density p (r ) that is passing through the BCP along which p (r ) is locally maximal regard



to any neighboring paths, is known as the bond-path length (BPL). Moreover, the bond-
path curvature, (BPL - GBL)/GBL, is defined as the dimensionless ratio that separates two
bonded nuclei. Where BPL and GBL have associated bond-path length and the inter-nuclear
separation, respectively. Notice that particularly for strained or weak bonds and strange
bonding environments usually BPL exceeds the GBL*®. According to the hypothesis that a
bond-path may possess 1-D, 2-D, or a 3-D morphology %647 with 2-D or a 3-D bond-paths
corresponding to a BCP with ellipticity £ > 0, is because of differing degrees of charge density
accumulation of the A2 and A;eigenvalues respectively.

By Starting with utilizing the ellipticity as the scaling factor, we choose the length traced out
in 3-D by the path swept by the tips of the scaled es; eigenvectors of the Azeigenvalue. With
n scaled eigenvectore; tip path pointsp ; = r; + ;e ;1 ; on the path p where g; = ellipticity
at the i *® bond-path pointr; on the bond-path r . In accordance with the es tip path points,
we havey, = p, + €,€ 2 ; on the path g where g; = ellipticity at the: th Hond-path point ron
the bond-path r .

It is worth noting that the bond path, which is correlated with the A3 eigenvalues of the
eseigenvector, does not take into consideration contrasts within A; and A; eigenvalues of
thee; ande; eigenvectors. The bond-path framework set indicated by B = {p , ¢ , » } will
be used, which demonstrates the new QTAIM interpretation of the chemical bond. This
viably implies that in the most well-known cases, a bond is comprised of three ‘linkages’;
p , q, andr associated with the e; ,es , and e3 eigenvectors, individually. Subsequently,
Scheme 1 clearly illustrates that the p parameter interprets eigenvector-following paths with
lengthsH :Z?z_ll |di+1 — q;|whilst the g parameter interpret eigenvector-following paths with
lengths H* = Z?:_ll |pi+1 — pi]- The scaled e; ores eigenvectors will sweep out alongside the
extent of the bond-path, specified by thees eigenvector, between the two bonded nuclei that
the bond-path interfaces, resulting ineigenvector-following paths with lengths H* or H. For
shared-shell BCP s From the forms of p and q,we observed that within the constrain of the
ellipticity € [?] 0 comparing to single bonds, as a result, we obtain thep ; = q ; =r; , the value
of the lengths H and H" reaches its lowest point; the bond-path length (r ) BPL. In contrast,
for double bonds which have higher values of the ellipticity €, results show in values of H* and
H >BPL. Moreover, H = H" if identical scaling factor g; is used in their equations since H"
and H are defined by the distances swept out by the e; ande; tip path points respectively.

(a) (b)

Scheme 2. in sub-figure (a) the red curve line corresponds to the H, constructed from the
path swept out by the tips of the scaled e, eigenvectors, shown in mid blue, and is defined by
the equation mentioned in section 2.2. In sub-figure (b) the pale blue curve line corresponds
to the H", constructed from the path swept out by the tips of the scaled e; eigenvectors,



shown in magenta, and is defined by the equation mentioned in section 2.2. The mid-blue
and magenta arrows representing thees ande; eigenvectors are scaled by the ellipticity =
respectively, where for visualization purposes the vertical scales are magnified. The green
sphere shows the position of a given BCP 48,

3. Computational details

The reactions selected were studies using the forward (f ) and reverse (r ) intrinsic reaction
coordinate (IRC) path. In each reaction was calculated the transition states. The transitions
states were revised in order to present one and only one negative eigenvalue of the energy
second derivative matrix and the associated characteristic negative frequency. In the compu-
tational protocol was generated several sets of atomic positions correspond to the calculated
points on the IRC. The last generated structures on the end of each calculated IRC path were
then further geometry optimized to local minimum energy structures. All IRC calculations
were developed with mass-weighted coordinates and the reaction path step-size used in all
cases was the default value of 0.1 amu!/2-Bohr. Finally, on each point on each IRC path
(including the end minima), single-point calculations were generated the necessary density
information. All calculation data were carried out using DFT B3LYP/6-3114+G(d,p) with the
Gaussian 09vD.01%° program. The stability of all calculations generated were checked using
the wave functions to perturbations including spin restricted - unrestricted perturbations and
were found to be stable. Finally, the QTAIM and stress analysis was performed with the
AIMALI 5° suite on the wave function obtained.

4. Results and Discussions

In this investigation, we will determine whether a reaction is non-competitive or competitive
as well as distinguish the torquoselectivity along the reaction coordinate of given reactions
in order to understand either TSIC or TSOC preferences. To begin with, we propose to
use chemical topological properties of reactions instead of using a universally conventional
method, which is based on activation energy, see Table 1 and Figures (1-4(c)) . According
to/?] TS < 1.0 kcal/mol shown in this table results thatReaction 1 is competitive while the
other three reactions,Reactions (2-4) , are non-competitive reactions. As mentioned earlier, we
decide to use some plots such as, metallicity E(r ), stress tensor polarizability P, ellipticity
g, total local energy densityH (r p), and stress tensor A3z, that contain chemical topological
properties of reactions. From the examination of these plots, consider that the TSIC and TSOC
reactions of the ring-opening C2-C3/C2—-C3 BCP s ofReactions (1-4) exhibit degeneracy or
non-degeneracy that could assist in predicting either non-competitive or competitive reactions,
see Figures (1-4) . The plots of the variation of the metallicity &(r ) with the IRC related to the
ring-opening C2-C3/C2—-C3 BCP s, found for £(r1,) > 1, indicate degeneracy forReaction 1 and
non-degeneracy for remain reactions,Reactions (2-4) , see Figures (1-4(d)) respectively. This
degenerate and non-degenerate behavior in the metallicity E(r ) suggests that in fact Reaction
lis a competitive reaction and Reaction 2 , Reaction 3 , and Reaction 4 are non-competitive
reactions on the chemical basis of metallicity being a key factor in understanding the electronic
reorganization of the ring-opening BCP along the reaction pathways. In addition, based on
the transition state theory and previous researches outcomes, we obtain that for all four
reactions, the transition state and maximum metallicity E(r ) relevant to the ring-opening
C2-C3/C2-C3 BCP s do not simultaneously occur 8. Subsequently, the degeneracy results
from other QTAIM measures such as ellipticity € and the total local energy density H (r ,,) are
in confirmation with metallicity £(r 1,) results which indicate that Reaction 1 is a competitive
reaction andReaction 2 , Reaction 3 , and Reaction 4 are non-competitive reactions, see Figures
(1-4(e)) andFigures (1-4(f)) respectively.

In the following, investigation the plots of variation of stress tensor polarizability P, with the
IRC demonstrate an apparent differentiation among all four reactions. In other words, we can



conclude from the degenerate and non-degenerate behavior of the stress tensor polarizability
P, corresponding to the ring-opening C2-C3/C2—-C3 BCP s that Reaction 1 is a competitive
reaction and Reaction 2 , Reaction 3 , andReaction 4 are non-competitive reactions, see Figures
(1-4(g)) . Additionally, we obtain the same behavior as was happened for the metallicity E(r 1,)
that the saddle point and transition state do not coincide precisely with each other. Moreover,
the plots of examination of the variation of the stress tensor A3, with the IRC for all four
reactions are considered which display similar evaluation with QTAIM measures mentioned
above; see Figures (1-4(h)) .

From this part of our survey, we can conclude that besides activation energy which is a
conventional method, we introduce some different measures such as, E(r ), €,H (r ), Po,
A3s, which could be suitable indicators to predict that each reaction is non-competitive or
competitive.

Inspired by the theoretical predictions, we decided to evaluate the tendency of each non-
competitive reaction to determine if it is either TSIC or TSOC reactions. Hence, using the
eigenvector-following path with length, which is nominated as helicity length H relevant to
the shared-shell ring-opening BCP of each of the Reactions (1-4) pathways was determined,
see Figures (1-4(j))respectively.

According to what has been discussed in the theory section, the ellipticity =; values along
the bond-paths (7 ) associated with shared-shell BCP s could demonstrate if the bond is a
single or double bond character not the same for the closed-shell BCP s. This has been done
to decide the inclination for either the transition state (TS) outward conrotatory (TSOC) or
the transition state inward conrotatory reaction pathway (TSIC). To gain predictions of the
TSIC or TSOC product preference, we will analyze the bond paths of the shared-shell ring-
opening BCP s of the TSIC and TSOC reaction pathways before they alter to closed-shell
BCP s or rupture completely. Subsequently, the plots of the variation of the bond-path length
(BPL) with the IRC for both TSIC and TSOC reactions of the ring-opening C2-C3/C2-C3
BCP were evaluated. In addition, the non-degeneracy and degeneracy trend of each reaction
shows thatReaction 1 is degenerate while in opposite Reaction 2 ,Reaction 3 , and Reaction 4
show significant differences for the corresponding variations and exhibit non-degenerate values.
Therefore, in agreement with the QTAIM and stress tensor BCP properties, we demonstrate
Reaction 1 as a competitive reaction and Reaction 2 , Reaction 3 , andReaction 4 as non-
competitive reactions, see Figures (1-4(i)) respectively. The favored TSIC or TSOC pathway
is determined by the greater length H, which is constructed from thees eigenvector tip paths
alongside the bond- path () for a pair of TSIC and TSOC pathways that are being compared.
Larger deviations of the tips are associated with greater deviations of the tips from the original
orientation of thee, at the BCP of TSIC or TSOC pathways. Notice that e; andes eigenvectors
are associated with the least and most preferred direction of p (r ) accumulation. As a result,
a larger value of H is relating to the most easily distorted molecular graph and accordingly
determines the preference for either the TSIC or TSOC pathways. Consequently, we introduce
that for the shared-shell ring-opening BCP s, greater H lengths predict the preferred TSIC or
TSOC reaction pathway. Besides, the variation of the H with the IRC for the TSIC and TSOC
for all four reactions were display similar behavior like QTAIM and stress tensor measures
that are discussed above. According to the results that obtained from the variation of the
H plots, we suggest that Reaction 1 is a competitive reaction and Reaction 2 , Reaction 3
, andReaction 4 are non-competitive reactions, see Figures (1-4(j)) respectively. However,
the helicity length H values demonstrate subtle differences amidst TSIC and TSOC reaction
pathways. Consequently, the torquoselectivity preferences of Reaction 2 ,Reaction 3 , and
Reaction 4 are TSOC, TSOC, and TSIC respectively based on the Longer H values, which is
in confirmation with the experimental results shown in Table 1 , Figures (1-4) .
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reverse minima, transition state, and forward minima are presented at up, middle, and down
panels of the sub-figures(a) and (b) relevant to the outward conrotatory (TSOC) and the
inward conrotatory (TSIC) reaction pathways respectively forReaction 1 . Small red and green
spheres illustrate the ring critical points (RCP s) and bond critical points (BCP s) respectively.
Where the total local energyH (r ) of the BCP s is more than zero are demonstrated with
dashed bond paths. Subfigures (c-j)are illustrated the variation of the relative energy [?] E,
metallicity E(r ), ellipticity €, the total local energy density H (rp ), stress tensor polarizability
P,, stress tensor eigenvalue A3s, bond-path length (BPL) and helicity length H along with
IRC for Reaction 1 respectively. The alternation from the ring-opening C2-C3 shared-shell
BCP s to a closed-shell C2-C3BCP s indicates a shift in a sign of the Laplacian [?]?p (r p) <
0 to [?]%p (r ) > O.
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Figure 2 . Snapshots of the molecular graph relevant to the outward conrotatory (TSOC)
and the inward conrotatory (TSIC) reaction pathways, the variation of the relative energy
[?] E, metallicity E(r 1), ellipticity £, the total local energy density H (rp ), stress tensor
polarizability P, stress tensor eigenvalue A35, bond-path length (BPL) and helicity length H
along with IRC for Reaction 2 are presented in subfigures(a-j) are respectively. Refer to the
caption of Figure 1 for further details.
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Figure 3 . Snapshots of the molecular graph relevant to the outward conrotatory (TSOC)
and the inward conrotatory (TSIC) reaction pathways, the variation of the relative energy

29



[?] E, metallicity E(r 1), ellipticity £, the total local energy density H (rp ), stress tensor
polarizability P, stress tensor eigenvalue A35, bond-path length (BPL) and helicity length H
along with IRC for Reaction 3 are presented in subfigures(a-j) are respectively. Refer to the
caption of Figure 1 for further details.
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Figure 4 . Snapshots of the molecular graph relevant to the outward conrotatory (TSOC)
and the inward conrotatory (TSIC) reaction pathways, the variation of the relative energy
[?] E, metallicity E(r 1), ellipticity £, the total local energy density H (rp ), stress tensor
polarizability P, stress tensor eigenvalue A35, bond-path length (BPL) and helicity length H
along with IRC for Reaction 4 are presented in subfigures(a-j) are respectively. Refer to the
caption of Figure 1 for further details.

5. Conclusions

This investigation represents the study of various non-competitive and competitive reactions
utilizing QTAIM and stress tensor analyses. Examination of four reactions in order to distin-
guish and quantify the TSIC and TSOC paths were performed. In this framework, we have
used four disparate cyclobutenes skeleton-based named 1-chlorocyclobut-1-ene, 3-chloro-4-
methylcyclobut-1-ene, 3-methoxy-4-methylcyclobut-1-ene, 3-chloro-4-methoxycyclobut-1-ene
that identified as Reactions (1-4) respectively. The results from the exploration of QTAIM
and stress tensor scalar reveal that each reaction response differently by showing degeneracy
or non-degeneracy of the plots. Generally, we conclude that the E(r ,) and the P, would
be useful indicators to predict whether the reaction is competitive or non-competitive follow-
ing the degeneracy of the results. Overwhelmingly, the determination of these four reactions
display that Reaction 1 is a competitive reaction whilst in contrast Reaction 2 , Reaction 3
, and Reaction 4 are non-competitive reactions. Other stress tensor and QTAIM scalar for
instance, the stress tensor eigenvalue A3, the bond-path length (BPL), and the total local
energy densityH (r, ) also provided the same results in confirmation with metallicity E(r 1)
and stress tensor polarizability P,. Furthermore, illustration of the metallicity &(r ) and
stress tensor polarizability P, demonstrate that the maximum values and the transition state
points do not occur simultaneously in agreement with transition state theory and our previous
investigations for other ring-opening (electrocyclic) reactions.
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On the other side of this investigation, we used helicity length H with the purpose of predicting
the TSIC or TSOC preferences based on data from experiments. Helicity length H plots
for non-competitive reactions,Reactions (2-4) , could correctly predict the torquoselectivity
preferences of either TSIC or TSOC. As a result, that the greater helicity lengths H for
shared-shell ring-opening BCP s bond-paths could assist to significantly predict both TSIC
or TSOC for these three reactions, Reactions (2-4) , exhibit that preference of Reaction 2 is
TSOC, Reaction 3 is TSOC, andReaction 4 is TSIC. The advantage of using H is back to
where it is constructed. To make it transparent,e, corresponds to the easiest direction or even
mention as the most preferred direction, therefore given that H is constructed from a vector
representation of the ellipticity £, longer values of H for the TSIC or TSOC would predict
the path such as torquoselectivity. The other benefit of the variation of H relevant to the
shared-shell ring-opening BCP s bond-paths is that instead of only tracking alternation at the
BCP it could track slight changes along the length of the whole ring-opening bond-path(r ).
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