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Abstract: In this research, the mechanism of the reaction between triphenylphosphine R1 and dimethyl
acetylenedicarboxylate R2 was investigated in the presence of NH-acid, such as 2-mercapto thiazoline R3
based on the quantum mechanical calculations. Theoretical studies performed for evaluation of the potential
energy surfaces of all structures participated in the reaction mechanism. All structures were optimized at the
B3LYP/6-311++g(d,p) levels. The first step of the reaction was recognized as a rate-determining step in the
reaction mechanism. To check the effect of solvent on the potential energy surfaces, condensed phase
calculations in acetone were carried out with the polarizable continuum model (CPCM). The natural bond
orbital (NBO) method was applied for a better understanding of molecular interaction. Theoretical
calculations were well able to explain the reason for the dominant of product P(N)-E over P(N)-Z. The
overall rate equation obtained shows the overall reaction rate constant depends on the concentration of R1
and R2 without dependence on the concentration of R3. The kinetic preference of path I over path II, the
conversion of intermediates with a Z- to E- configuration along the kinetic path, and the high energy barrier
of the P(N)-E to P(N)-Z conversion are the three main reasons for the preference of P(N)-E over P(N)-Z,

which is obtained using quantum calculation.
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1. Introduction

Organophosphorus compounds have emerged as
important reagents and intermediates in organic
synthesis. these compounds are organic chemicals
derived from phosphoric acids and their derivatives
which have at least one carbon-phosphorus bond
[1]. Thiols, amides or esters of phosphonic,
phosphine, phosphoric or thiophosphoric acids with
two additional organic side chains of the phenoxy,
cyanide or thiocyanate group are organophosphorus
compounds that have pesticidal properties [2].
Phosphorus ylids are an important group of these
compounds that are used in the synthesis of
products with biological and pharmaceutical
activities [3-6]. Several methods have been
developed for the preparation of phosphorus ylides.
These ylides are usually prepared by treatment of a
phosphonium salt with a base, with the salts usually
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prepared from the phosphine and an alkyl halide [7-
11]. Michael addition of triphenylphosphine to
acetylenic esters leads to reactive 1, 3-dipolar
intermediate betaines. These unstable intermediates
can be reacted by protic reagent such as NH-,CH,
OH- or SH-acid to produce ylides [12-23].
Although some of these represent only one isomer,
there are a significant number of phosphorus ions
as a mixture of the two geometric isomers Z- and E-
. These geometric isomers show the dynamic effect
of 1H NMR, which provides good information
about the interchangeable process of rotational
isomers [24,25]. The 1H, 13C and 31P NMR
analysis. Although useful information obtained
through experimental methods, none of the
spectrophotometric methods could provide useful
information about the reason for the presence of
rotational isomers and their conversion energy. The
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preference and frequency of each of these rotamers
can be well determined by spectrophotometry. The
thermodynamically stable product is thought to be
the preferred product, but the quantum calculations
performed in this project have shown well that the
preference of a particular rotamer does not depend
only on its thermodynamic stability, and kinetic
stability can also play an important role in this
regard. The isolated products from the reactions of
triphenylphosphine R1, dimethyl
acetylenedicarboxylate R2 and  2-mercapto
thiazoline R3 phosphorus ylides which result from
the initial addition of triphenylphosphine to the
acetylenic ester and a concomitant protonation of
the 1:1 adduct by 2-mercapto thiazoline. Then the

positively charged ion is attacked by the 2-
mercapto thiazolyl anion [26]. In the present work,
the reaction between a kinetic study, including
determining the preferred kinetic  path,
investigation of and
transition states in the reaction path, determination
of the kinetic and thermodynamic stability of
products, recognition of rate-determining step,
calculation of the reaction rate, and finally,
identifying and confirming the reaction mechanism
are the issues that have been first explored for the
reaction in Fig. 1. A number of projects, including
the theoretical and experimental study of chemical
reaction kinetics, were completed [27-40].

intermediate  structures
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Figure 1. The reaction between triphenylphosphine R1, dimethyl acetylendicarboxylates R2, and 2-
mercapto thiazoline R3 or R3’ for the generation of stable phosphorus ylides P (P(N)-E and P(N)-Z)
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2. Computational Method

All Geometrical structures were optimized at the
B3LYP/6-311++G(d,p) level of theory using
Gaussian 09 [41]. The corresponding frequencies of
the structures were estimated at the same level of
theory to check the stationary points without
imaginary frequencies and the transition states with
only one imaginary frequency. Also, the intrinsic
reaction coordinate (IRC) approach [42,43] was
performed to ensure that the given transition state
connects with the corresponding reactants and
products. Calculations have been carried out both in
the gas phase and considering solvent effects
(acetone) with the CPCM model [44-45].
Condensed phase calculations were carried out with
the polarizable continuum model (PCM) [46].
Natural bond orbital (NBO) analysis was carried
out at the B3LYP/6-311++G(d,p) level of theory
using version 3.1 of the NBO package [47].

3. Results and discussion
3.1. The reaction Kinetics in Path I

Nucleophilic  proximity of atom P17 in
triphenylphosphine R1 to the atom C8 of dimethyl
acetylenedicarboxylate R2 in different directions
leads to the formation of different kinetic pathways
of I or II which respectively leads to the formation
of products including two different isomers P-E
and P-Z. Optimized structures of all structures
participant in the reaction mechanism in kinetic
pathways I and II are shown in Figs. 2 and 3 and
the energy diagram for the reaction is illustrated in
Fig. 4. This nucleophilic proximity on the pathway
I cause the formation of intermediate I11-1 through
a transition state Ts1-1. This step of the reaction
includes P17-C8 bond formation. A 180-degree
rotation of the dihedral angle of C6-C8-C9-C10 in
the conversion of I1-I to I1°-I, in addition to the
stability of 9.59 (18.34) kJ/mol, will be
accompanied by a suitable configuration for
proximity to R3 or R3’. The reactant R3 (as NH-
acid) can transform into its tautomeric form of R3’
(as SH-acid) through an intermolecular proton
transfer of H51 from N52 into S54, which is
accompanied by a transition barrier of 157.34
(172.27) kJ/mol (Fig. 4). This tautomerism will
result in an instability of 41.42 (57.20) kJ/mol in
structure R3’> compared to R3. The interaction of
R3 or R3' with I1'-I is an important step that can

pass two competitive kinetic paths of I(N) or I(S)
and end up in stable products of P(N)-E or P(S)-E.
In the kinetic path I(N), intermediate 12-I(N) is
formed by hydrogen bond interactions of C9 in
intermediate I1°-I and H51 atoms in the structure of
R3. In the final step of this path, we witness the
transfer of H51 to C9 in the structure of Ts2-I(N)
and also the bond formation of N52-C9, which
leads to the formation of the final product P(N)-E.
This step of the reaction is accompanied by a 27.20
(19.59) kJ/mol energy barrier and ends with a
product with an energy of 13.97 (29.36) kJ/mol. In
the competitive path of I(S), intermediate I12-I(S) is
formed by hydrogen bond interactions of C9 in
intermediate I1°-I and H51 atoms in the structure of
R3’. In the next step, we witness the transfer of H51
to C9 atom in the structure of Ts2-I(S) and the bond
formation of S54-C9, which leads to the formation
of product P(S)-E. This step of the reaction is
accompanied by a low energy barrier of 3.22 (1.81)
kJ/mol and ends with a more stable product with an
energy of -2.61 (0.10) kJ/mol. Examination of the
energy levels in two competitive paths of I(N) and
I(S) indicates that the kinetic path of I(S) with much
less energy barrier than the path I(N) and ending up
with a much more stable product of P(S)-E seems
to be preferred kinetic path compared to the path
I(N), both kinetically and thermodynamically. Any
conclusion in this regard depends on a more
detailed study of tautomeric forms of R3 and R3’.
Examination of the energy levels of the thiolactam-
thiolactone tautomerism in Fig. 5 shows a
considerable stability of R3 (as NH-acid) by -41.42
(-57.20) kJ/mol relative to R3’. This amount of
stability indicates the predominant of R3 over R3’.
In addition, the high energy barrier of 157.34
(172.27) kJ/mol of the tautomerism indicates the
impossibility of converting R3 to R3” at ambient
temperature. Considering that the reaction takes
place at ambient temperature [26], it can be
confirmed with great accuracy that the tautomeric
form of R3 is dominant at ambient temperature.
With the results obtained, we must assume that the
reaction proceeds through path I(S) as a more
kinetically and thermodynamically preferred path
and ends to the product P(S)-E. The experimental
results reported indicate that products P(N)-E and
P(N)-Z are the only products of this reaction and
products P(S)-E and P(S)-Z are not even reported
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as minor products [26]. Starting the reaction in the
competitive path I(S) requires an interaction of
intermediate I1°-1 with unstable reactant R3’,
which for the above reasons is very unlikely to exist
at ambient temperature. Therefore, the reaction
prefers the 29.98(14.90) kJ/mol energy barrier in

the intramolecular proton transfer in Ts2-I(N) over
the 157.34 (172.27) kJ/mol energy barrier in the
intramolecular proton transfer in Ts(R3-R3’).
Therefore, the reaction ends with the product P(N)-
E with progress on the kinetic path of I(N).
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Figure 2. Optimized structures (including reactants, intermediates, transition states, and products) the
reaction path I at B3LYP/6-311++G(d,p) level in the gas phase

The overall process in pathway II is similar to
pathway 1. The difference is that one of COOMe
groups has a different orientation with similar
structures on pathway I, and this path leads to a
product Z- configuration (P(N)-Z and P(S)-Z). A
comparison of the energy levels in kinetic pathways
I'and IT in Fig. 4 shows that all structures, including
transition states and intermediates and products, in
kinetic pathway I are more stable than pathway II.
The energy barrier of the first step is equal to
122.01(113.19) kJ/mol which is higher than path L.
Because the first step in both paths I and II with the
highest energy barrier is known as the rate-

determining step, so kinetic path I have a kinetic
preference over path II. The second step of this
kinetic path, like the path I, has two competitive
paths II(N) and II(S). As can be seen in Fig. 4,
competitive path II(S) has a much lower energy
barrier (2.26 (1.32) kJ/mol) than competitive Path
II(N) (25.81 (23.61) kJ/mol), but progress on
kinetic path II(S) requires crossing a tautomerism
energy barrier with the high value of 115.72
(115.07) kJ/mol. Like kinetic path L, it prefers the
reaction with a lower energy barrier of 27.20
(19.59) kJ/mol in structure Ts-II(N) compared to a
high energy barrier of the tautomeric process by the
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value of 115.72 (115.07). In the last step, the
reaction prefers the formation of S54-C9 bond
compared to N52-C9, to achieve a more stable
product P(S)-Z. At this step, the reaction is
completely selective in the formation of the N52-
C9 bond, so that the final products of the reaction
are only a mixture of P(N)-E and P(N)-Z [26]. In

the synthesis of stable phosphorus ylide in the
presence of 2-mercapto thiazoline, P(N)-E is
known as the major isomer (94%) over P(N)-Z
[26]. The result can have several reasons that can be
evaluated theoretically. Therefore, we will analyze
the theoretical results in detail to find out the
majority of P(N)-E.
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Figure 3. Optimized structures (including reactants, intermediates, transition states, and products) the
reaction path I at B3LYP/6-311++G(d,p) level in the gas phase
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As can be seen from Fig. 4, the energy barrier of the
first step if path I is lower than path II with an
amount of 15.43 (4.33) kJ/mol. This amount of
difference in the energy barrier of the first step, as
the rate-determining step, can be one of the factors
for further progress of the reaction in the kinetic
path T compared to path II. Due to the kinetic
preference of path I, it is obvious that the reaction
prefers path I over path II to produce the product
P(N)-E over P(N)-Z, but this amount of difference
in the energy barrier can’t be the main reason for
the 94% majority of P(N)-E over P(N)-Z. Another
factor that can lead to the preference of P(N)-E is
the conversion P(N)-Z to P(N)-E. The unstable
product P(N)-Z will likely change to the stable
product P(N)-E by rotating around the O-C-C-P
dihedral angle. The scanning results in Fig. 5 show
that process of transforming P(N)-Z to P(N)-E
requires an energy barrier of 31.1(43.7) kJ/mol.
Although crossing this energy barrier to achieve
low stability of -3.00(-1.49) kJ/mol is not desirable
in terms of kinetics and thermodynamics, but it is
not impossible. Therefore, it could be one of the

reasons for the preference of product P(N)-E over
P(N)-Z.

Along path II, 11°-II(N) may turn into I1°-I(N) or
I2-II(N) turns into I2-I(N) as the more stable
structures, and this task is accomplished by passing
through potential energy barriers of 14.76(20.01)
and 9.44(9.47) kJ/mol, respectively to achieve the
stability of -11.41(-2.15) and -16.14(-4.87) kJ/mol
(Fig. 6). In these transformations, the reaction can
continue on the path I and ends at P(N)-E and can
be another reason for the majority of this product.

Potential energy levels in the solution phase

To examine the effect of solvent on potential energy
levels, solvent phase computations were conducted
for acetone with a dielectronic constant of (e= 20.7)
using the CPCM model. Potential energy levels are
shown in Fig. 4 for two pathways I and II in
acetone. The results show that the energy levels in
the solution phase are reduced compared to the gas
phase, except in four cases. The rate of decrease in
energy level in path II is greater than in path L
Examination of results in the solvent phase
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indicates that the energy barrier of the first step of
the reaction is significantly higher than the second
step in pathways I and II. Thus, similar to the gas
phase, the first step of the reaction is known as the
rate-determining step. Due to the less energy barrier
of the first step in pathway I, this path is kinetically
preferred to path II. The energy barrier of the
transformation of P-Z to P-E is increased as much
as 12.6 kJ/mol (Fig. 5). The energy barrier of the
transformation of I1°-II to I1°-I increased as much
as 5.25 kJ/mol and the energy barrier of 12-11I to 12-
I transformation has remained almost unchanged
compared to the gas phase (Fig. 6). It should be

noted that the difference between the energy barrier
of the first step (as the rate-determining step) in the
two pathways I and II phases has been significantly
reduced compared to the gas. As the difference of
the energy barrier in the two pathways decreases
from 15.43 kJ/mol in the gas phase to 4.33 kJ/mol
in the solution phase.

Natural bond orbital analysis (NBO)

Analysis of the atomic charge of atoms
participating in the reaction mechanism was
conducted by NBO analysis and results are given in
Table 1.

Table 1. Atomic charge of some important structures participating in both paths I and II

atom charge atom charge atom charge atom charge
R1 R2 R3 R3'
qP(17) 0.844 qO(7) -0.545 qH(51) 0.406 qH(51) 0.147
qC(18) -0.329 qC(8) -0.008 qS(54) -0.112 qS(54) 0.073
qC(29) -0.329 qC(9) -0.034 qC(53) -0.107 qC(53) -0.042
qC(40) -0.329 qC(10) 0.733 qN(52) -0.630 qN(52) -0.518
gC(6) 0.731 qO(11) -0.545 gS(55) 0.299 gS(55) 0.224
R3" 11-1
qS(55) 0.081 qC(6) 0.795 qO(11) -0.664
qC(53) -0.026 qO(7) -0.648 qP(17) 1.499
qS(54) -0.417 qC(8) -0.525 qC(18) -0.376
qN(52) -0.609 qC(9) -0.082 qC(29) -0.378
qC(10) 0.662 qC(40) -0.370
Ts1-1 11-11
qC(6) 0.742 qO(11) -0.616 qC(6) 0.793 qO(11) -0.667
qO(7) -0.616 qP(17) 1.193 qO(7) -0.572 qP(17) 1.512
qC(8) -0.152 qC(18) -0.370 qC(8) -0.548 qC(18) -0.375
qC(9) -0.118 qC(29) -0.362 qC(9) -0.077 qC(29) -0.382
qC(10) 0.695 qC(40) -0.355 qC(10) 0.659 qC(40) -0.370
Ts1-11 P(N)-E P(N)-Z
qC(6) 0.762 qO(11) -0.626 qC(®) -0.731 qC(®) -0.746
qO(7) -0.564 qP(17) 1.239 qC(9) -0.096 qC() -0.088
qC(8) -0.280 qC(18) -0.371 qP(17) 1.629 qP(17) 1.626
qC(9) -0.076 qC(29) -0.368 qH(51) 0.234 qH(51) 0.230
qC(10) 0.690 qC(40) -0.358 qS(52) -0.123 qS(52) -0.117
gN(61) -0.520 gN(61) -0.520

Evaluation of results of path I in Table 1 indicates
that atom P17 has an atomic charge of 0.844 a.u.
and atoms C18, C29 and C40 have the same atomic
charges of -0.329 a.u. This result is indicative of the
high polarity of C-P bonds in R1. In the structure
Tsl1-1I, the amount of atomic charge of P17 has
decreased to 1.193 a.u. Although the electronic
charge of atoms C18, C29, and C40 in Ts1-I are
increased slightly, it doesn’t seem to be the reason
for the reduction in the electronic charge of atom
P17. By the formation of the P17-C8 bond in the

structure I1-1, the electronic charge of atom P17 is
decreased to the amount of 1.499 a.u. It is expected
that with the formation of the P17-C8 bond, the
electron density of bond C8=C9 will be
concentrated on atom C9. The electronic charge of
atom C9 in I1-I shows that the charge of this atom
increased slightly in comparison to R2 from -0.034
a.u to -0.082 a.u, while, the electronic charge of
atom C8 increased significantly as much as -0.517
a.u. This result shows that the P17-C8 bond in the
I1-1 structure is strongly polar.
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The amount of charge transfer from R1 to R2 in
Ts1-I is equal to -0.452 a.u, which is increased to -
0.879 a.u by the formation of the P17-C8 bond in
I1-I. By rotating the dihedral angle in I1’-I, the
charge transfer increases to -0.965 a.u, thus
increasing the charge concentration on atoms C8
and C9. Values of charge transfer in Ts1-I and Ts1-
II structures are equal to -0.452 a.u and -0.514 a.u,
respectively, and are indicative of an increase in
charge transfer in Ts1-II compared to the Tsl1-I
structure. This amount of increase in charge transfer
is directly related to the charge reduction of atom
P17 in Ts1-II compared to Ts1-I structure, and this
could be due to the decrease in the steric factor of
the Ts1-II structure and establishment of a stronger
interaction of P17...C8. The reduction of P17...C8
bond length in Ts1-II (2.240 A) compared to Ts1-I
(2.299 A) attests to this truth. The more polarity of
the C-P bond can be an important reason for the
instability of structures Ts1-II and I1-II compared
to similar structures in the kinetic path L
Evaluations of the electronic charge of atoms in
P(N)-E and P(N)-Z structures show the high
polarity of the P17-C8 bond. The polarity of this
bond in P(N)-Z is slightly more than P(N)-E.

The bond length of P17-C8 in the P(N)-E structure
is equal to 1.739 A, which is slightly decreased to
1.734 A in P(N)-Z. The polarity of bond C-P is
almost identical in both structures P(N)-E and
P(N)-Z. Evaluations of the electronic charges of
other atoms in structures P(N)-E and P(N)-Z are
not indicative of significant changes in the
electronic charges of these atoms. These pieces of
evidence results indicate that the rotation of the
COOMe functional group has no effect on the
electronic charge and as a result, there is no
significant change in the potential energy.
Electrostatic potential (ESP) provides a visual
representation of the electron density regions of the
title molecule [48, 49]. ESP map gives a surface
analysis on the maximum and minimum charged
regions throughout the surface of the molecule. It is
a very useful descriptor for predicting favorable
sites of electrophilic and nucleophilic reactions or
revealing preferential sites of electrostatically
dominated non-covalent interactions [50,51]. It is
very intuitive from this figure to examine potential
reactive sites, the blue region implies a possible site
for an electrophilic attack, while the red region is
expected to be a vulnerable site for nucleophilic

attack. The average value of local maxima and
minima of ESP for some important atoms is
represented in Table 2. The ESP-mapped van der
Waals (vdW) surfaces are shown in Fig. 7.
Moreover, the changes in the average value of MEP
of different atoms in R3, R3’, and R3" are presented
in Fig 8. Atom N52 with an atomic charge of -0.630
a.u and atom H51 with an atomic charge of 0.406
a.u in structure R3 (Table 1) indicate a completely
polar N-H bond. Conversely in structure R3’, atom
S54 with an atomic charge of 0.224 a.u and atom
HS51 with an atomic charge of 0.147 a.u indicate a
completely non-polar S-H bond. This result is due
to the smaller radius, more hardness, and more
electronegativity of atom N52 than S54, which
causes more acidity of atom H51 in structure R3
than R3’. The electrostatic potential values in Table
2 show the electrostatic potential of H51 in two
structures R3 than R3’ equal to 16.34 and 6.950
kJ/mol, respectively. It is expected that H51 in R3
with more electrostatic potential than that of R3’
and to be a better site for nucleophilic attack. The
electrostatic potential value of C9 is -38 kJ/mol and
implies a possible site for an electrophilic attack of
H54. The amount of electrostatic potential of atoms
S54 and N52 in structure R3™ has increased
significantly compared to structures R3 and R3’
and has reached -115.99 and -118.31 kJ/mol,
respectively.

Table 2. The average value of local maxima
and minima of ESP for R3, R3’ and R3-

atom R3 R3’ R3-
S54 -22.54 -6.130 -115.99
Cs53 -8.30 -4.820 -112.44
N52 -0.88 -17.890 -118.31
H51 16.34 6.950
C61 19.76 9.620 -75.38
C60 25.62 9.660 -69.62
C57 16.72 13.5 -70.6
C58 21.70 13.51 -63.31
S55 -7.20 -6.31 -98.2

Although this difference is not significant, the
higher nucleophilicity of atom N52 could be
another factor, in addition to the kinetic preference
of pathways I(N) or II(N), in the preference of
product P(N)-E or P(N)-Z over P(S)-E or P(S)-Z.
Given that products P(N) and P(S) are not
convertible to each other, so the results show well



Turkish Comp Theo Chem (TC&TC), 7(1), (2022),1-13

Mohammad Zakarianezhad, Batoul Makiabadi, Seyede Samira Hosseini, Elham Zeydabadi

that the production of products P(N)-E and P(N)-Z
are kinetically controlled.

Reaction rate

According to the results, the first step of the
reaction was recognized as the rate-determining
step. According to this, the mechanism of the
reaction could be suggested in Fig. 9 according to
kinetic evidence.

Using the approximation of the rate-determining
step we will have:

rate = 49 — ks[NT1[12] (1)

dt

d[I1]

dc

ki[R1][R2] = —k,[I1][R3] (2)

d[NT] _ kz[R?’][Il] = —k3[N_][12] (3)

ac

vopz) = 2B )

rate = k,[R1][R2] (5)

This rate equation well displays that the overall
reaction rate constant is independent of the

concentration of reactant R3 and depends only on
the concentration of reactants R1 and R2, which is
consistent with the results of kinetic studies [52-
56]. According to the conventional transition state
theory (CTST), the values of the rate constant &(T)
for elementary bimolecular reactions in the gas
phase are expressed by;

k= KahTT%—fexp[ (Ers ER/RT] (6)
Where the QTS and QR are the partition functions
of the transition states and the reactants, kB is the
Boltzmann constant, k is the transmission
coefficient. The ETS and ER are energies of the
transition state and the reactants with zero-point
energy correction involved. The tunneling
corrections were expressed as the ratio of the
quantum—mechanical to classical barrier crossing
rate, assuming an unsymmetrical, one-dimensional
Eckart function barrier [58]. The overall reaction
rate constant was calculated using equation (5). The
rate constant of the first step of the reaction as the
overall reaction rate constant at 298.15 K for the
pathways I and II are equal to 5.36x10-26 and
1.06x10-28 cm’.molecule™’.s!, respectively.

R3' R3

Figure 7. ESP-mapped molecular vdW surface of R3, R3’ and R3-

R3
H58 _N52 H58

HS57 < ~ Hel H57 <

HEO—C53 HE0

Hse/_/

Hs7<

H60 53

Figure 8. The changes in the average value of ESP in R3, R3” and R3"
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Figure 9. The reaction mechanism between triphenylphosphine and dimethyl acetylenedicarboxylate in
the presence of 2-mercapto thiazoline

4. Conclusions

The mechanism of the reaction
triphenylphosphine R1, dimethyl
acetylenedicarboxylate R2, and 2-mercapto
thiazoline R3 as NH-acid for the production of
phosphorus ylide with two different E- and Z-
rotamers was examined theoretically and the results
were obtained as follow:

1- Two different pathways 1 and II were
established in the reaction mechanism by the
nucleophilic proximity of P17 in
triphenylphosphine R1 to the C8 in dimethyl
acetylenedicarboxylate R2 in different directions.
2- According to the potential energy
diagrams, the overall reaction in each pathway
consists of two steps that pass through two energy
barriers with transition states of Ts1 and Ts2.

3- The first step of the reaction has been
known as the rate-determining step. Based on this
result, the reaction rate equation was obtained and
the overall rate constant was calculated.

4- Pathway I by possessing a lower energy
barrier is more kinetically desirable than pathway
I, and so the reaction proceeds through this
pathway.

5- Despite the same thermodynamic stability,
theoretical calculations were well able to explain
the reason for the dominant of product P(N)-E over
P(N)-Z, and kinetic preference is the preference
factor of P(N)-E.

6- Although in solution, the potential energy
levels in some cases were accompanied by
significant changes, the overall results such as rate-
determining step, the stability of a specific isomer
of the product, preference of a kinetic path, and

between

other results obtained are the same as the results
obtained in the gas phase.

7- The overall rate equation obtained shows
the overall reaction rate constant depends on the
concentration of R1 and R2 without dependence on
the concentration of R3.

8- The kinetic preference of path I over path
I, the conversion of intermediates with a Z- to E-
configuration along the kinetic path, and the high
energy barrier of the P(N)-E to P(N)-Z conversion
are the three main reasons for the preference of
P(N)-E over P(N)-Z, which is obtained using
quantum computing.
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