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Abstract

In this paper, an MEDT computational study was conducted through the B3LYP/6-31G(d,p) DFT method, to analyse the mechanism nature and the
selectivities of the intramolecular [3+2] cycloaddition (132CA) of the (E)-N-((2-((methylbut-2-en-1-yl)thio)-1H-indol-3-yl)methylene)methanamine oxide. The
investigation covered the three potential pathways, including the fused endo and exo steric approaches and the bridged channels associated with the 132CA
reaction. Analysis of relative energy indicated that the isoxazolidine formed from the fused-endo pathway is favored kinetically, which are consistent with the
published experimental findings. Based on bond order values and geometry of the transition states, the obtained results suggest that this I32CA occurs via
one-step slightly synchronous mechanism in the case of the fused modes, whereas in the bridged one via a one-step slightly asynchronous mechanism.
Relative thermodynamic functions show that the studied 132CA has exothermic and exergonic behaviours. ELF analysis of the fused-endo pathway reveals
that the mechanism of this I32CA reaction is non-concerted slightly synchronous two stages one-step. NCl and QTAIM analyses show that the existence of
several NCls at the favourable fused-endo structure is the main reason for the fused-endo selectivity.
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Introduction

The broad range of beneficial biological activities exhibited by
heterocyclic compounds and their derivatives makes them a crucial
focus of pharmaceutical research. Several compounds used in
medicine and pharmacy fields incorporate in their structure an hete-
rocycle, in which extensive experimental and computational studies
have been conducted to discover innovative and cost-effective
methods to prepare these compounds!'l, The cycloaddition reac-
tions, including the [3+2] cycloaddition reaction!?, represent a key
method to synthesising a variety of heterocyclesB4. The 32CA reac-
tion is a highly significant process for constructing heterocyclic five-
membered rings. It offers a straightforward approach to preparing
these important structures having several chiral centers, providing
good control of stereoselectivity®l. Today, the main challenge in
organic chemistry is the control of stereoselectivity during the reac-
tion. Among the developed methodslf], the most important are ones
that employ the reagents and change the reaction conditions lead-
ing to obtaining different isomers. Other reagents!’), temperature!®],
and solvent!®! were utilized to reverse the enantioselectivity, and
thus both enantiomers could be prepared. Scientists have become
interested in synthesizing heterocycles with enhanced biological
activities due to the broad range of applications of these com-
pounds. Heterocycles serve as vital frameworks in the modulation of
drug polarity by replacing functional groups, thereby increasing
bioavailability['0l,

The structure of indole is a significant nucleus found in synthetic
or natural compounds with important biological properties!''l. The
thiopyranoindole heterocycles are also noteworthy due to their
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medicinal propertiesl'2. Among the important heterocycles, the iso-
xazolidines have a particular importance and are considered a useful
class abundant in compoundsl'3l. Some isoxazolidine derivatives
exhibit antifungall'¥, anti-inflammatory['®!, antimycobacterial'®l,
and cytotoxic activities!'”], and they also act as DNA intercalators('8l,

The C-S bond has shown promising potential as a target for the
development of new drugs. Several studies have shown that
compounds containing a C-S bond can exhibit interesting anti-
cancer, antifungal, and antimicrobial properties'dl. In addition,
current drugs such as sulfonamides and thiazolidinones contain C-S
bonds and are used to treat several diseases, namely, diabetes,
cardiovascular diseases, and bacterial infections. These examples
suggest that the C-S bond may be an important fragment for the
discovery of new biologically active molecules!27],

Over the past few years, there has been significant experimental
and theoretical research carried out on intramolecular 32CA reac-
tions that have been performed to investigate and discover the
factors controlling the selectivity in this category of CA
reactions!21-261,

The question of stereoselectivity is a consequence of the balance
between steric and electronic effects. Thus, controlling the stereose-
lectivity at the cyclisation step is a great challenge in the organic
synthesis field. This can be achieved by selecting appropriate reac-
tants or by employing a molecular complex as a catalyst?”], espe-
cially in the case when cycloaddition reactions occur through a step-
wise mechanism[28-301, Molecular electron density theory (MEDT)B"]
investigations revealed a connection between the reactivity of 32CA
reactions, which involve the most basic three-atom components
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(TACs), and their electronic structure. This methodology has success-
fully provided a relation between the reactivity of the separated
molecules and their electronic structure32],

Nitrones are three-atom-components (TACs)B3! having a zwitteri-
onic-type (zw-type) structureB2. The intramolecular [3+2] cycloaddi-
tion (132CA) reactions between TACs and alkenes involve hetero-
cyclic structures through either bridged or fused modes. This
method is highly versatile and efficient in creating complex hetero-
cyclic architectures, which consist of oxygen and nitrogen atoms in
a ring with five atoms (Fig. 1).

Furthermore, these modes allow for the construction of stereo-
and regio-selective compounds. The resulting heterocyclic archi-
tectures are highly valuable in many applications, namely, pharma-
ceutical chemistry, where, the specific arrangement of atoms can
greatly impact the compound's properties and potential applica-
tions. Overall, the I32CA reactions of nitrones provide a valuable tool
for synthesizing complex, highly specific heterocyclic structures
with diverse applications34:35],

Majumder & Bhuyan3¢! described the preparation of new dihy-
droisoxazole/tetrahydroisoxazole annulated thiopyrano[2,3-blindole
obtained from oxindole through 132CA reaction (Fig. 2). This
synthetic method has allowed for the production of innovative
compounds that may have potential applications in the fields of
medicinal or pharmaceutical chemistry.

Herein, we aimed to conduct a computational analysis with the
goal of analysing the selectivity observed in the experimental results
reported by Majumder & Bhuyan!39], as well as to understand in a
deep manner the factors governing the selectivity and to elucidate
their influence on the mechanism of this 132CA reaction.

Methods employed for computational analysis

Previous DFT investigations indicate that the use of the B3LYP/
6-31G(d,p) method explained correctly the experimental obser-
vations of cycloaddition reactions37-39. Thereby, in this work, all
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Fig. 1 The possible reactive channels of the I32CA reaction.
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Fig.2 The synthesis of tetracyclic isoxazolidines from a simple oxindole.

Page 2 of 9

A MEDT investigation of the intramolecular [3+2] cycloaddition

calculations were performed within the B3LYP/6-31G(d,p) computa-
tional level*?l, The frequency calculations of the optimized geome-
try of stationery points, namely, reactants, transition states (TSs), and
cycloadducts (CAs) were characterized to ensure that only TSs
possessed a single imaginary frequency (for more details, refer to
the ESI). Thermodynamic functions were computed in toluene at
383.15 K and 1 atm, based on the optimized structures in the gas
phasel*], then scaled by a factor of 0.96[421, The atomic charges of TS
structures were computed within the natural bond orbital (NBO)
method 3, For the study of toluene solvation effects, single-point
calculations were performed through the optimized gas phase
structures using self-consistent reaction fields (SCRF)“4 within the
polarisable continuum model (PCM)#5l. These calculations have
been realized using the Gaussian 09 packagel“®l,

The electron localization function (ELF)“7! analysis has been con-
ducted using Multiwfn softwarel*8l, The non-covalent interaction
(NCI) study has been realized through the analysis of the reduced
density gradient together with the low-gradient isosurfaces!“d,
which was obtained from the NCI plot>%, QTAIM analysist>'! were
conducted using Multiwfn softwarel#8l,

Results and discussion

Energy and geometry analysis

Previous theoretical studies have shown that the majority of 32CA
reactions occur via a mechanism of one stepl>2-54, Therefore, in this
study, we have exclusively focused on this mechanism for the 132CA
reaction of  (E)-N-((2-((-methylbut-2-en-1-yl)thio)-1H-indol-3-yl)-
methylene)methanamine oxide 1. Thereby, we have identified and
characterized three TSs and their corresponding CAs, in relation to
the potential regio- and stereo-selective approaches. Therefore, the
present I32CA reaction can proceed through two regioisomeric
channels, the fused or bridged one (Fig. 3).

The Cartesian coordinates of 1, TSs, and CAs are shown in
Supplementary Table S1 together with the values of imaginary
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Fig.3 Reactive pathways associated with the 132CA of 1.

frequencies of TSs. Values of relative energies corresponding to (E)-
N-((2-((-methylbut-2-en-1-yl)thio)-1H-indol-3-yl)methylene)methana-
mine oxide 1, and TSs and CAs are shown in Table 1, whereas abso-
lute energy values are given in Supplementary Table S2. The ener-
getic profiles in the toluene solvent of the three corresponding
pathways are given in Fig. 4.

According to the values in Table 1, we notice from an analysis
between the AE values in gas-phase for the possible reactive routes
in the studied 132CA reaction that the fused-endo mode (Ea = 18.8
kcal/mol) is the kinetically favoured cycloadduct. The relative energy
difference (AAE) of 11.8 kcal/mol between E, of fused-endo and the
second most favorable pathway, the bridged-endo pathway. Addi-
tionally, it is observed that all reactive routes are irreversible
because the corresponding cycloadducts are more stable than reac-
tant 1 (AEqycioaaducts < 0). Moreover, the bridged cycloadduct is less
stable compared with the fused ones, which may be attributed to
the ring strain presented in the bridged ring. Thus, the bridged ring
that is characterized by a seven-membered ring that is unstable
than one having six atoms formed from the fused channel. Note that
the obtained large activation energies also suggest that these 132CA
reaction pathways proceed via a low-polar mechanism!>556l,

On the other hand, we notice that the cycloadduct favoured
kinetically is stable, confirming that the studied I32CA is under
kinetic control. These findings are in perfect accordance with the
data observed experimentally. The optimised structures of TSs
associated with the 132CA of (E)-N-((2-((methylbut-2-en-1-yl)thio)-
1H-indol-3-yl)methylene)methanamine oxide 1 are depicted in
Fig. 5, as well as the distances and the Wiberg bond order (BO) of
the bonds under formation.

In the fused structures, the distances of the O-C and C-C bonds
are respectively 1.97 and 2.23 A at TS2n, and 2.05 and 2.18 A at
TS2x. In contrast, in the bridged structure (TS3n), these bond
lengths are 2.07 and 2.12 A. Also, the distance of the C-C bond is
larger than that of the O-C bond in all three TS structures, suggest-
ing a synchronicity mechanism in both modes.

Using Wiberg bond indicesl®”), the BO analysis for the two re-
gioisomeric pathways indicates that the C-C bond formation is
generally advanced slightly compared to that of the O-C, with the
exception of the favorable transition state, TS2n, we notice the
opposite, in which the formation of O-C bonds is slightly advanced
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Table 1. Values of relative energies of (E)-N-((2-((-methylbut-2-en-1-yl)thio)-1H-
indol-3-yl)methylene)methanamine oxide 1, TSs, and CAs in gas-phase and
solution of toluene.

System AEgas phase (kcal/mol) AEro1uene (kcal/mol)
TS2n 18.7 21.8
TS2x 349 37.0
TS3n 30.5 31.8
CA2n -17.5 -15.3
CA2x -133 -12.1
CA3n -9.1 -7.7
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Fig. 4 Curves of energy profiles in toluene solvent of the 132CA re-
active  paths of  (E)-N-((2-((methylbut-2-en-1-yl)thio)-1H-indol-3-
yl)methylene)methanamine oxide 1.

compared with the other C-C. This highlights a slight asynchronous
bonding process. These BO values support a previously predicted
asynchronous mechanism.

Since this 132CA reaction of (E)-N-((2-((methylbut-2-en-1-yl)thio)-
1H-indol-3-yl)methylene)methanamine oxide 1 was conducted in
toluene and because of solvation effects that may influence on the
energy values, a supplementary single-point calculation taking into
account the toluene solvent through the gas-phase optimized
structures were performed (see Table 1). Also, we noticed that by
inclusion of toluene solvent effects in the calculations, the reactant,
TSs, and CAs become more stable in comparison with gas-phase
results. Including solvent effects led to increases in activation ener-
gies by 3.1, 2.1, and 1.3 kcal/mol for TS2n, TS2x, and TS3n respec-
tively. In addition, the solvation effects also reduced slightly the
reaction’s exothermicity by 2.2, 1.2, and 1.4 kcal/mol for CA2n,
CA2x, and CA3n respectively. These results may be explained by the
improvement of solvation of (E)-N-((2-((methylbut-2-en-1-yl)thio)-
1H-indol-3-yl)methylene)methanamine oxide 1 relative to the TSs
and CAs in polar solvents8l. Despite these changes, the regioselec-
tivity and stereoselectivity patterns observed in the gas phase stay
the same.

Table 2 provides the values of thermodynamic functions for the
I132CA reaction of (E)-N-((2-((methylbut-2-en-1-yl)thio)-1H-indol-3-
yl)methylene)methanamine oxide 1, while absolute values are
shown in Supplementary Table S3.

From the values of the activation enthalpies corresponding to the
three competing reactive paths, we remark that the fused-endo path
(TS2n) has the lowest value (20.7 kcal/mol), which is considered the
most favourable reactive pathway, leading to the construction of
the tetracyclic isoxazolidine CA2n. In addition all reactive pathways
are characterised by a negative sign of relative enthalpy associated
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TS3n

Fig.5 TSs optimised structures of the I32CA of (E)-N-((2-((methylbut-2-en-1-yl)thio)-1H-indol-3-yl)methylene)methanamine oxide 1, showing the lengths

(in A, in red), and BO (in blue) of bonds under formation.

Table 2. Relative thermodynamic function values for the TSs and CAs of the
132CA of (E)-N-((2-((methylbut-2-en-1-yl)thio)-1H-indol-3-yl)methylene)metha-
namine oxide 1.

System AH (kcal/mol) AS (cal/mol/K) G (kcal/mol)
TS2n 20.8 -222 286
TS2x 357 =203 42.8
TS3n 30.8 -233 38.9
CA2n -14.5 —-26.6 -5.2
CA2x -11.3 -24.8 -2.6
CA3n =71 =274 25

to the cycloadducts, which account for an exothermic character for
this 132CA reaction.

Given the intramolecular nature of the studied reaction, these
pathways exhibit low entropy values. Adding entropic contribu-
tions increases the value of relative Gibbs free energy to reach 28.6
kcal.mol-! for the most favoured cycloadduct CA2n. The activation
enthalpies for TS2x and TS3n are 35.7 and 30.8 kcal/mol, respec-
tively, in which their free activation energies reaching respectively,
42.8 and 38.9 kcal/mol. Therefore, the fused-exo and bridged modes
are less favorable pathways in this 132CA reaction that produce
exclusively the CA2n, in great agreement with what observed
experimentallyB¢l. Likewise, the relative free energy of the
cycloadducts show that the pathways associated with fused mode
are exergonic character but that of the bridged one is endergonic.

Analysis of the natural molecular mechanism

To study the molecular mechanism type of the present I32CA, we
opted for the ELF topological analysis!“7l. Thereby, after deep analy-
sis of the IRC curve of the favorable fused-endo channel, we have
selected some pertinent channels for this analysis. The curve IRC of

Page 4 of 9

Table 3. Electron density of the pertinent basins of the chosen points on the
reactive fused-endo pathways of the 132CA of 1.
MC2n TS2n P, P, P; P, P; CA2n
d(C3-C4) 291 197 177 166 157 154 148 147
d(01-C5) 3.01 223 200 187 175 171 162 1.58
V(O1-N2) 1.31 110 1.00 095 091 088 088 0.86
V(N2-C3) 3.98 249 213 195 188 184 183 1.83
V(C4-C5) 181,175 286 228 213 206 201 200 1.99
V(C3.. C4) - - - 164 174 181 184 186
V(O1...C5) - - 030 0.78 098 1.09 115 1.16
V(C3 ) - 043 063 - - - - -
V(C4) - 0.55 0.82 - - - - -
V(O1) - - - - - - - -
V(C5) - - - - - - - -

the favourable TS2n as well as the selected point positions, MC2n,
TS2n, Py, Py, P3, P4, P5s and CA2n associated with this pathway are
illustrated in Supplementary Fig. S1. The electron density of the
pertinent electronic basins obtained from ELF analysis on the struc-
ture corresponding to studied points on the IRC curve are collected
in Table 3. Figure 6 shows the structure of different selected points
together with the position of the ELF valence basins attractor.

The most important basins in this molecular system correspond-
ing to the reactive regions of 1, are the (C3—-N2 and N2-01), and
C4-C5 (for atom numbering see Fig. 3).

The structure of MC2n is characterized by V(N2,C3) disynaptic
basin with 3.98 e of population, accounting for the double-bond
character of this region. Also, the O1-N2 shows disynaptic basin
V(O1,N2) which integrating of 1.31 e. Moreover, the reactive region
C4-C5 has two disynaptic basins, V(C4,C5) and V'(C4,C5)

Hellel et al. Progress in Reaction Kinetics and Mechanism 2025, 50: e005
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Fig. 6 Structure of different selected points together with the position of the ELF valence basin attractors of the chosen structures corresponding to the

fused-endo pathways of the 132CA of 1.

characterised by a total electronic population equal to 3.56 e, indi-
cating a double bond character of this reactive region.

At the second point TS2n, in which d(C3...C4) = 2.23 A and
d(01...C5) = 1.97 A, the population of the C3—N2 region that is has a
disynaptic basin V(C3—-N2) decreased to becomes 2.49 e, leading to
the appearance of one new monosynaptic basin V(C3), with a 0.43 e.
Another new monosynaptic basin V(C4) with 0.55 e appeared at this
point produced from the disappearance of V'(C4,C5) disynaptic
basin at this point, which leads to C4-C5 only having a monosynap-
tic basin integrating 2.86 e.

At P,, where the distances of the C3...C4 and O1...C5 are respec-
tively 2.00 and 1.77 A, we remark an apparition of new disynaptic
basin V(O1,C5) integrate 0.30 e. In addition to this change, we notice
an increase of the electronic population of V(C3) and V(C4) monosy-
naptic basins to become, 0.63 and 0.82 e respectively, generating
from the depopulation of the disynaptic basins V(C4,C5) and
V(C3,N2) which become 2.28 and 2.13 e respectively.

Hellel et al. Progress in Reaction Kinetics and Mechanism 2025, 50: e005

At P,, characterised by d(C3...C4) = 1.87A and d(01...C5) = 1.66
A, the important evolution is the generation of a new V(C3,C4) disy-
naptic basin characterized by 1.64 e, accounting that the second
new C3—-C4 single bond is formed. Also, we notice an increase in the
electron density of V(O1,C5) disynaptic basin which becomes
0.78 e.

At P3, in which d(01-C5) = 1.57A and d(C3-C4) = 1.75A, the
remarkable changes are the augmentation in the population of the
new disynaptic basins V(C3,C4) and V(O1 C5) by slight values of 0.10
and 0.20 e to reach respectively 1.74, and 0.98 e. This increase in
electron density of the newly forming disynaptic basins is accom-
panied by a decrease of that associated to the V(C4,C5) and V(N2,C3)
which become 2.06 and 1.88e respectively.

At P4, in which d(01-C5) = 1.54 A and d(C3-C4) = 1.71 A, the
main development in electronic mechanism is only a slight increase
in the population of the disynaptic basins V(O1,C5) and V(C3,C4) to
become 1.09 and 1.81 e respectively.
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At P5, in which d(01-C5) = 1.47 A and d(C3-C4) = 1.62 A, there is
no noticeable topological change except the slight augmentation in
the population of disynaptic basins V(C3,C4) and V(0O1,C5) by 0.03
and 0.06 e, to become 1.84 and 1.15 g, respectively.

At the cycloadduct CA2n, where d(01-C5) = 1.47 A and d(C3-C4)
= 1.62 A, the population associated with disynaptic basins V(O1,C5)
and V(C3,C4) continue to increase by 0.01 and 0.02 e to reach 1.86
and 1.16 e respectively.

From this analysis, we can conclude that the mechanism of this
I132CA reaction is two-stage one-stepl®9 , where, the 01-C5 single
bond formation begins first, followed by that of the second C3-C4.

Origin of the fused-endo stereoselectivity

NCl analysis

Based on our prior computational studies showing that NCls are
the main cause for the stereoselectivity observed in the 32CA reac-
tions!©0-631 thereby, a supplementary analysis of the structure asso-
ciated to TS2n and TS2x is necessary to discover the main reason of
the fused-endo selectivity. Figure 7 illustrates the NCI density gra-
dient isosurfaces for TS2n and TS2x.

From Fig. 7 we observe the existence of green surface in the zone
located between the carbon atom of the alkene fragment and the
oxygen of nitrone framework 1 in both TS2n and TS2x that may be
due to the interactions of the newly forming O1...C5 and C3...C4
bonds. On the other hand, we observe the existence of several
green surfaces in TS2n structure that are considered as indices
for the existence of weak NCls. Otherwise, we note that TS2x is char-
acterized by a small green surface and large red surface that are
associated with steric hindrances that decrease the stability of this
structure.

To confirm the existence of NCls at these structures, we have
realized a supplementary analysis based on the reduced density

A MEDT investigation of the intramolecular [3+2] cycloaddition

gradient, in which Fig. 8 shows the low-gradient isosurfaces for
TS2n and TS2x. The low-gradient isosurfaces associated with TS2n
show the existence of four low-density gradient spikes at —0.005,
—0.008, —0012, and —0.020 a.u, account for the formation of four
favourable NCls. On the other hand, the low-gradient isosurfaces
corresponding to TS2x shows the existence of only two low-density
gradient spikes at —0.005 and —0.010 a.u. The presence of several
favorable NCls in TS2n is the main reason of its stability in com-
parison with TS2x that have only two NCls.

QTAIM study

QTAIM study of the electron density p produces some critical
points (cps), that are points on the molecular system characterized
by Vp(r) = 0B, The existence of (3,—1) cp gives the link between
basins of atoms adjacent, named as bond critical point (bcp). Pre-
vious studies show that the force of such interaction, especially
hydrogen bond (HB) may be evaluated using the properties of its
bcpl6463l. Rozas et al.l! proposed that these interactions may be
distinguished into three types; the strong interaction have a nega-
tive Laplacian (V2p,, < 0) and a negative total electron energy
density (Hye, < 0). For, the second type that is a medium strength
interaction, which defined by (V2py, < 0) and (Hp, > 0). The last
type is weak interaction are characterized by (V2p,, > 0) and
(Hpep > 0).

For distinguishing between the NCS presented at both TS2n and
TS2x, a QTAIM study'! at these structures have been realized, in
which the values of total electron density, total electron energy
density and Laplacian of the (3,—1) cps are given in Table 4. Figure 9
illustrates the schematisation of the QTAIM molecular graphs asso-
ciated to TS2n and TS2x that are obtained from the QTAIM study.

Figure 9 shows that except the interactions associated with the
forming bonds, TS2n has two NCls that are H...H and H...S, while

TS2n
Fig.7 NCl analysis of TS2n and TS2x structures with isosurfaces = 0.40.
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Fig.8 Plots of RDG for TS2n and TS2x structures.
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TS2x

Fig.9 QTAIM molecular schematisation of TS2n and TS2x together with bond paths and (3,—1) critical points.

Table 4. QTAIM parameters associated with the (3,—1) cps associated with
TS2n and TS2x.
Interaction Pebep Vuep Hpep
Ts2n 01..C5 0.79 0.12 0.15
c3...C4 0.58 0.43 0.13
H...H 0.44 0.16 0.99
H...S 0.99 0.32 0.15
TS2x 01...C5 0.69 0.18 -0.97
c3...¢4 0.65 0.33 -0.16
H...H 0.30 0.81 0.30

TS2x has only one H...H NCI type. Thereby, the stabilisation of TS2n
may be attributed to the presence of a supplementary H...S NCI.

Table 4 shows that all (3,-1) bcps associated with H...H and H...S
interactions presented both in TS2n and TS2x are characterized by
V2ppep > 0 and Hye, > 0. Thereby, they may be classified as weak
strength interactions according to the classification of Rozas et
al.l*4l, On the other hand, we remark that only O1...C5 in both struc-
tures and C3...C5 in TS2x have negative total electron energy
density (Hp, < 0) because they are attributed to the forming bonds,
which are considered as strong interactions.

Conclusions

In this study, we conducted a theoretical analysis of the molecu-
lar mechanism, regioselectivity, and stereoselectivity of the 132CA
reaction of (E)-N-((2-((methylbut-2-en-1-yl)thio)-1H-indol-3-yl)methy-
lene)methanamine oxide 1, derived from 2-((2-methylprop-1-en-1-
yl)thio)-1H-indole-3-carbaldehyde through MEDT within the B3LYP/
6-31G(d,p) DFT method. Our main findings are as follows:

(i) The B3LYP/6-31G(d,p) computational level, accurately explains
the regio- and stereo-selectivity observed experimentally.

(i) The I32CA reaction occurs under kinetic control leading to
formation of a single cycloadduct obtained from compound 1.

(iii) Analysis of the TSs as well as bond order indices indicates that
this 132CA reaction occurs through a one-step slightly asynchronous
mechanism.

(iv) The effect of solvation increases the activation energies but
does not modify the gas phase selectivity patterns.

(v) The studied I132CA is characterized by exothermic behaviour
for all reactive pathways and exergonic behaviour for the fused
paths and an endergonic for the bridged one.

(vi) Bond distance analysis of the forming bond at the TSs shows
that this 132CA reaction precedes through a slightly asynchronous
mechanism.

(vii) ELF study shows that this 132CA occurs through a non-
concerted two stage one-step mechanism.

Hellel et al. Progress in Reaction Kinetics and Mechanism 2025, 50: e005

(viii) NCl and QTAIM topological analyses indicate that the stabili-
sation of the favoured TS2n is attributed to the presence of several
weak NCls.
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