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ABSTRACT: This study is focused on describing the molecular mechanism beyond the ©

molecular picture provided by the evolution of molecular orbitals, valence bond structures along
the reaction progress, or conceptual density functional theory. Using bonding evolution theory
(BET) analysis, we have deciphered the mechanism of the 1,3-dipolar rearrangement between
acetonitrile oxide and (1S,2R,4S)-2-cyano-7-oxabicyclo[2.2.1]hept-S-en-2-yl acetate derivatives.

The BET study revealed that the formation of the C—C bond takes place via a usual sharing H,C K—/‘U : CN

model before the O—C one that is also formed in the halogenated species through a not very 33
usual sharing model. The mechanism includes depopulation of the electron density at the N—C

OCOCH,

triple bond and creation of the V(N) and V(C) monosynaptic basins, depopulation of the

former C—C double bond with the creation of V(C,C) basins, and final formation of the V(O,C) basin associated with the O—C
bond. The topological changes along the reaction pathway take place in a highly synchronous way. BET provides a convenient
quantitative method for deriving curly arrows and electron flow representation to unravel molecular mechanisms.

B INTRODUCTION

Understanding the molecular mechanisms, that is, the
processes of bond breaking and formation throughout the
progress of a chemical reaction, and rationalizing chemical
reactivity are the main goals of chemistry.' Determining
chemical reactions in time and space is very challenging
because of the different length and time scales on which the
nuclear dynamics take place.”

An analysis of the chemical reactivity, that is, the processes
involving the formation, breakage, and/or reorganization of
chemical bonds along the reaction progress, is fundamental. To
this end, the use of various theoretical and computational
methods, such as those based on molecular orbital (MO),>™*
valence bond (VB)°™® calculations, and conceptual density
functional theory (DFT)-based reactivity descriptors (hard-
ness, polarizability, electrophilicity, etc.), which are based on
derivatives of the electron density p(r) and its energy,‘)_12 can
be successfully demonstrated. In this context, chemical
reactivity can be investigated by electronic structure calcu-
lations using two main approaches: those based on the analysis
of MOs and p(r). It is important to stress that the MOs or the
Kohn—Sham orbitals in DFT are merely mathematical
constructs that are used to obtain a route to an approximate
solution to the Schrodinger equation. Furthermore, because an
arbitrary unitary transformation of a wave function does not
alter its amplitude (probability density) or consequently any
observable properties, an MO basis used to build the wave
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function is not only nonunique but is also not observable''

and is limited by the equivalence of different MO choices and
the multiple MO configurations (multireference wave
functions) needed to describe covalent bond breaking.ls_18
A way to provide robust and rigorous formalism based on
quantum mechanics and overcome the abovementioned
inconsistencies is to examine the information contained in
the analysis of the topology of molecular scalar fields, which
condense the chemically relevant information obtained from
quantum calculations into an observable computed from it,
such as electron density.'”*° This procedure makes it possible
to perform a real-space partitioning of the molecular space
using functions of the electronic density and/or its derivatives
and is known as quantum chemical topology (QCT), named
by Popelier,m’22 where topological analysis on scalar fields,
including the most prominent approach, quantum theory of
atoms in molecules (QTAIM),”*** and the electron local-
ization function (ELF),”>*® is employed. The ELF performs a
topological analysis of the same-spin pair probability density
and thus generates basins of localized electron pairs, enabling a
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Scheme 1. Regioisomeric and Diastereofacial Isomeric Channels Associated with the Reactions between 1 and 2a—c

H
sC A 2a,R=H
a-c 2b,R=Cl ba-c
2¢,R=Br

chemically intuitive partition of molecular regions involving
strong electron pairing such as atom bonds and lone pairs. In
particular, there is a one-to-one correspondence between the
VSEPR domains, localized electron pairs, and the localization
basins of the ELF, the function being soundly interpreted in
terms of local excess kinetic energy because of the Pauli
repulsion.”*™**

Using the topology of the electron density, Krokidis and
Silvi were the pioneers in the development of the theoretical
background leading to the establishment of the bonding
evolution theory (BET) in order to describe the molecular
mechanism of a reaction in terms of creation or annihilation of
electronic domains.”**’ BET is a solid procedure based on the
combination of the ELF*>*° and Thom’s mathematical
catastrophe theory (CT).”' BET allows us to perceive
electronic rearrangement and bonding changes taking place
along a reaction pathway.”>~** During the BET analysis, only
three types of bifurcation catastrophes have been found in
chemical reactivity and two of them have been identified in the
present study: the fold catastrophe, corresponding to the
creation or annihilation of two critical points of different parity,
and the cusp catastrophe, which transforms one critical point
into three (and vice versa) such as in the formation or the
breaking of a covalent bond.

In 2004, our research group published the first study on the
molecular mechanism of the 1,3-dipolar cycloaddition by
employing BET." Very recently, illustrative examples were
presented to show how BET is capable of adequately
predicting the bond-breaking/-forming process and the order
and direction of the electron density flow of a given chemical
rearrangement, thereby providing quite valuable information
on the curly arrow representation of the reaction mechanism
when studying reaction mechanisms at the elementary level by
different authors.>*>**~>?

The [3 + 2] cycloaddition reactions were classified into four
types depending on the electronic structure of the involved
three-atom component (TAC).”’ In particular, nitrile oxides
were classified as zwitterionic TACs," and their reactivity has
been studied in several studies. Although they all follow the
same pattern, some differences can be found in the way the
bonds are formed. Thus, the reaction between benzonitrile
oxide and N-vinylpirrole® takes place with the formation of
the C—C single bond through the coupling of two
monosynaptic basins, or pseudoradical centers,” created at
the two interacting carbon atoms, followed by the formation of

the O—C single bond that takes place through the donation of
some electron density of the nitrile oxide oxygen lone pairs and
the electron density of the C pseudoradical center of the vinyl
group. The same behavior was found, for instance, in the study
of substituted nitrile oxides with methyl acrylate.64 However,
the reaction between trifluoroacetonitrile N-oxide and 2,2,4,4-
tetramethyl-3-thioxocyclobutan-1-one® takes place via the C
to S and O to C coupling of the corresponding pseudoradical
centers, while for the reaction between tormentosin and
benzonitrile oxide,66 it was found that the C—C bond is
formed according to the usual sharing model, and the O—-C
bond forms via a donation model without the formation of the
pseudoradical center on the carbon atom. Finally, phenyl
nitrile oxide reacts with (R)-carvone,®’ in a process beginning
with the formation of the C—C single bond by sharing part of
the nonbonding electron density of one of the carbon atoms
and that of the pseudoradical center on the other carbon atom,
while the formation of the second O—C single bond takes
place by donation of nonbonding electron density of the O
oxygen to the small amount of nonbonding electron density
created at the C carbon.

To further understand these types of reactions and unravel
the molecular details, in this study, we have selected a complex
rearrangement reaction and we will clarify, for the first time,
the molecular mechanism of the 1,3-dipolar reaction between
nitrile oxide and (1S,2R,4S)-2-cyano-7-oxabicyclo[2.2.1]hept-
5-en-2-yl acetate derivatives, which was reported by Arjona et
al%® 30 years ago. The mechanism underlying this reaction
remained unknown for years, and we have shown in the
present study that the presence of a halogen atom changes the
way in which the O—C bond is formed.

Very recently, we were able to show how effectively BET
retrieves and visualizes curly arrows in the cycloaddition
reaction of cyclic nitrones.”” In the present study, we include a
complete BET analysis and recover the curly arrow
representation and the corresponding electron flow. Therefore,
an added value of the present work with respect to previous
articles on the description of reaction mechanisms of similar
chemical rearrangements is to disclose how curly arrows meet
electron density transfers and electron flow along the
rearrangement progress.

We have focused on the proposed reaction mechanisms in
an attempt to highlight the key concepts that are emerging on
the basis of this study to disclose the steric and electronic
factors that govern the outcome of these organic trans-
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Table 1. Relative (to the Separate Reactants) Total Energies (kcal/mol)“

in vacuo in benzene
species 2a, R=H 2b, R = Cl 2¢, R = Br 2a, R=H 2b, R = Cl 2¢, R = Br
TS-PS 7.88 9.0S 9.21 9.15 10.13 10.33
TS-PA 15.62(7.74) 18.45(9.40) 18.88(9.67) 16.51(7.36) 19.03(8.90) 19.47(9.14)
TS-MS 9.48 10.13 10.06 10.36 11.35 11.32
TS-MA 15.66(6.18) 19.16(9.03) 19.21(9.15) 16.80(6.44) 20.48(9.13) 20.57(9.25)
3 —57.89 —58.53 —57.48 —=57.02 —57.50 —56.35
4 —54.77(3.12) —56.21(2.32) —54.97(2.51) —53.43(3.59) —54.91(2.59) —53.62(2.73)
S —56.26 —55.48 —54.90 —55.63 —54.26 —53.65
6 —55.49(0.77) —54.43(1.05) —53.85(1.05) —54.13(1.50) —52.84(1.42) —52.23(1.42)

“Values in parentheses are syn-to-anti differences [AE = E(anti) — E(syn)].
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Figure 1. Optimized geometries for the TSs. The values of the key bond distances in vacuo are indicated while the values in brackets stand for the
optimized TSs in benzene (in A). The imaginary frequency values (cm™) for each TS in the gas phase and, in parenthesis, in benzene are indicated.

formations. This will allow us to address and answer some new
questions: (a) where and how does charge transfer take place
along the reaction progress? (b) how does electron density
rearrange and how can this rearrangement be associated with
chemical events such as the breaking/forming of chemical
bonds along the reaction progress? (c) how could the
electronic reorganization proceed along the reaction path?
Or, in other words, what types of catastrophes and structural
stability domains (SSDs) appear along each reaction pathway
during the BET analysis? and (d) how can the substitution of
the H atom in the CS position of (1S,2R4S)-2-cyano-7-
oxabicyclo[2.2.1]hept-5-en-2-yl acetate by a halogen atom (Cl
or Br) change the BET description of the molecular
mechanism?

B RESULTS AND DISCUSSION

As mentioned above, the goal of the present paper is to study
the electronic rearrangement taking place along the reaction
between acetonitrile oxide (1) and (1S,2R4S)-2-cyano-7-
oxabicyclo[2.2.1]hept-5-en-2-yl acetate derivatives (2a—c).
Considering the nonsymmetry of unsaturated alkenes, four
reaction channels via syn and anti-attacks and para and meta
regioisomeric approaches of nitrile oxide on 7-oxanorbornenic
derivatives can be envisaged, as indicated in Scheme 1. In this

22217

way, the channels through TS-PSa—c, TS-PAa—c, TS-MSa—c,
and TS-MAa—c are possible.

Table 1 displays the relative (to the separate reactants)
energies of all species involved in this cycloaddition. The whole
set of energetic parameters is reported in the Supporting
Information (Tables S1 and S2). From Table 1, the analysis of
activation energies shows that the para channels present lower
activation barriers than the corresponding meta channels. A
local conceptual density functional theory analysis (see the
Supporting Information) allows us to ascertain that the most
favorable electrophile—nucleophile interaction will take place
between the O1 oxygen atom of 1 and the CS carbon atom of
2a—c¢, and consequently, the activation barriers along the para
channels (in which the O1—CS5 bond is formed) are lower than
the corresponding barriers along the meta channel, in which
the O1—C4 bond is formed instead.

In addition, the TSs for the syn attack are always more stable
than the TSs for the anti processes. This result could a priori be
considered as unexpected. However, two reasons can be
argued that explain this behavior: on the one hand, the
favorable interaction that takes place in the syn attacks,
between the partial positive charge on the N atom of the
acetonitrile oxide and the partial negative charge on the bridge
oxygen. On the other hand, the unfavorable steric arrangement
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observed in the anti attacks that places the methyl groups (of
the acetonitrile oxide and the acetate residue) close to each
other, disfavoring the TSs for the anti paths (Figure 1).
Therefore, our results are able to explain the experimental
outcome of the reaction between 1 and 2a—c that affords a
main, or even unique, product species 3a—c.”®

The syn-to-anti difference in activation energies for the para
and meta regioisomeric reaction pathways between 1 and 2a in
vacuo (in parenthesis, the values in benzene) is 7.74 (7.36) and
6.18 (6.44) kcal/mol, respectively. It is worth noting that the
activation energy variations observed in benzene are very
similar to those found in vacuo. For case 2b, in which the
hydrogen atom on C5 of 2a is substituted by a chlorine atom,
the difference becomes 9.40 (8.90) and 9.03 (9.13) kcal/mol,
respectively. For case 2c¢, in which the hydrogen atom on C5 of
2a is replaced by bromine, the difference becomes 9.67 (9.14)
and 9.15 (9.25) kcal/mol, respectively. Therefore, the paths
that are not the para-syn path are even more disfavored, and
this result is also in agreement with the experimental data:**
when the H atom is replaced by CI or Br, 3b or 3c is the only
detectable product. The activation barriers for the reactions
involving halogenated 2b and 2¢ compounds are slightly higher
than those computed for 2a probably because of small
repulsion between the lone pairs of the halogen atom and
the lone pairs of the oxygen atom (para approaches) or to
some steric hindrance between the methyl group and the
halogen atom (meta approaches). On the other hand, the
activation energies increase in all cases on comparing the in
vacuo values with those obtained in benzene probably because
of a slightly better solvation of the reagents than the TSs.

As for the reaction energies, it has also been found that the
3a—c products are clearly more stable than the others and
therefore they are also the thermodynamically preferred
products, in accordance with the experimental observations.
Additionally, it is found that the syn products are always more
stable than the corresponding anti products along both the
meta and the para channels. On the other hand, the values of
the reaction energies are always less negative in benzene than
in vacuo, and the differences in reaction energies between the
anti and syn channels are slightly greater in benzene than in
vacuo.

The relative enthalpies, entropies, and Gibbs energies of the
stationary points found along the reactions studied here are
reported in the Supporting Information (Table S3), all of them
calculated in benzene. As for the enthalpies, the activation
values are generally slightly higher than the activation energies,
while the reaction enthalpies are a little less negative. The
Gibbs energy activation values are much higher than the
activation enthalpies or the activation energies because the
entropic term disfavors the reaction, as can be seen. Moreover,
the Gibbs energy reaction values are less negative for the same
reason.

The optimized geometries of the 12 TSs corresponding to
these reactions between 1 and 2a—c are depicted in Figure 1.
In general, the lengths of the C—C-forming bonds are shorter
than those of the C—O-forming bonds, except in the cases of
TS-MSb and TS-MSc. However, in the corresponding
products, the C—C distances will always be longer than
those of C—O, by ca 0.1 A. These observations suggest that the
C—C bonds will be formed prior to the C—O bonds. The
substitution of hydrogen by halogen atoms slightly increases
the lengths of the C—C-forming bonds in the meta-syn and
para-anti cases and decreases those in the other two, while the

lengths of the C—O-forming bonds increase in the para-syn
and the meta-anti cases and decrease in the other two cases.

The inclusion of the benzene solvent in the calculations does
not significantly affect the distance values or the observed
tendencies.

BET Analysis for the Syn Attack along the Para
Channel. Mechanism of the Reaction between 1 and 2a. As
explained earlier, the syn processes are always energetically
favored with respect to the anti processes. We therefore
studied these syn processes further using the BET analysis
along the reaction path. An analysis of the results reveals the
existence of five SSDs for the para-syn approach path along the
reaction between 1 and 2a, as we can see in Figures 2 and 3.
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Figure 2. Population (in electrons) evolution of selected basins along
the pathway involving the TS-PSa of the reaction between 1 and 2a.
The relative energy (in kcal/mol) along the IRC is represented by
black lines with dots.

The first SSD reflects the sum of the reagent topologies: one
V(C3,N2) disynaptic basin with a 6.12 lel population
corresponding to the N2—C3 triple bond, one V(Ol)
monosynaptic basin with 5.77 lel, illustrating the lone pairs
for the oxygen atom around the acetonitrile oxide, and one
V(C4,CS) disynaptic basin with a 3.41 lel population for the
C—C double bond of 2a.

The first catastrophe along the reaction pathway is one of
the fold-F types, corresponding to the creation of a V(N2)
monosynaptic basin on the N2 atom. The population of the
new V(N2) monosynaptic basin is 1.62 lel at the beginning and
grows until 1.98 lel at the end of the domain SSD-II. The
population of this new V(N2) monosynaptic basin comes from
the drop in the V(C3,N2) basin, which shows a reduction of
1.55 lel during the first step of the SSD-II domain. The
reduction of the V(N2,C3) basin continues along the SSD-III
domain and leads to the appearance of the V(C3) basin with a
population of 0.37 lel. In addition to this V(C3) monosynaptic
basin, we also notice the appearance of the V(C4)
monosynaptic basin with a population of 0.31 lel. This
population is the result of the reduction in the population of
the V(C4,CS) basin, which underwent a loss of 0.28 lel at the
beginning of the domain.

At the end of the SSD-III domain, these two monosynaptic
basins that are necessary for the formation of the C3—C4
bond® have accumulated a population of 0.61 lel for V(C3)
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Figure 3. ELF basin isosurfaces (17 = 0.7) for selected points that are representative of each of the SSDs found along the IRC associated with the

TS-PSa regioisomeric channel.

Scheme 2. Curly Arrows Describing the Electronic Flows Observed along the Para-Syn Path of the Reaction between 1 and 2a“
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and 0.63 lel for V(C4). Once rich in electron density, these two
monosynaptic basins give birth to the new V(C3,C4)
disynaptic basin at the beginning of SSD-IV (see also Figure
3). This V(C3,C4) basin has a population of 1.43 lel and it
reaches a population of 1.73 lel at the end of the domain. The
creation of the V(CS) monosynaptic basin is also noticed
along the SSD-IV domain with a population varying between
0.19 and 0.31 lel. In the last domain (SSD-V), the fourth cusp-
type catastrophe takes place and results in the formation of the
C—0 bond (as we can see in Figure 3). The population of the
corresponding V(0O1,CS) basin varies between 0.35 and 1.34 |
el along the SSD-V domain and is derived from the
disappearance of the V(CS) basin and the reduction in the
population of the V(O1) basin.

From the abovementioned results obtained from the analysis
of the evolution of the populations of the different basins along
the process, a curly arrow representation can be deduced, as
shown in Scheme 2.

It is interesting to notice that the four turning points
between the five SSDs found take place in a relatively narrow
part of the IRC (see Figure 2), thus indicating that the
topological changes take place in a rather synchronic way.

Using eqs 1—3 of the Computational Methods section, Sy is
calculated to be 0.93 and Sy* = 0.89. This value implies that
the topological changes take place in a very synchronous way,
at 89% of the maximum absolute synchronicity. We can
compare this value with the one obtained with the
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synchronicity definition by Cossio et al.” that uses the Wiberg
bond indices from the natural bond orbital analysis and is
therefore based on the bond order evolution along the process.
The synchronicity value obtained this way is 0.83, very close to
our absolute synchronicity. On the other hand, it should be
noted that the TS can be found slightly displaced to the
products along the IRC (at approximately 70%), and therefore,
it has a product-like character in terms of its position along the
IRC pathway.

As we have shown, the C—C bond is formed before the O—
C one, although the oxygen atom of acetonitrile oxide is its
most nucleophilic center. To this respect, it has been recently
established”’ that in the [3 + 2] cycloaddition reactions of
C,N-dialkyl nitrones with nucleophilic ethylenes, the reaction
begins with the formation of the C—C single bond, while with
strong electrophilic ethylenes, the reaction begins with the
formation of the C—O single bond. We have found that the
dipolarophiles 2a, 2b, and 2c¢ can be considered strong
nucleophiles participating in the reaction and therefore the
early formation of the C—C single bond would be expected.

Mechanism of the Reaction between 1 and 2b—c. The
substitution of the hydrogen atom on CS of 2a by the halogen
one (chlorine and bromine) affected the electron flux along the
reaction and more precisely the number of SSDs registered. In
both cases, the number of SSDs is eight (see Figures 4—7).
The main difference comes from the appearance of the V(C3)
and V(C4) monosynaptic basins in the SSD-III and SSD-IV
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Figure 4. Population (in electrons) evolution of selected basins along
the TS-PSb pathway of the reaction between 1 and 2b.
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Figure 6. Population (in electrons) evolution of selected basins along
the TS-PSc pathway of the reaction between 1 and 2c.

(see Figure 5), compared to TS-PSa, where the two
catastrophes took place in the same domain (SSD-II).
Another difference lies in V(CS) and V(C3,C4), which in
this case, appear in SSD-V and SSD-VI, respectively. In
addition to these catastrophes, we note the creation of a
second monosynaptic basin denoted V'(O1) around the
oxygen atom with populations of 0.26 and 0.24 lel, respectively,
in the two cases. This creation of the V'(O1) basin
corresponds to the sixth catastrophe (between SSD-VI and
SSD-VII). These changes can be explained taking into account
the electron-withdrawing effect of the halogen atom that delays
the appearance of V(C4) and therefore two consecutive
appearances of V(C3) and V(C4) take place. In addition, the
late appearance of V(C4) delays the V(C3,C4) formation that
takes place after the V(CS) basin appearance. Finally, the
V(01,CS) basin appears after a second monosynaptic basin
V’(O1) appears on the O1 atom may be also because of the
electron-withdrawing effect of the halogen atom delaying the
necessary population of V(CS). Importantly, one can see that
in this case, the C—O bond is formed from two monosynaptic

basins, through a sharing model, instead of the well-known
donating model currently established.

The last major change, the appearance of V(O1,CS), takes
place very early along the pathway passing through TS-PSa (R,
= 3.47 bohr amu'/?) compared with the TS-PSb and TS-PSc
cases, in which the IRC value is 4.734 and 5.043 bohr amu'/?,
respectively, when the turning point takes place. This early
appearance of V(O1,CS) can be related to its low electronic
population registered at the beginning of the SSD-V domain
for the TS-PSa case (0.35 lel) compared to the TS-PSb and
TS-PSc cases, in which the V(O1,CS) basin appears when its
population is higher (1.02 and 1.09 lel). Furthermore, the
V’(01) monosynaptic basin appears prior to the formation of
the O1—CS bond in the TS-PSb and TS-PSc cases.

The electronic flows, obtained from the analysis of the
evolution of the populations of the different basins along the
process, are depicted using curly arrow representation in
Scheme 3.

The calculated values of Sy are 0.905 and 0.903 for TS-PSb
and TS-PSc, respectively, and the Syabs values are 84 and 83%,

V(N2,C3) V(N2)

S ' '\/(01)

V(C4,C5)

! ; SSD-1

v(Cs) Vv(C3,c4)

SSD-v : SSD-VI

}j’;‘il

()

SSD-Iil 3 SSD-IV

SSD-VII SSD-VIII

Figure 5. ELF basin isosurfaces (17 = 0.7) for selected points that are representative of each of the SSDs found along the IRC associated with the

TS-PSb regioisomeric channel.
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Scheme 3. Curly Arrows Describing the Electronic Flows Observed along the Para-Syn Path of the Reaction between 1 and 2b
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suggesting that the topological process is less synchronous
during TS-PSb and TS-PSc compared to TS-PSa (SyabS =
0.89). The same tendency is observed with the Cossio et al.”°
synchronicity values: 0.79 and 0.78 for TS-PSb and TS-PSc,
respectively, compared with 0.83 for TS-PSa.

We have also conducted a BET analysis for the syn attack
along the meta channel that renders similar results to those
shown above. See the Supporting Information for details.

Bl CONCLUSIONS

The BET studies represent a way to advance in the chemical
understanding of molecular mechanisms of chemical rearrange-
ments, in the most fundamental manner beyond the molecular
picture provided by the evolution of molecular orbitals, valence
bond structures along the reaction progress, or conceptual
density functional theory. BET is a rigorous way to recover the
classical curly arrow representation and electron flow of
molecular mechanisms. By deriving and analyzing the SSDs
(from the ELF analysis) and turning points (from Thom’s
catastrophe theory), we can demonstrate where and how the
chemical events, especially the bond-breaking/forming pro-
cesses along the reaction pathway, take place. This approach
can be considered as an alternative technique to MO, VB, and
CDFT formalisms to further characterization of reaction
mechanisms, focusing on the electron pair and bonding
rearrangements involved in a given reaction.

22221

The main conclusions of the present work can be
summarized as follows:

We have found that the syn isomers are formed through
lower energy barriers and are more stable than the
corresponding anti isomers. Therefore, from either a kinetic
or a thermodynamic point of view, they are the preferred
products, in accordance with the experimental observations.
On the other hand, the substitution of a H atom by a halogen
(Cl or Br) disfavors the process. We have also found that the
solvent benzene disfavors the processes, and the reaction
energies are always slightly less negative in benzene than in
vacuo.

The 12 TSs obtained show that the lengths of the C—C-
forming bonds are generally shorter than the C—O-forming
bonds, suggesting that the C—C bonds are formed prior to the
C—0 ones.

An analysis of the electron localization function associated to
Thom’s catastrophe theory within the BET was conducted for
the syn reaction channels, which are the preferred processes.
Along the reaction mechanism between 1 and 2a, through the
para and meta regioisomeric channels, the new C—C-forming
bond always takes place before the C—O ones, as expected
from the geometric data of the TSs and from the order of
appearance of the monosynaptic V(C) basins. This result is in
agreement with the recently established”" order of C—C and
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C—O bond formation of nitrones reacting with nucleophilic
ethylenes.

The substitution of the C5—H hydrogen atom of 2a by a
halogen (Cl or Br) increases the number of SSDs found during
the reaction between 1 and 2b—c because the electron-
withdrawing effect of the halogen atom delays the appearance
of V(C4) and the necessary population of V(CS). For the para
regioisomeric pathway, eight SSDs have been found because of
the creation of a new basin denoted as V/(O1) and the
subsequent appearance of different V(C) basins. During the
meta pathway, six SSDs have been characterized because of the
creation of V(C) monosynaptic basins before the V(C,C) one.
Interestingly, when a halogen is present, the O—C bond is not
formed along the para channel via the usual donating model
from the oxygen lone pairs but with a sharing between V(C)
and V’(O) monosynaptic basins.

In spite of these differences that were observed, the
mechanism can be summarized as follows: depopulation of
the electron density at the C—N triple bond and creation of
the V(N) and V(C) basins, depopulation of the former C—C
double bond with the creation of V(C) basins, creation of
V(C,C) basins associated to the C—C bond, and final
formation of the V(O,C) basin associated to the O—C bond
through different mechanisms depending on the presence of a
halogen atom. We have found that all these topological
changes take place in a highly synchronous way: the absolute
synchronicity ranges between 83 and 89% of the maximum
absolute synchronicity.

B COMPUTATIONAL METHODS

All geometry optimizations were performed using the Gaussian
16 program.”” The geometries of the stationary points were
fully optimized through DFT calculations using the wB97X-
D’ functional with the 6-311G(d) basis set. The stationary
points were characterized by frequency calculations in order to
verify the number of imaginary frequencies (zero for local
minima and one for transition state (TS) structures). The IRC
paths were computed using the second-order Gonzalez-
Schlegel integration method”*’* in order to obtain the energy
profiles connecting each TS structure to the two associated
minima of the corresponding path. The solvent effects of
benzene were considered using the integral equation formalism
of the polarizable continuum model (IEFPCM)’° in the
framework of the self-consistent reaction field (SCRF).

In the BET analysis, the wave function was obtained for each
point of the IRCs and the ELF analysis was performed by
means of the TopMod package’’ considering a cubical grid
with a step size smaller than 0.2 bohr. The visualization of ELF
basin positions was performed using the DrawMol”® and
DrawProfile codes.”

The position of the changes between the different SSDs
derived from the BET analysis is employed as an indicator of
the synchronicity of a particular process, as was previously
defined®”*

2 n n
Y e 2,9

i=1 j=i+l (1)

Equation 1 is used to calculate the synchronicity (Sy) of the
process, its maximum value being 1. In this equation, n is the
number of SSDs minus one, S; and S are the final and initial
IRC values, respectively, and the different values of S; and S,
are the IRC values at which the turning points between SSDs

appear. The minimum value of Sy is a function of n and can be
obtained using eq 2

O HNCEDED W CEED)
n(n —1) (2)

The absolute synchronicity, Sy*, on a zero-to-one scale, is
obtained using eq 3

min
=1 —

min

Sy — Sy

Syabs —
1— Symm (3)
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