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1 | INTRODUCTION

Abstract

In the present work, the electron density flows involved throughout the progress of the
four reaction pathways associated with the intramolecular [3 + 2] cycloaddition of cyclic
nitrones Z-1 and E-1 are analyzed using the bonding evolution theory. The present study
highlights the nonconcerted nature of the processes, which can be described as taking
place in several stages. The first stage consists in the depopulation of the initial C=N and
C=C double bonds to render the N lone pair and the corresponding C—N and C—C single
bonds, and these electronic flows initiate the reactions. The C—C and C—O sigma bond
formations take place later on, once the transition states have been overcome. Along the
bridged pathways, the C—C bond formation process precedes the O—C bond formation
event, although, along the fused paths, the O—C bond formation process occurs first and
the formation of the C—C bond is the last electronic flow to take place. Finally, curly
arrow representations accounting for the timing of the electron flows are obtained from

the bonding evolution theory results.
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Over the last few decades, the scope of quantum-chemical methods has grown substantially and it is nowadays possible to compute and quantita-
tively characterize the electronic structure of ever larger and more complex molecules. In theoretical and computational chemistry, the study of
some aspects of the molecular electronic structure, such as the chemical reactivity or the nature of the chemical bond, rely upon the analysis
of the wave function or electron density. Today, quantum chemical methodologies are routinely employed to map the potential energy surfaces
of reactive systems to find the reaction path that connects the reactants to products, via the corresponding transition states (TSs) and possible
intermediates, thus allowing a quantitative description of the mechanisms, energetics, and dynamics governing chemical reactions involving rela-
tively large polyatomic systems. The acquired knowledge has proven to be critical to gain a deeper understanding of many chemical processes

and transformations; however, the fundamental features of the formation and cleavage of chemical bonds throughout the reaction mechanisms

Int J Quantum Chem. 2019;e25985. © 2019 Wiley Periodicals, Inc. | 1of 14

https://doi.org/10.1002/qua.25985

http://q-chem.org


https://orcid.org/0000-0001-8769-6036
https://orcid.org/0000-0003-0714-4982
https://orcid.org/0000-0003-2709-4230
mailto:safont@qfa.uji.es
mailto:indassa@yahoo.fr
http://q-chem.org
https://doi.org/10.1002/qua.25985

20f 14 UANTUM ADJIEUFACK eT AL
WI LEY— HEMISTRY

of a given chemical rearrangement, as essential concepts in controlling reaction rates, are still extremely controversial. The underlying reason for
this is the fact that no physical observable, associated with the chemical bond and subsequent chemical bond breaking/forming events, exists.
Therefore, theoretically speaking, the chemical bond is a noumenon, and is itself a fuzzy concept that is not measurable and cannot therefore
be defined.l*"®! Even though it is chemically significant and conceptually relevant in the comprehension of molecular behaviors and chemical reac-
tivity, it is an object of purely rational apprehension and intellectual intuition.

As Ayers et al very recently pointed out, it is helpful to define chemical concepts directly in terms of observable.l”! This is why the electron
density, p(r), is certainly the best choice because it is a local function defined within the exact many-body theory, which can also be extracted from
experimental data as well as from first principles methods. From a quantum perspective, the importance of p(r), as a fundamental property of an
electronic system containing all the information of physical relevance, is highlighted by the Hohenberg-Kohn theorem,’® that is, all ground state
properties depend on the charge density. In this sense, a relevant approach for studying a given chemical process is provided by a topology per-

(419 introduced quantum chemical topology (QCT),!*Y based on the study of the topology of a molecular scalar

spective.”) In particular, Bader
field, which condenses the chemically relevant information obtained from quantum calculations into one single intuitive real space function. In the
QCT framework, Krokidis and Silvi’*? have developed the bonding evolution theory (BET), which associates the topological analysis of the elec-

(131 with Thom's catastrophe theory.** BET is an appropriate tool for the study of organic reaction mechanisms,

tron localization function (ELF)
particularly to characterize the reorganization of electron pairing during the reaction mechanism, and makes it possible to perceive the electronic
rearrangement and bonding changes taking place along a reaction path.[*51%)

Despite widespread usage for analysis and visualization purposes, the curly arrows representation is intrinsically tied to the localized Lewis-
structural picture and describes chemical transformations from reactants to products via transition states and possible intermediates along a cho-

sen reactive pathway. In this context, it is important to recover a seminal work by Moyano et al,?”!

published in 1987, not very cited, in which the
authors use the concept of localized molecular orbitals and their evolution along the reaction progress to describe the “movement” of bond
orbitals and/or lone pairs, directly related to the “curled arrow” picture. Later, Lledds et al have shown that the motion of the centroids of local-
ized orbitals along the intrinsic reaction coordinate (IRC) can be correlated with the curly arrows representing the electron motions as the reaction
takes place.2224 At the same time, Knizia et al have presented the so-called intrinsic bonding orbitals, that can be associated with a nonempirical

[25-281 \yhile Ponec??! has demonstrated, based

form of localized molecular orbitals to calculate the electron flow in many reaction mechanisms,
on the paper of Salem,® the relationship between the electron reorganization during the reaction with the shifts of electron pairs, exemplifying
the so-called “curved arrow formalism.” Very recently Schmidt et al®Y have demonstrated that the analysis of any electronic wave-function in
terms of the tiling along a reaction coordinate reveals the electron movements depicted by the curly arrow notation for several reaction.

From the viewpoint of the BET, a chemical reaction can be described as a sequence of elementary chemical processes separated by turning
points, or catastrophes. By identifying these turning points connecting the different ELF structural stability domains (SSDs) along the reaction
pathway it becomes possible to perform a rigorous characterization of the sequence of electron pair rearrangements taking place during a chemi-
cal transformation, such as multiple bond forming/breaking processes, creation/annihilation of lone pairs, transformations of double bonds into
single ones or vice versa, and other electronic rearrangements. Our groups are engaged in a research project dedicated to the analysis of complex
reaction mechanisms, such as the 1,3-dipolar cycloadditions between cyclic nitrones and ethyl acrylate,*? the intramolecular [3 + 2] cycloaddition

[34]

reactions of unsaturated nitrile oxides,’®® the denitrogenation process of 2,3-diazabicyclo[2.2.1]hept-2-ene derivatives,** or the thermal Claisen

rearrangement,®> [36,37]

with emphasis on how curly arrows express electron flow and reaction mechanisms.

The topological techniques for evaluating reaction mechanisms have also been used by other groups. In particular, the reaction between
nitrones and isocyanates was described making use of noncovalent interactions (NCI) and ELF studies®® while the evolution of ELF along
the reaction was analyzed for the [3 + 2] cycloaddition reactions of nitrones with electron-deficient ethylenes®®? or ketenes,[*?! as well as for the
[3 + 2] cycloaddition reactions of C,N Dialkyl nitrones with ethylene derivatives.*Y) A review on the analysis of the ELF evolution associated to
nitrones reactivity has been presented recently, highlighting the sequential way of formation of the bonds.[*? Similar reactions have been studied

for explicitly evaluating the synchronicity by using ELF.[4%!

14! and some members of our group'*®! have studied experimentally and theoretically, respectively, the intramolecular [3 + 2]

Hodges et a
cycloaddition reactions of cyclic nitrones Z-1 and E-1. Four reaction paths are possible (Scheme 1), depending on the formation of the O1-C5 or
01-C4 sigma bonds for fused or bridged reaction paths, respectively, and with the exo or endo orientation of the substituent.

The present study offers a detailed chemical insight into the progress of the intramolecular cycloaddition of Z-1 and E-1 cyclic nitrones, from
the perspective of BET, with emphasis on how curly arrows reflect electron density transfers in chemical reaction mechanisms. The focus has
never been placed on a topology perspective for such chemical rearrangements, despite the idea that BET may carry information in terms of the
electronic redistribution throughout the reaction progress. This, therefore, offers the possibility of retrieving the description based on the curly
arrows of the corresponding reaction mechanism.

Therefore, the main goals of this study are to identify the sequence of chemical events taking place along the reaction pathway and to pro-
pose a curly arrow diagram for the electronic rearrangement based on the BET analysis. This will allow us to address and answer some new ques-
tions: (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, throughout the reaction progress? (c) How



ADJIEUFACK €T AL QUANTUM Sofl4
bHEMlSTRY_WI LEY

\\\\w .“\\\\ TS-BX TS-FX
-~ _ 3 5 y ﬁ»
Bridged "2 used
OBn " exo |\ T ® N €X0
TN OBn 10e Z-1 CN OBn
CaB exo Isomerisation Z/E CaF exo
3 5
2 /\/\/\/CN
\\\““ T ® 4
| 10e E-1
OBn
CaB endo CaF endo

SCHEME 1 Different reaction pathways of the intramolecular [3 + 2] cycloaddition reaction of cyclic nitrones

could the electronic reorganization proceed along the reaction path? Or, in other words, what types of catastrophes appear along each reaction

pathway during the BET? (d) What is the nature of the chemical mechanism along the reaction pathway: is it synchronous or asynchronous?

2 | METHODS OF CALCULATION

All geometry optimizations were performed through density functional theory calculations using the MPWB1K*¢! functional as implemented in
the Gaussian 16 program,”! together with the standard 6-311G(d,p) basis set.*®! The whole set of Cartesian coordinates for the 10 stationary
points are reported as supporting information, after a brief introduction to the theoretical background on which the BET is based. The absolute

1491 were traced in order to

and relative energies for these points are also collected there (Table S1). The intrinsic reaction coordinate (IRC) paths
check the energy profiles connecting each TS to the two associated minima of the proposed mechanism, using the second-order Gonzalez-
Schlegel integration method.*® To perform the topological analysis within the BET theory, the wave function has been obtained for each point
of the IRCs, and the ELF analysis has been performed using the TopMod package[51] considering a grid of 0.2 Bohr. The ELF basin positions are

visualized using the GaussView program[52] and the evolution of the basin population along the IRC is viewed using Drawprofile.l>®!

3 | RESULTS AND DISCUSSIONS

3.1 | BET analysis of the bridged exo channel

The BET study of the bridged exo reaction pathway through TS-BX shows that the process takes place along six SSDs, as can be seen in Figure 1.
In the SSD-I domain the system shows the presence of two disynaptic basins V(C4,C5) and V'(C4,C5) between C4 and C5 atoms, thus evidencing
the double bond linking between these two atoms at the nitrone Z-1 reactant, initially with a total population of 3.38 |e|. Two disynaptic basins V
(N2,C3) and V'(N2,C3) have been found between N2 and C3 atoms, their total population being 3.90 |e| initially, as expected for a double N2—C3
bond. A disynaptic V(O1,N2) basin with 1.47 |e| for an O1—N2 single bond, and two monosynaptic basins V(O1) and V/(O1) associated to O1 oxy-
gen lone pairs and integrating a total of 5.93 |e| have also been found (the whole set of basin populations at the initial and final point of each one
of the SSDs found are collected in Table S2, together with the corresponding IRC coordinates values and the catastrophe types).

At the turning point between SSD-I and SSD-II, the two basins V(N2,C3) and V/(N2,C3) merge into one with a population of 3.83|e|, illustrating
the transformation of the double bond into a single one. This topological change corresponds to a Cusp (C) catastrophe. The reduction in the V

(N2,C3) basin population starts at the SSD-III, with the simultaneous creation of the two new monosynaptic V(C3) and V(N2) basins (Fold-type
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FIGURE 1 Relative energy (black line with dots, kcal/mol) along the IRC path associated with TS-BX as a function of its coordinate value

(in Bohr amu®/?). The endpoint of IRC along the reverse direction has been taken as the reference energy. Evolution of the population
(in electrons) of selected basins along the IRC. Dashed vertical lines indicate the frontiers between the SSDs found. IRC, intrinsic reaction
coordinate; SSD, structural stability domain

catastrophe, F) with 0.36 and 0.99]e|, respectively, as populations. Furthermore, a C catastrophe takes place in the same domain with the merging
of the two V(C4,C5) and V'(C4,C5) basins belonging to the double bond C4=C5 to give a single V(C4,C5) basin integrating 3.24 |e|.

In the SSD-IV domain, the reduction of the V(C4,C5) basin population begins and generates the appearance of an F catastrophe with the creation
of the new monosynaptic V(C5) basin with 0.25 |e|, which, together with the V(C3) monosynaptic basin, will be responsible for the formation of the
V(C3,C5) disynaptic basin (see Figure 2). At the end of this domain, the populations of V(C3) and V(N2) reach 0.63 and 1.63 |e|, respectively. At the
beginning of the SSD-V domain, the two monosynaptic basins V(C3) and V(C5), created in the previous domains SSD-III and IV, merge together by
means of a C catastrophe to form the V(C3,C5) disynaptic basin holding 1.41 |e|, thus describing the first main topological change (formation of the
C3—C5 sigma bond). Another F catastrophe also appears in this domain: the creation of the monosynaptic V(C4) basin with 0.21 |e|.

The formation of the V(O1,C4) basin is the last topological change, appearing in the SSD-VI domain and accounting for the O1—C4 bond
formation by means of another C-type catastrophe. At the beginning of SSD-VI, the V(O1,C4) basin has a total of 0.75 electrons that are mainly
taken from the disappearing V(C4) basin, 0.36 |e|, and also from the V(O1) basin, whose population diminishes by 0.33 |e|.

3.2 | BET analysis of the fused exo channel

We have also explored the BET along the fused exo reaction pathway through TS-FX. This analysis reveals that in this case the IRC can be divided
into seven domains, as can be seen in Figure 3.

As before, the SSD-I domain displays the Z-1 nitrone reactant topology (see Figure 4). The transition between the SSD-I and SSD-II domains
takes place by means of a C catastrophe that is due to the transformation of the two V(N2,C3) and V'(N2,C3) basins into one with a total popula-
tion of 3.9 |e| (Figure 3, Table S3). Afterward, in SSD-IlI, the same topological change takes place involving the basins V(C4,C5) and V'(C4,C5).
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On the other hand, the SSD-IV and SSD-V domains are characterized by the creation of the V(N2) and V(C4) monosynaptic basins, respec-
tively, reflecting the appearance of the lone pair on the nitrogen atom N2 and a pseudo radical center around the C4 atom. At the end of SSD-V,
the populations of these two basins reach 1.65 |e| for V(N2) and 0.63 |e| for V(C4). At the beginning of SSD-VI, two F catastrophes can be
sensed, consisting in the appearance of the monosynaptic V(C3) basin as well as the appearance of the disynaptic V(O1,C5), with populations of
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0.23 |e| and 0.85 |e|, respectively, illustrating the first significant topological change, which corresponds to the formation of the O1—C5 bond. The
population of this V(O1,C5) basin comes from the reduction in populations of the V/(O1), V(O1), and V(C4,C5) basins, which lose 0.69, 0.07, and
0.08le|, respectively, at the beginning of this domain. It should be noted that at the end of the SSD-VI domain, the populations of the V(C3) and
V(C4) monosynaptic basins are quite large and are thus ready to merge with each other in order to form the C3—C4 bond in the last domain.

Once populated, these two V(C3) and V(C4) basins merge at the turning point between SSD-VI and SSD-VII to generate the disynaptic basin
V(C3,C4) in a C catastrophe, illustrating the last topological change and the C3—C4 bond formation. The population of this basin V(C3,C4) is 1.17
le] at the beginning but reaches a value of 1.85 |e| at the last point in the domain.

It is also worth noting the different order in which the C—C and O—C bonds are formed depending on the process: for the 6,5,5-adduct (CaB)
formation through the bridged exo path via the TS-BX, the C3—C5 bond is formed prior to the O1—C4 bond, while for the 6,6,5-adduct (CaF) for-
mation through the fused exo path via TS-FX, the inverse order was found. In both cases these bond formations take place after the TS has been

passed, in the two last domains found throughout the process.

3.3 | BET analysis of the endo channels

We have also explored the endo channels: the bridged endo path through TS-BN as well as the fused endo process via TS-FN, for the intramolecu-
lar [3 + 2] cycloaddition reaction of the cyclic nitrone E-1. In so doing, the following observations were obtained:

For the regioisomeric channel through TS-BN, the reaction process is subdivided into eight domains of structural stability (Figure 5).

Figure 6 below illustrates the order of appearance and disappearance of the different mono- and disynaptic basins along the bridged endo reac-

tive channel through TS-BN. Compared with the results obtained for the other bridged pathway, via TS-BX, small differences in the timing of the
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catastrophes taking place can be observed: on the one hand, the merging of the two disynaptic basins between C4 and C5 now takes place in the
catastrophe between SSD-Il and SSD-III, while the appearance of the monosynaptic basins V(C3) and V(N2) occurs at the turning point between
SSD-IIl and SSD-IV. These three topological changes took place at the same time in the previous TS-BX channel. A similar observation can be made
with respect to the formation of the disynaptic V(C3-C5) basin and the appearance of the monosynaptic V(C4) basin: these two changes now
take place at different moments. The first one occurs at the turning point between SSD-V and SSD-VI, while the second happens at the catastrophe
between SSD-VI and SSD-VII. Despite these differences, the V(C3,C5) and V(O1,C4) disynaptic basins reflecting the formation of the C3—C5 and
01—C4 bonds appear in later domains (VI and VIII), well after the TS has been passed, following the same tendency observed for the TS-BX case.
The basin populations together with the IRC coordinate values as well as the catastrophe types have been collected in Table S4.

For the other regioisomeric endo channel via TS-FN, eight SSDs have also been found along the IRC (Figure 7 and Table S5). The first domains,
SSD-I, II, and 1ll, account for the same topology as in the preceding case (compare Figures 6 and 8). After that, the topological changes differ: now
the order of appearance of the monosynaptic basins is V(N2), then V(C4), and finally V(C3), and the last two topological changes correspond to
the formation of the O1—C5 and C3—C4 bonds. If the two fused channels (through TS-FN or TS-FX) are compared, the same trends are found,
and only a small difference can be sensed, concerning the simultaneous appearances of V(C3) and V(O1,C5) taking place at the turning point
between SSD-V and SSD-VI in the TS-FX case, while in the TS-FN path they take place consecutively. As before, it should be noted that the bond
formations take place well after the TS has been passed, in late domains along the IRC.

3.4 | Evaluation of the synchronicity along the reaction channel for the intramolecular [3 + 2] cycloaddition of
cyclic nitrones

The concerted/nonconcerted process and synchronicity are fundamental concepts of chemical reactivity used to define the nature of the reaction

mechanism of a given reaction. These concepts allow us to establish a temporal relationship between the chemical bond formation/breaking
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processes along the reaction path. If these processes occur simultaneously, then the mechanism is defined as being synchronous and concerted,
but if they occur at different times (one after another), the mechanism will be asynchronous.

A relationship between these temporal concepts and spatial quantities can be found by analyzing SSDs. To test the validity of this relationship,
and using the position of changes between the different SSDs as an indicator of the synchronicity of a particular process, we defined®? the fol-

lowing equations to be used for a minimum of three SSDs. The synchronicity, S,, can be calculated by the following Equation (1):

2 n n
Syzl‘mz > (5-S)

i=1j=i+1

where n, S, and Sp are the number of SSDs minus one, the final IRC value, and the initial one, respectively, and the different values of S; and §;
are the IRC values where the change between SSDs appear. The minimum value of S, will be a function of n and can be obtained by Equation (2):

(a0 - (n-20)

min _
5=l n(n-1)

Sabs

Finally the absolute synchronicity, S}™, can be calculated through Equation (3) given by:

_ cmin
abs _ SY SY

Y .
1-s"

Table 1 contains the calculated values of the absolute synchronicities (S‘y’bs), and the number of domains found for the four reaction pathways.
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For the bridged exo channel through TS-BX, the IRC extends from —9.787 to 7.863 amu'/? Bohr. The SSD changes appear from left to right at
the following IRC values, taken as the average between the last IRC value of one domain and the first IRC value of the next domain: —5.843,

-0.789, —0.473, 1.103, and 2.683 amu®? Bohr. From these values, the calculated values of S, and Sf,bs are 0.785 and 0.642, respectively. The

maximum value of absolute synchronicity, S;’,bs, is 1 and the calculated value is 64.2% of this maximum, implying that these topological changes
take place in a rather asynchronous manner. This is due to the early merging of the two V(N2,C3) and V/(N2,C3) basins, which in the other four
paths studied take place later on, closer to the other topological changes. If this early change is neglected, values of 0.887 and 0.830 for S, and
Sgbs, respectively, would be found. On the other hand, the transition state TS-BX is found about halfway along the IRC (55.45%) with an interme-
diate character between reagents and products.

For the channel via TS-FX, the TS is located at 71.19% along the IRC, with a more product-like nature. The IRC extends from —22.245 to
9.003 amu®’? Bohr and the SSD changes appear at —2.858, —1.956, —0.752, —0.451, 1.053, and 1.955 amu®/? Bohr. In this case, the calculated
values for S, and 5‘;“ are 0.929 and 0.881, respectively, and thus a far more synchronous process is described.

For the paths associated to TS-BN and TS-FN, the absolute synchronicities are 0.843 and 0.895, respectively, while the synchronicities are
0.911 and 0.940. Both are highly synchronous processes, like the TS-FX process. The TS-BN has an absolute synchronicity around 20% larger
than TS-BX, while the TS-FN has an absolute synchronicity around 1.4% larger than TS-FX. Like TS-BX, the two endo TSs have a product-like

nature.

3.5 | Electron flows and curly arrows

The data reported in Figures 1, 3, 5, and 7, and in Tables $S2-S5, can be used to describe and depict the electron flows. Looking at these figures, it
can be observed that the basin populations scarcely change along SSD-I, so that the electronic redistribution begins once the merging between
the V(N2,C3) and V/(N2,C3) basins has taken place. The variation in the population of the basins along SSD-II is minimal, and it is from the turning
point between SSD-II and SSD-III that the electron flows gain importance.
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(in Bohr amu®/?). The endpoint of IRC along the reverse direction has been taken as the reference energy. Evolution of the population

(in electrons) of selected basins along the IRC. Dashed vertical lines indicate the frontiers between the SSDs found. SSD, structural stability
domain

In the bridged exo case, through TS-BX, the population of both the V(N2) and V(C3) monosynaptic basins appearing at the turning point
between SSD-Il and SSD-III (a total of 1.35 |e|) comes mainly from the V(N2,C3) basin, which loses 1.12 |e| at this turning point. A second elec-
tronic flow can be sensed at the turning point between SSD-IIl and SSD-IV when the V(C5) appears with 0.25 |e| taken mainly from V(C4,C5);
along the SSD-IV domain the three monosynaptic basins continue to be populated from the same sources. Once the V(C3) and V(C5) basins
acquire a relatively important population, they collapse into V(C3,C5), and in this way the C3—C5 sigma bond is formed. At the same time, a
monosynaptic V(C4) basin appears, taking its population from V(C4,C5). The last change consists in the formation of V(O1,C4), the population
being taken from the V(C4) basin that disappears and from V(O1), whose population decreases at the turning point between SSD-V and SSD-VI.
To sum up, the electron flows leading from Z-1 to CaB exo can be divided into four stages, as depicted using curly arrows in Figure 9A: (a) depopu-
lation of V(N2,C3), giving rise to monosynaptic basins on N2 and on C3; (b) depopulation of V(C4,C5), with the creation of a monosynaptic basin
on C5; (c) formation of the C3—C5 sigma bond from the C5 and C3 monosynaptic basins and creation of a C4 monosynaptic basin by
depopulating the C4—C5 bond; and (d) formation of the O1-C4 sigma bond from the C4 and O1 monosynaptic basins.

In the bridged endo case, from E-1 to CaB endo, the description is essentially the same, with the only difference being that there are five
instead of four stages. As indicated in Figure 9B, stages 1) and 2) are the same, and in the third stage only the formation of the C3-C5 sigma bond
from the C5 and C3 monosynaptic basins takes place; then in a fourth stage the creation of a C4 monosynaptic basin by depopulating the C4—C5
bond occurs; and the final stage consists in the formation of the O1-C4 sigma bond from the C4 and O1 monosynaptic basins.

In the fused exo case, through TS-FX, to reach CaF exo, the V(N2,C3) depopulates in a first stage to create only a monosynaptic basin on N2
with 1.00 |e|. In a second step, the V(C4) basin is created taking its population, 0.38 |e|, from the V(C4,C5) disynaptic basin. The third stage con-
sists in several simultaneous electron flows: on the one hand, the V(C3) monosynaptic basin is created with 0.23 |e| mainly from V(N2,C3) while
the O1—C5 bond is formed by the appearance of the V(O1,C5) disynaptic basin that takes its initial population, 0.85 |e|, from V/(01), V(O1) and V
(C4,C5). The fourth and final stage consists in the formation of the C3—C4 bond, the newly formed V(C3,C4) disynaptic basin taking its population
from the disappearing V(C3) and V(C4) basins. All these flows are represented by curly arrows in Figure 9C.
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FIGURE 8 ELF attractor positions for selected points that are representative of each of the SSDs found along the IRC associated with TS-FN.
SSD, structural stability domain

TABLE 1 Percentage of TS location along the IRC (%IRC), number of domains found (N), absolute synchronicities (S;bs), and order in which the
monosynaptic and disynaptic basins appear along the different reaction pathways

TS-BX TS-FX TS-BN TS-FN
%IRC 55.45 71.19 77.40 73.57
N 6 7 8 8
sabs 0.642 0.881 0.843 0.895
Order  Merg; V(C3) + V(N2) + Merg*; Merg; Merg*; V(N2); V(C4); Merg; Merg*; V(N2) + (VC3); V(C5);  Merg; Merg*; V(N2); V(C4); V(C3);
V(C5); V(C3,C5) + V(C4); V(01,C4) V(O1,C5) + V(C3); V(C3,C4) V(C3,C5); V(C4); V(01,C4) V(01,C5); V(C3,C4)

Note: “Merg” stands for the merging of the basins describing the double bond N2=C3, while “Merg*” refers to the merging of the basins describing the
formally double C4=C5 bond.

Finally, in the fused endo case, via TS-FN, to attain CaF endo, the same description of the electron flows as in the TS-FX case can be per-
formed, with only one difference, because there are five instead of four stages due to the fact that the formation of the V(C3) monosynaptic basin
takes place before formation of the O1—C5 bond, as can be seen schematically in Figure 9D.

It is worth noting that in all four cases, the population of the V(O1,N2) disynaptic basin experiences a diminution of around 0.5 |e| through-
out the processes. This diminution mainly coincides with the growth of the V(N2) population, thus reflecting the conversion of the initial N—O
nitrone bond into a single and scarcely populated N—O bond with a lone pair on N2 and two lone pairs on O1, and without the formal charge

separation.
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FIGURE 9 Flow of the electrons along the four reaction paths

(A) through TS-BX, (B) through TS-BN, (C) through TS-FX, and (D) through
TS-FN. Blue dashed lines represent disynaptic basins that disappear, green
dashed lines stand for disynaptic basins appearing, and red dots for

W

., \}
{ A monosynaptic basins appearing, or appearing and disappearing, throughout
\ the processes. Black dots stand for monosynaptic basins on the oxygen
OBn ° OU\) ’__4 OBn atom. Small black numbers refer to the numbering of the atoms, while large
4 ’f,// colored numbers indicate the order in which the different stages of the
C electron flows take place (see the text)
e
I
OBn O, J 4 OBn
s
CN
(B)

4 | CONCLUSIONS

From the molecular physical chemist's viewpoint, the most interesting aspects of a chemical reaction are its reaction rates, the underlying reaction
mechanisms, the nature of the events related to the breaking/forming of chemical bonds, and the transformation of formally double to simple bonds or
vice versa. In addition, understanding the electronic fluxes throughout this chemical process provides new insights into the factors controlling the asso-
ciated energetic barriers. We believe that an analysis of BET, as described here, nowadays offers a strong tool to address these research directions. In
addition, it allows curly arrows to be retrieved and visualized in order to describe the reaction mechanisms. We have applied this methodology to the
cycloaddition reaction of cyclic nitrones, characterizing a sequence of steps that represent simple chemical events. By using BET we have obtained a
great deal of fundamental knowledge, providing a better understanding on how the flow of electron density throughout the reaction progress takes

place in the intramolecular [3 + 2] cycloaddition of cyclic nitrones. The main conclusions of the present work can be summarized as follows:

1. The description of the electron flows is slightly different for each of the reaction pathways studied. However, in the four cases, the process
begins with the depopulation of the initial C=N double bond to render the corresponding C—N single bond, as well as the appearance of a
lone pair on the N atom, and continues with the depopulation of the C=C double bond, which evolves to a single bond.

2. The formation of the sigma bonds, C-C and C-O, takes place once the transition state has been overcome. The C—C bond formation precedes
the O—C bond formation event along the bridged pathways, while along the fused paths the O—C bond formation process occurs first.

3. Curly arrow representations reflecting the timing of the electron flows to describe the reaction mechanism for the cycloaddition reaction of
cyclic nitrones are obtained from the BET results.

4. This description includes the formation of transient “lone pairs” on some C atoms, described with monosynaptic V(C) basins, which disappear
when the final C—C and O—C bonds are formed, thus revealing the intimate mechanism of the electron motions responsible for the formation

of sigma bonds along the reaction pathway.

While this method has proven its value, it also has its limitations, such as the use of the IRC method to follow the reaction progress, which does
not take into account anharmonicity and dynamic effects. This would require a significant number of calculations with a corresponding expenditure
of computational time and resources, mainly caused by the need to compute nonadiabatic couplings. In particular, this problem is exacerbated if
anharmonicity is to be included in the model, because numerical derivatives for each of the numerous nonadiabatic coupling matrix elements must
then be evaluated, and the number of such derivatives increases with the number of atoms in the molecule. Therefore, this approach is only feasible
for the smallest systems. Nevertheless, the advantages that would be obtained from this alternative formulation would certainly improve the usability

of the method and extend its applicability to larger systems. We will therefore pursue this possibility in future work.
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