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ABSTRACT: The chemo-, regio-, and stereoselectivities of multicomponent [4 + 2]/[3 + 2] domino cycloaddition reactions
involving nitroindole derivatives with vinylethers and acrylates are studied computationnally and compared to experimental
results. In this process, the nitroarene first reacts as an electron-deficient heterodiene with the electron-rich alkene following an
inverse electron-demand [4 + 2] process, leading to a nitronate intermediate in a fully selective way. This intermediate exclusively
interacts, in a second step, with the electron-deficient alkene and undergoes a chemo- and regioselective [3 + 2] cycloaddition.
The density functional theory calculations reported in this Article fully account for the selectivities observed experimentally.
Electronic displacements along the reaction path are examined using a topological analysis of the electron-localization function
(ELF). The first [4 + 2] reaction follows a classical concerted, although asynchronous process, which is reliably described by the
frontier molecular-orbital (FMO) model. In contrast, the electronic displacements observed during the second [3 + 2] step are
unexpected, involving an electron donation by the electron-deficient reaction partner.

■ INTRODUCTION

Multicomponent reactions (MCR) have emerged as efficient
methods for the generation of elaborated compounds from
simple organic building blocks.1 In particular, MCR involving
domino pericyclic reactions are valuable tools because they take
advantage of the high selectivities generally observed for these
processes. We recently reported that nitroindole E12 efficiently
reacts with substituted alkenes E2 and E3 in a [4 + 2]/[3 + 2]
cycloaddition cascade3 to afford adduct E4 in a chemo- regio- and
stereoselective manner (Scheme 1).4 In the sequence, the
primary [4 + 2] cycloaddition exclusively involves enol ether E2
and appears to be completely endo selective. The susbequent

[3 + 2] process involves acrylate E3 and shows a total facial
selectivity, setting the stereochemistry at the ring junction, with
an endo/exo selectivity that depends on the acrylate substituent.
The nitrosoketals E4 thus generated can undergo a second
domino process involving an N−O bonds cleavage/cyclization/
reduction/lactamisation sequence to yield a tetracyclic dearom-
atized diamine featuring a quaternary center at the ring junction
(Scheme 1). In two simple operations, a tetracyclic-dearomatized
diamine featuring a tetrasubstituted center at the ring junction is
thus efficiently generated.
The complete chemo- and regioselectivities of both [4 + 2]

and [3 + 2] cycloaddition reactions of thisMCR process are quite
interesting from a synthetic point of view, leading to the
formation of a single compound among the 24 possibilities. A
better understanding of the mechanistic details of this domino
process would thus provide helpful pieces of information for the
further development of these cascade cycloaddition routes.
DFT calculations on hetero Diels−Alder (HDA) reactions

involving nitroolefins and electron-rich alkenes have been
reported in the literature.5 Monosubstituted alkenes were
reported to lead to a preferred ortho regioselectivity (with the
alkene substituent in the α position of the cyclic oxygen atom),
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especially when the dienophile bears highly electron-releasing
groups. An endo approach was computationally preferred, in line
with the experimental observations (Scheme 2), and a concerted,
although asynchronous pathway has been proposed for these
reactions. Some [3 + 2] cycloadditions involving neutral
nitronate dipoles have also been examined by computational
means.6 The regioselectivity of this process varied with the
substitution of the dipolarophile involved in the reaction. In fact,
monosubstituted alkenes were shown to give five-substituted
isoxazoline, whereas 1,2-disubstituted alkenes gave regioisomeric
mixtures of cycloadducts, depending upon the electronic and
steric nature of both E and R3 (Scheme 2). The combination of
these two cycloaddition processes in tandem [4 + 2]/[3 + 2]
reactions have been described computationally in a few cases.7,8

Domingo and co-workers studied the chemo-, regio-, and
stereoselectivities of the intermolecular process involving
nitroethene, methylvinylether, and methylvinylketone. Here
again, the first HDA reaction using nitroethene as an electron-
deficient heterodiene was favored in the presence of the electron-
rich alkene, generating the ortho-substituted nitronate bearing an
axial methoxy group arising from a preferred endo approach. In
contrast, the subsequent [3 + 2] cycloaddition process involved
the electron-poor monosubstituted alkene partner and led to the
five-substituted cyclic nitrosoketal. A preferred exo approach was
computed in this case (Scheme 2).
To get insight into the mechanistic details of the domino

[4 + 2]/[3 + 2] cascade involving nitroheteroarenes, whose
electronic and steric features were quite different from the model
nitroethene used in previous studies, we have undertaken a DFT
study of these cycloadditions. Our main objective was to explain
the course of this multicomponent reaction that led to the
exclusive formation of nitrosoketals E4 from a nitroarene
compound and two different alkenic components, E2 and E3.
These studies were carried out on a model, although realistic,
system involving 3-nitroindole 1 (bearing a methanesulfonyl
protecting group on the nitrogen atom instead of a p-
methylbenzenesulfonyl), methyl vinyl ether 2 (instead of ethyl
vinyl ether), and methyl acrylate 3. In this domino process, we
first considered the [4 + 2] cycloaddition and studied the chemo-
regio-, and stereoselectivities of this reaction by comparing the
reactivities of the electron-rich and electron-poor dienophilic

partners computationally. Next, the selectivities of the
subsequent [3 + 2] cycloaddition were studied. Here again, the
possible involvement of both alkenes as dipolarophiles was
considered. In each case, detailed descriptions of the electronic
rearrangements during the course of the reactions were examined
to propose realistic working models.

■ RESULTS AND DISCUSSION
First-Step: [4 + 2] Cycloaddition. With a qualitative

description of cycloadditions most commonly undertaken via a
frontier molecular orbital (FMO) model, the FMO energies of
the three components involved in this step were first evaluated
(Table 1). This preliminary work pointed to a preferential

interaction between the lowest unoccupied MO (LUMO) of the
heterodienic partner 1 and the highest occupied MO (HOMO)
of the dienophilic partner (2 or 3, ΔΔE = 1.27 eV in favor of 2).
Thus, this HDA reaction followed the expected inverse electron-
demand process. The smaller energy difference between
LUMO(1) and HOMO(2) (3.78 eV) with respect to LUMO(1)
and HOMO(3) (5.05 eV) likely indicated a preferential
involvement of electron-rich dienophile 2 in this first step.
The regiochemistry of the process should be governed by the

coefficients of the involved MO for each substrate (Figure 1).
The shapes of LUMO(1) and HOMO(2) exhibited a larger
extension on the C2 atoms for each substrate9 so that the
formation of cycloadducts featuring a new σ bond between these
two carbon atoms was predicted. Experimentally, the isolation of
nitrosoketals E4 was in line with this expected regiochemistry.
A quantitative evaluation of the selectivity of this [4 + 2]

process was then attempted. Taking into consideration that the
reaction was under kinetic control, we undertook the localization

Scheme 2

Table 1. Frontier MO Energies of Substrates 1, 2, 3, and 8

entry substrate EHOMO (eV) ELUMO (eV)

1 1 −6.71 −2.35
2 2 −6.13 −1.18
3 3 −7.40 −1.24
4 8a −5.69 −0.42

aFor the formula of 8, see Scheme 4.
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of the transition states (TS) of the heterocycloaddition between
indole 1 and dienophiles 2 or 3. In each case, combining the two
regioisomeric approaches with the two diastereoisomeric endo/
exo approaches led to eight different TS (Scheme 3, Table 2).
Channels 1 and 2 were found to be highly favored over the other
possible pathways, leading to the preferred formation of
nitronates endo-4 and exo-4. A remarkably high-energy difference
was observed between the two regiochemical courses of the
process (ΔΔG⧧ = 16.40 kcal mol−1) (Table 2, compare channel 1
with 3 and channel 2 with 4), which is fully in line with the
exclusive formation of nitronate E6. A slightly smaller but still
significant energy preference was obtained for the chemo-
selectivity of the process, as the TS for dienophile 2 in the regio-1
orientation were more stable (by 9.98 kcal mol−1) than those of
dienophile 3 (Table 2, compare channel 1 with 5 and channel 2
with 6). These figures were also in line with the experimental
results that allowed the isolation of the nitrosoketal arising from a
primary cycloaddition with 2 only.4 Considering this first step,
the difference between the activation energies of the endo and
exo attacks was found to amount to 1.30 kcal mol−1 in favor of the
endo approach. This endo preference could arise from the
positive interaction between the oxygen atom of the vinyl ether
dienophile and the nitrogen atom of the nitro group of the diene
arising in this approach (Figure 2).5,7 This slight difference was
also in good agreement with the experimental results: the high-

pressure reaction led to the exclusive formation of the endo
stereoisomer, whereas a 90:10 mixture of stereoisomers was
isolated when the cycloaddition was performed under reflux of
toluene.4,10

Even if the reaction was computed to proceed through a
concerted mechanism, the TS were found to be asynchronous
(Figure 2). This asynchronicity was proposed to be associated
with a strong charge transfer at the TS so that this reaction can be
considered as a polar Diels−Alder according to a classification on
the basis of these criteria.11 The consequences of this feature in
terms of the electronic rearrangements along the reaction path
were examined using a topological analysis of the electron
localization function (ELF), which allowed quantification of the
weight of the various mesomeric forms in a Lewis-like description
of the electronic density.12 Recently, this method has been widely
used to describe the electronic reorganizations for model Diels−
Alder13 and hetero-Diels−Alder reactions.14 To avoid the
analysis of the mechanism in a sum of “microsteps”, we chose
to summarize all of the single events described in previous
reports in major rearrangements that could help to render the
mechanism easily tractable. Their modulations also aimed at
understanding the selectivity issues (chemo-, regio-, and
stereoselectivities). The populations of the valence basins, to
be regarded as the number of electrons associated with the bonds
and lone pairs, are plotted in Figure 3 (a detailed description is
given in the Supporting Information). The computations
highlighted three major events: (a) At reaction coordinate
(RC) −0.3 Å, the C2−C3 bond of the indolic ring (1: B (C2,
C3)) went from double (a population of more than three
electrons) to single (about two electrons), in association with an
increase of the C3−N2 bond basins (1: B (C3, N2));15 this step
was thus summarized by arrow a in Figure 3, where electrons of
the C2C3 bond were transferred to C3−N2. (b) Around RC
0.0 Å (and thus quasisimultaneous to step a), the creation of the
first bonding basin between the two fragments was observed,
with formation of the C2−C2 bond (1−2: B (C2, C2)) through
the fusion of two pseudoradical centers observed on these two
atoms only at the transition state. Simultaneously, the population

Figure 1. Extensions of LUMO(1) and HOMO(2).

Scheme 3. Possible Reaction Pathways for the First Step of the Domino [4 + 2]/[3 + 2] Process
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of the C1−C2 bond of the vinylether moiety (2: B (C1, C2)) was
significantly depleted, leading to a partial breaking of this bond.
This reaction step can thus be described by arrow b, which
summarizes a nucleophilic attack of vinylether on an electrophilic
indole, in line with an inverse-demand reaction path. After the
initial events, this transformation went on smoothly until the last
step. (c) The electronic rearrangement ended around RC 0.7 Å
with the formation of the second intermolecular bond (1−2: B
(O1,C1)) associated with a decrease of the population of the
valence basins of the oxygen atom lone pair. This step can thus be
represented by arrow c.
Overall, Figure 3 illustrates the three major events of this step:

the polarization of the heterodiene followed by the formation of
the C−C bond and finally that of the C−O bond. This order of
events was in line with the displacements expected from the
FMOs. A highly similar scheme was obtained for the exo process
(Supporting Information, Figure FS2). This contrasted,
however, with the formation of the other possible compound,
5, involving electron-deficient alkene 3 as the dienophile
(channel 5, Scheme 3 and Table 2). In this case, the C−C
bond that formed through the merging of two carbon

Table 2. First Step: [4 + 2] Cycloaddition Involving Substrates 1 and 2 or 3

channel dienophile regiochemistry approach ΔG⧧ (kcal mol−1) ΔΔG⧧ (kcal mol−1)a ΔGr (kcal mol−1)

1 2 regio-1 endo 23.72 0 −2.94
2 2 regio-1 exo 25.02 1.30 −0.94
3 2 regio-2 endo 40.12 16.40 7.16
4 2 regio-2 exo 41.37 17.65 8.45
5 3 regio-1 endo 33.70 9.98 5.84
6 3 regio-1 exo 33.95 10.23 6.57
7 3 regio-2 endo 33.83 10.11 6.59
8 3 regio-2 exo 34.23 10.51 6.12

aEnergy difference with the most favorable process (channel 1).

Figure 2. TS for channels 1 and 2 (top; defined in scheme 3). Positive
interaction between the nitrogen and oxygen atoms of 1 and 2,
respectively (bottom).

Figure 3. Population (in electrons) of the various basins involved in reaction 1→ 4 following the numbering presented in the bottom of the figure as a
function of the reaction coordinate (in Å, increasing from reactant to product, 0 is for the transition state). A schematic description of the reaction is
shown at the bottom.
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pseudoradical centers (step b) was simultaneous to the C−O
bond formation (step c) (See the Supporting Information for the
values, Figure FS3). This feature could explain the absence of
regioselectivity observed for the reaction of 3 with 1 (Table 2,
compare channels 5 and 6 with 7 and 8), which is in strong
contrast with the cycloaddition of 2 to 1, where steps a and b
were quasisynchronous and c took place later. The preferred
process could be thus described as highly asynchronous, fully
regioselective, and governed by a nucleophile/electrophile
attack.
[3 + 2] Model Cycloaddition. For the sake of CPU saving,

small model nitronate 8 was first considered to get initial insight
on the [3 + 2] cycloaddition process (Scheme 4). The
chemoselectivity of this reaction step was evaluated by
comparing the possible implication of 2 or 3 as electron-rich or
electron-poor dipolarophilic partners through the determination
of the FMO energies of the substrates (Table 1). The energy
difference between HOMO(8) and LUMO(3) with respect to
HOMO(8) and LUMO(2) (5.05 and 5.11 eV, respectively)
expectedly indicated a preferential involvement of electron-poor
dipolarophile 3 in this second [3 + 2] cycloaddition process.
However, the difference between the LUMO energy levels of the
alkenes remained small. In addition, the difference between
LUMO(8) and HOMO(2) (5.71 eV) was in the same range.
This pointed to the higher competition between 2 or 3 in this
second-step process. These results were in line with the
experimental observations showing that when the reaction was
performed in the absence of any electron-poor alkene, vinylether
was involved both as a dienophile and dipolarophile in the first [4
+ 2] and in the second [3 + 2] steps, respectively.16 As a
consequence, a full quantitative evaluation of the chemo-
selectivity was carried out for the considered transformation
(vide infra). Considering the regioselectivity of this [3 + 2]
cycloaddition reaction, previous studies have shown the
preference for the formation of the five-substituted re-
gioisomers.6,17 Computations of the extensions of LUMO(3)
and HOMO(8) showed a larger coefficient of C3 and C1
respectively, which is in line with this expected regiochemistry
and the experimental isolation of nitrosoketals E4 exclusively
(Figure 4).
The complete reaction sequence between model nitronate 8

and dipolarophiles 2 and 3 was next studied. The two
regioisomeric approaches (leading to the formation of four-
substituted or five-substituted isoxazoles) combined with the two
endo/exo approaches led to eight different TS (Scheme 4 and
Table 3).18,8 The chemoselectivity of the [3 + 2] process was
shown to favor the involvement of electron-poor dipolarophile 3
(Table 3, compare channels 1−4 with 5−8). The energy
difference was, however, relatively small (ΔΔG⧧ = 1.99 kcal
mol−1), and this chemoselectivity issue needed to be re-examined
when considering the more complex nitronate endo-4 (vide
infra). The [3 + 2] cycloaddition favored the formation of the

five-substituted regioisomers regardless of the dipolarophile
involved (Table 3, compare channels 1 with 3, 2 with 4, 5 with 7,
and 6 with 8). The energy difference in this case was the largest
(ΔΔG⧧ = 2.54 kcal mol−1), which is in line with the experimental
results that led to the exclusive formation of the five-substituted
regioisomers. The difference between the activation energies of
the endo and exo attacks amounted to 1.46 kcal mol−1 in favor of
the exo approach (Table 3, channels 7 and 8).

Second Step: [3 + 2] Cycloaddition. An evaluation of the
preferred [3 + 2] process was then undertaken with the indole
derived nitronate endo-4. Considering the results observed with
model nitronate 8, the chemoselectivity of the process was
studied with dipolarophiles 2 and 3 to generate the five-
substituted regioisomers. In each case, the two face approaches
combined with two diastereoisomeric endo/exo approaches
allowed for eight different TS (Scheme 5 and Table 4).18,8

The approach of the dipolarophile from the face below,
opposite to the methoxy substituent on the intermediate
nitronate, appeared to be highly favored, by more than 8 kcal
mol−1 (compare channels 1 and 2 with 3 and 4 and channels 5
and 6 with 7 and 8 in Table 4). This large energy difference
explained the exclusive formation of the steroisomer bearing a cis
stereochemistry at the ring junction of the generated nitrosoketal
and suggested that no alternative face of attack was possible here.
As expected from the MO energy levels, the activation energy
difference between the processes involving dipolarophiles 2 and
3 was not as marked (2.44 kcal mol−1) (Table 4, compare
channels 3 and 8); however, it was in favor of the formation of
“mixed” nitrosoketals 16, as experimentally observed. The
smaller energy difference (ΔΔG⧧ = 1.23 kcal mol−1) for the
endo versus exo approaches were in line with the experimental
results that allowed the isolation of the nitrosoketals as endo/exo
mixtures (from 55:45 to 78:22 with indole substrates, depending
on the ester substituent on the acrylate partner, and an exo
preference of 25:75 with pyrrole substrates).4 The reaction was
found to proceed through a concerted mechanism, and the TS
were slightly asynchronous (Figure 5). These structural features

Scheme 4. Possible Regiochemical Pathways for the [3 + 2] Process Involving Model Nitronate 8 and Dipolarophiles 2 or 3

Figure 4. Extensions of LUMO(3) and HOMO(8).
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were proposed to be associated with a small charge transfer at the
TS and with nonpolar mechanisms.19

The electronic rearrangements occurring during [3 + 2]
cycloadditions were previously studied in depth.20 A detailed
scheme for the electronic reorganization during the reaction
course20a and a study of the role played by the pseudoradical
character of the starting materials in the decrease of the reaction
barrier were proposed.20b Here again, we decided to focus on the
major events of this second step. As described in Figure 6, three
events were obtained, in close agreement with the mechanism
observed previously, for the first step: (a) A decrease of the C3
N2 bond population (4: B (C3,N2)) from 4.5 to 3 electrons, and

the formation of a lone pair on N2 (4: LP (N2)) for a RC of
about−0.9 Åwere observed, which is in line with the polarization

Table 3. Regiochemistry of the [3 + 2] Cycloaddition Involving Model Substrates 8 and 2 or 3

channel dienophile approach ΔG⧧ (kcal mol−1) ΔΔG⧧ (kcal mol−1)a ΔGr (kcal mol−1)

1 2 regio-4, endo 29.09 9.70 −12.74
2 2 regio-4, exo 27.74 8.35 −11.99
3 2 regio-5, endo 23.02 3.63 −20.72
4 2 regio-5, exo 21.38 1.99 −21.03
5 3 regio-4, endo 21.93 2.54 −15.07
6 3 regio-4, exo 22.78 3.39 −14.84
7 3 regio-5, endo 20.85 1.46 −15.30
8 3 regio-5, exo 19.39 0 −14.96

aEnergy difference with the most favorable process (channel 8).

Scheme 5. Possible Reaction Pathways for the Second Step of the Domino [4 + 2]/[3 + 2] Process

Table 4. Second Step: [3 + 2] Cycloaddition Involving Substrates endo-4 and 2 or 3

channel dienophile approach ΔG⧧ (kcal mol−1) ΔΔG⧧ (kcal mol−1)a ΔGr (kcal mol−1)

1 2 above, endo 36.14 13.05 2.43
2 2 above, exo 33.80 10.71 0.30
3 2 below, endo 25.53 2.44 −10.59
4 2 below, exo 28.17 5.08 −6.35
5 3 above, endo 35.84 12.75 8.94
6 3 above, exo 33.53 10.44 6.29
7 3 below, endo 24.32 1.23 −5.25
8 3 below, exo 23.09 0 −4.08

aEnergy difference with the most favorable process (channel 8).

Figure 5. C2−O2 and C3−C3 bond distances (Å) in the TS for
channels 7 and 8 (defined in Scheme 5).
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of the double bond proposed in step a. (b) The formation of the
first interfragment bond between the two carbon atoms (3−4: B
(C3,C3)) for a RC of about 0.2 Å, which is associated with the
cleavage of the olefinic C2C3 double bond (3: B (C2,C3))
and an enrichment of the nitrogen lone pair (LP (N2)), as
summarized by arrow b. A detailed description showed that this
bond was obtained from the fusion of two pseudoradical centers
at each carbon atom (Figure FS4, Supporting Information). (c)
Finally, for a RC of 0.6 Å, the formation of the C2−O2 bond (3−
4: B(C2, O2)) by transfer of part of the population of the O lone
pairs (4: LP(O2)), according to the electronic movement of step
c.
In this situation, the dipolarophile thus played the role of the

electron donor, in contrast with the electron demand expected
from the MO energies, but consistently with the potential
competition between the two processes, as explained above. The
fact that steps b and c were not initiated at the TS was fully in line
with the absence of charge transfer at that point, as proposed
from the geometry and the literature.19,20b We note that a similar
description was obtained in the case of model nitronate 8 (Table
3, channel 8, and Figure FS5, Supporting Information) and for
the reaction involving vinylether 2 (Table 4, channel 3, and
Figure FS6, Supporting Information), except that for the reaction
coordinate values and for the details of step b, as in these two
cases, no enrichment of the LP (N2) was observed. These results
can also be compared to the description of the 1,3-dipolar
cycloaddition between fulminic acid and acetylene published by
Polo et al. for which similar LP (N), B (C−C), and B (C−O)
formations were also observed, but for which the B (C−N) and B
(C−C) bond breaking were found to be monotonous during the
reaction course, with no abrupt B (C−C) formation step. The
preferred process for the second step could thus be described as
quasisynchronous and slightly exo-selective, with an unexpected
electron donation from electron-deficient partner 3. The overall
reaction profile is presented in Figure 7.

■ CONCLUSIONS
The results described in this Article analyze the selectivities
observed in the [4 + 2]/[3 + 2] cycloaddition involving
nitroindoles, electron-rich and electron-poor alkenes. They show
themechanisms through which this multicomponent process can
lead to a single reaction product. The primary [4 + 2] reaction
involves the nitroarene as an electron-poor heterodiene that
preferentially interacts with an electron-rich dienophile following
an inverse electron-demand HDA process. Chemo- and
regioselectivities are total, and the large energy differences
between the possible TS suggest that no alternative pathways are
to be considered for this step. The endo approach is favored,
which explains the formation of the nitronate compound bearing
an axial alkoxy group. Considering the stereochemistry of this
reaction, the smaller energy preference for the endo approach
suggests that structural alterations of the electron-rich dienophile
could trigger different endo/exo stereochemistries. The
electronic rearrangements observed during the reaction course
are in line with the expected pathway and, for this first
cycloaddition process, the FMO model provides perfectly
reliable predictions. In contrast, during the second [3 + 2]
cycloaddition step, unexpected electronic rearrangements are
observed. Even if electron-deficient acrylate 3 appears to react in
preference to electron-rich vinyl ether 2 with the intermediate

Figure 6. Population (in electrons) of the various basins involved in the reaction 4→ 16, following the numbering presented in the Figure (below), as a
function of the reaction coordinate (in Å, increasing from reactant to product, 0 is for the transition state). Below, schematic description of the reaction.

Figure 7. Energy profile of the overall [4 + 2]/[3 + 2] process.
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nitronates (endo-4 or 8), the calculations demonstrate that the
electron-poor dipolarophile provides the electrons to the
electron-rich dipole. This counterintuitive behavior thus shows
that classical models on the basis of static polarizations
(electrostatic or orbital control) or on the usually admitted
electron flows are not reliable to predict selectivities in this case
and that an understanding of the nature of the electronic
rearrangements remains associated with the quantitative local-
ization of the TS. More reliable descriptions can be obtained
from an additional description of intermolecular interactions.21

The evolution of the latter along the reaction path is currently
under study and will be published in due time.

■ COMPUTATIONAL METHODS
Computations were run using the Gaussian 09 set of programs, revision
B.01.22 Geometry optimizations were carried out in absence of
symmetry constraints. The nature of the TS was checked via
harmonic-frequency evaluations to show the presence of one and only
one imaginary frequency. These harmonic frequencies were used
unscaled for the evaluation of the thermodynamic data of the reaction.
They were computed using the standard Gaussian procedure (T = 298,
15 K, and P = 1 atm). The B3LYP/6-31G(d,p) level of theory23 was used
for the study because it is compatible with the numerous arrangements
we had to take into account and has been shown to be a reliable method
for similar organic24 and dipolar systems.25 Additional validation of this
computational level was carried out on the endo/exo selectivity (TS and
reaction energy) of the first and second reaction steps, which exhibited
the smaller energy differences. The results are gathered in Table 5 and
showed that, despite an energy difference smaller than 0.9 kcal·mol−1,
the trend was maintained whenmodifying the basis set and the DFT and
when taking PCM into account.
To confirm connectivity between reactant and products, the TS

structures were given small geometrical perturbations along the reaction
coordinates and then further geometrical optimizations were carried out
to ensure that they connect the reactant and product of interest. Under
these conditions, the TS were found to connect to precomplexes in both
the first and second step. These structures were weakly bonded, as
evidenced from the long distance between the two fragments and the
small exothermicity associated (about 4 kcal mol−1 but never larger than
8.10 kcal mol−1). As a consequence, the activation/reaction Gibbs free
energies were computed as the difference between the separated
reactants and the TS/product. As all examined processes were
associative in these conditions, corrections to the Gibbs free energy
because of the high pressure were only connected to the loss of the
translational entropy of one molecule26 so that the ΔΔG between the
experimental pressure (12 000 atm) and the computed one (1 atm) was
constant and equal to NkBT ln(Phigh/P1 atm), which was evaluated to be
5.57 kcal mol−1. All values given in the tables take this correction into
account. Moreover, the energy difference between the separated
reactants and the precomplexes (and thus the reaction path) was
subjected to a basis set superposition error (BSSE). To estimate the
magnitude of the BSSE, the counterpoise approximation using the
standard Gaussian procedure in the case of the channels 1 and 2 of Table
2 was evaluated.27 Quasi-identical values were obtained for the two
processes (3.7 kcal mol−1 for channel 1 and 3.4 kcal mol−1 for channel

2), allowing us to consider the energy of the starting material to be
overestimated by about 3.5 kcal mol−1. As this value was significantly
smaller than all of the barriers computed, it was not included in the
values presented above.

Intrinsic reaction coordinate (IRC) calculations were carried out
using a step size of 0.2 Bohr and computing the force constants at every
step. Because the reaction did not involve the modification of a single
internal coordinate (asynchronicity of the formation of the two bonds),
the composition of the reaction coordinate (RC) had to bemodified and
thus re-evaluated as the reaction proceeded. To provide an analysis of
the electronic structure, the topological analysis of the ELF (electron
localization function)28 was performed using the TopMod package29 for
all points on the reaction path. Within this framework, space was
partitioned into basins of attractors that could be classified as core basins
surrounding nuclei and valence basins. It has been shown that the latter
could be identified, depending of the number of core basins with which
they shared a common boundary (synaptic order), with either atomic
lone-pair (LP (X)) for monosynaptic V (X) valence basins or bonding
regions between two atoms, X and Y, (B(X,Y)) for disynaptic V (X,Y)
basins.12
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