Structural Chemistry (2018) 29:1709-1721
https://doi.org/10.1007/511224-018-1152-y

ORIGINAL RESEARCH

@ CrossMark

A mechanistic MEDT study of the competitive catalysed [4+2] and [2+2]
cycloaddition reactions between 1-methyl-1-phenylallene and methyl
acrylate: the role of Lewis acid on the mechanism and selectivity

Leila Barama' - Brahim Bayoud' - Fouad Chafaa ' - Abdelmalek Khorief Nacereddine ' - Abdelhafid Djerourou’

Received: 28 April 2018 / Accepted: 25 June 2018 /Published online: 3 July 2018
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract

The selectivity and the nature of the mechanism of the competitive Lewis acid catalysed [4+2]/[2+2] cycloaddition reactions of 1-
methyl-1-phenylallene (MPA) with methylacrylate (MA) have been theoretically studied within the Molecular Electron Density
Theory using DFT methods at the B3LYP/6-31G(d) theoretical level. DFT reactivity indices indicate that MPA is a strong
nucleophile and the LA-MA complex is a strong electrophile. The coordination of LA to MA enhances the reaction rate and
increases the asynchronicity of the [4+2] CA reaction, changes the nature of the mechanism from one step to stepwise for the [2+
2] CA reaction and increases the polar character of these cycloaddition reactions, which become demands a relatively low
activation energy. Analysis of different energy profiles indicates that these competitive LA-catalysed CA reactions favour the
formation of a mixture of mefa regioisomers in both types of cycloaddition, in which the [4+2] cycloadducts were obtained in
majority amount, in agreement with the experiment. Analysis based on Electron Localisation Function topological shows that the
favoured [4+2] CA reaction takes place through a non-concerted two-stage one-step mechanism.
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Introduction

Cycloadditions are one of the most important organic reac-
tions since they allow us to prepare both carbocyclic and het-
erocyclic structures with useful utilisation in medicinal and
industrial fields [1]. The Diels—Alder cycloaddition is a key
method for construct, in a regio- and stereocontrolled manner,
six-membered rings. In addition, it represents a simple and
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economic synthetic tool for constructing complex molecules
[2, 3]. On the other hand, [2+2] cycloadditions are mainly
used to prepare four-membered cyclic compounds. The most
catalytic enantioselective [2+2] cycloadditions require the use
of highly polarised electron-rich and electron-poor alkenes
[4—6]. The literature contains a great amount of both experi-
mental and theoretical studies which treat the subject of mech-
anism and selectivities of Diels—Alder and [2+2] cycloaddi-
tion reactions [7—10]. Indeed, [2+2] cycloadditions usually
proceed via a stepwise, biradical [11] or zwitterionic mecha-
nism [12]. In addition, [4+2] cycloaddition reactions may be
proceed with one-step synchronous non-polar mechanisms
through a biradicaloidal transition states or through a stepwise
biradical mechanism [13, 14]. In the other hand, these cyclo-
additions may be also occurring via a polar one-step two-stage
or stepwise zwitterionic mechanism [15-17].

Recently, Conner et al. performed experimentally the
Lewis acid (AICl;) catalysed Diels-Alder cycloaddition be-
tween 1-methyl-1-phenylallene and methylacrylate [18].
They have found that this cycloaddition reaction is
characterised by a high regioselectivity leading to the forma-
tion of meta cycloadducts as a one regiocycloadduct and fa-
vour the [4+2] cycloaddition over the [2+2] one (Scheme 1). It
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Scheme 1 Experimental AICl;

Catalysed cycloaddition reaction Me .2 104
of MPA with MA +
3
4
PMA

has been established that when [4+2] and [2+2] CAs reactions
are in competition, some studies postulated that these cyclo-
addition are not independent, it proceed through the same
biradical intermediate [19].

Contrariwise, some studies indicate that both types of cy-
cloaddition proceed via completely independent channels
without any common critical points [11].

Our research axis is based on the study of the mechanism
and selectivities observed experimentally in cycloaddition re-
actions [20-24]. Therefore, herein, we undertook a theoretical
investigation using transition state theory and DFT-based re-
activity indices of the regio- and stercoselectivities for
explaining experimentally meta regioselectivity performed
by Conner’s group [18]. Furthermore, we deepen our study
by analysing the nature of molecular mechanism in order to
find the factors influenced on the selectivity and understand-
ing the role of the Lewis acid catalyst in the reactivity and
selectivity of these competitive cylcoaddition reactions be-
tween MPA with MA.

Calculation details

The geometries of all structures involved in this study were first
introduced by GaussView 05 [25] then full optimised using
Gaussian 09 suite of program [26]. The calculation was per-
formed using quantum chemical DFT methods at the B3LYP/
6-31G (d) level of theory [27-30]. The nature of all optimised
stationary points (reactants, transition states and cycloadducts)
was confirmed by frequency calculations, in which only TSs
has a single imaginary frequency corresponding to the new
forming bonds. The effects of dichloromethane (DCM) solvent
were also evaluated using the polarisable continuum model
(PCM) [31, 32] within the self-consistent reaction field
(SCRF) [33-35]. The thermodynamic proprieties such as en-
thalpies, entropies, and Gibbs free energies were computed at
standard conditions; 298 K and 1 atm [36]. The electronic
structures of stationary points were analysed by the natural
bond orbital (NBO) method [37, 38]. The electron localisation
function (ELF) topological analysis [39] was performed using
Multiwfn software [40] from the B3LYP/6-31G(d)
monodeterminantal wave functions of the pertinent points se-
lected from the IRC diagram. The global electrophilicity index
w [41] is given by the expression, w = p*/2n focusing on the
electronic chemical potential, p, and the chemical hardness, 1.
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These two quantities are calculated using the one-electron en-
ergies of the frontier molecular orbital HOMO and LUMO, ey
and ep, as L= (eg+ €)/2 and n= (g, — ep), respectively [42,
43]. The global nucleophilicity index N [44] is calculated also
based on the HOMO energies [45] according the following
equation, N = Egomo (Nw ~ EHOMO (TCE), Where, (Nu) indicates
the nucleophile and TCE is tetracyanoethylene used as refer-
ence. The Nucleophilic and electrophilic Parr functions [46]
indicating the local reactive centres of the separated reactants
were extracted from the analysis of the Mulliken atomic spin
density (ASD) of the radical anion of electrophile fragments
MA and MA-LA complex and the radical cation of the nucle-
ophile fragment, MPA.

Results and discussion

This study is structured into four parts; the first is devoted to
the analysis of the DFT reactivity indices of the reagents in-
volved in these CA reactions of MPA with MA, in order to
determine the electronic character and the regioselectivity of
the reaction. The second part is dedicated to the exploration
and characterisation of the energy profiles of the non-catalysed
and Lewis acid catalysed [442] and [2+2] CA reactions be-
tween MPA and MA. At the last part, we placed an ELF
topological analysis corresponding to the formation of the
new C1-C6 and C4-CS5 single bonds of the most favoured
meta channel of the [4+2] CA reaction between MPA and MA.

DFT-based reactivity indices analysis
Global indices

The values of the global indices, namely, electronic chemical
potentials (i), the global electrophilicity indices (w), the

Table1 FMO energies and values of global reactivity indices, in eV, of
MPA, MA and MA-LA complex

HOMO LUMO i n w N
MPA -5.85 —-0.63 -3.24 522 1.01 3.27
MA -17.35 -1.25 -4.30 6.11 1.51 1.77
MA-LA -17.75 -3.17 —5.46 458 325 1.37
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Fig. 1 Maps of ASD
representation of the radical
cation MPA™"and the radical
anions MA™ and MA-C™ with
local Parr indices of the most
reactive atoms for MPA, MA and
MA-LA molecular systems

chemical hardness (17) and the global nucleophilicity indices N
of the separated reagents MPA, MA and the corresponding
Lewis acid coordinated complexes MA-LA are calculated
using the above relations and collected in Table 1.

A comparison between the electronic chemical potential
(w) values shows that the MPA presents a highest values
(—3.24 eV) than that of MA (—4.30 eV) and the MA-LA
(—5.46), indicating that the flux of global electron density
transfer (GEDT) will take place from MPA towards MA or
MA-LA. Therefore, the MPA will react as a nucleophile,
whereas, both MA and MA-LA are considered as an electro-
philic reagents. Moreover, the global electrophilicity index
value of MA (1.51 eV) is higher than that of MPA
(1.01 eV). This high value indicates that this ethylenic species
is classified according to the absolute scale of electrophilicity
[47] on the borderline of moderate electrophile. Coordination
of Lewis acid AICl; to the carbonyl oxygen atom of the MA
will increase dramatically the electrophilicity of this ethylene
towards 3.25 eV, and thereby become a strong electrophile,
which explain the decrease of the activation energy and in-
crease the polar character of these CA reactions (see latter). On
the other hand, the global nucleophilicity indices of the MPA,
MA and MA-LA confirm that MPA is a good nucleophile,
whereas, MA and MA-LA complex are a bad nucleophiles.
The low electorphilicity difference between the MPA and MA

Table 2 Relative energies, in gas phase and in dichloromethane
solution of the TSs and CAs involved in the non-catalysed [4+2] CA
reaction of MPA with MA

System AE Gas phase (kcalmol ™) AE bichloromethane (kcalmol 1)
TSImn 22.64 22.21
TS1Imx 22.36 22.22
TSlon 29.98 30.31
TSlox 30.51 31.33
CAlmn —28.55 —12.90
CAlmx -30.36 -14.62
CAlon —13.60 -13.13
CAlox —13.11 —12.45

(Aw =0.50 eV) indicates for high activation energy and the
low polar character of this CA reaction. However, the coordi-
nation of Lewis acid to the MA (MA-LA) increases consid-
erably this difference to become 2.24 eV, explaining both low
activation energy and the high polar character of the associat-
ed CA reaction.

Local indices

To predict the regioselectivity of these competitive CA reac-
tions, recent studies indicate that the most favourable reactive
channel is that implied the most two-centre interaction which
occur between the most electrophilic centre of the electrophile
and the most nucleophilic centre of the nucleophile [48-53].
Recently, Domingo and co-workers [46] discovered a new
method based on the electrophilic and nucleophilic Parr func-
tions P*; and P, respectively, which are obtained from the
changes of spin electron density, occurred via the GEDT pro-
cess. This method proved to be a powerful tool for the study of
the local reactivity, and thereby, determine the observed ex-
perimental regioselectivity.

The maps of the Atomic Spin Density (ASD) of these sys-
tems, the radical cation of MPA and the radical anions of MA
and MA-LA complex, together with the values of nucleophil-
ic Parr indices of MPA and the electrophilic Parr indices of
MA and MA-C are given in Fig. 1.

From Fig. 1, analyses of nucleophilic Parr indices of MPA
indicate that the C1 carbon atom (see Scheme 1 for atom
numbering) is the most nucleophilic centre of this nucleophile,
P ¢; =0.37. On the other hand, the electrophilic Parr indices
of MA and MA-LA complex are mainly concentrated at the
C6 carbon atom P 45 =0.56 for both electrophilic systems.
Coordination of Lewis acid to MA does not modify the elec-
trophilicity index of the C6 atom but it decrease that of C5 by
moving it into the carbonyl function. Therefore, the present
CA reactions leading to the formation of the cycloadduct gen-
erated from the interaction between C1 carbon atom of the
MPA and the C6 one of MA and MA-LA, justifying the total
meta regioselectivity for both [4+2] or [2+2] CA reactions, in
agreement to the experimental observations [18].
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Scheme 2 The possible regio-
and stereoisomeric pathways for

the [4+2] CA reaction between CO,Me TSIQX

MPA and MA
Me
CH,
CAlox
B \COQ Me
TS1on
Me
CH,
CAlox

Energy profiles and geometries analysis
Non-catalysed [4+2] CA reaction

Energies Table 2 shows the values of the relative energies of
the TSs and CAs corresponding to the [4+2] CA reaction
between MPA and MA, in gas phase and in solution of di-
chloromethane, while total ones are given in Table S1 in
Supporting Information. Owing to the asymmetry of both re-
actants, the [4+2] CA reactions of MPA with MA could take
place along four reactive channels (see Scheme 2). The endo
and exo nomenclatures are related to the two stereoisomeric
approach modes of the methoxycarbonyle group of the MA
towards the C1=C2-C3=C4 diene system of MPA. Therefore,
along the endo approach, the methoxycarbonyle group is di-
rected towards the diene system of the MPA framework, and
for the exo approach is the opposite. The possible ortho and
meta regioisomeric channels are corresponding to the interac-
tion modes of the C5 or C6 carbon atoms of MA with the
MPA C1 carbon, in such a manner that this last interact with
C5 carbon atom along the ortho reactive pathway.

The analysis through IRC paths, which connected the TSs
to its two minimums, indicated that the non-catalysed [4+2]
reactions of MPA with MA take place through a one-step
mechanism. Thereby, in addition to the separated reactants,
we have located and characterised four TSs and the corre-
sponding four cycloadducts (CAs) for this CA reaction.

Table 3 Relative

enthalpies (AH, in System  AH AS AG
keal mol "), relative
entropies (AS, in TSlox 31.81 —48.949 46.25
cal'mol ' K™), and TSlon 30.76  —49.146 4527
relative free energies
TSI 2269 —46421 3639
(AG, in keal mol ), of e
for TSs and CAs TS1mn 2270 —45.026 3599
involved in the non- CAlox -945 —51.311 5.70
catalysed [4+2] CA re- CAlon  —10.16 —51.802  5.12
;Zi:’nbetween MPAand  cAlmx 1159 —48774  2.80
CAlmn  —9.85 —50291  4.99
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From Table 2, the comparison between the activation ener-
gies of all reactive pathways indicates that the meta
regioisomers is kinetically favoured than the ortho ones by
about 8 kcalmol ', in which the meta exo approach is slightly
more favoured than the meta-endo one. On the other hand, the
meta cycloadducts are more stable than the ortho ones.
Therefore, the ortho reactive pathways are unfavourable both
kinetically and thermodynamically; in greet agreement with
experimental data.

In order to deepen our analysis of the energetic reaction
profiles, we have included the effect of solvent-solute interac-
tions along the reaction pathways. A comparison between the
gas phase energy values and these of the dichloromethane
shows that the activation energies decrease very slightly for
the meta approaches and increase for the ortho ones, and re-
mains the meta approaches the most favoured regioisomeric
pathways.

Since the most organic reactions occurs in solution and
demands an energetic enhancing such as heating or radiation,
and these factors may be influenced on the energy values, a
thermodynamic analysis of enthalpy, entropy, and free energy
become necessary. Values of relative enthalpies, entropies,
and Gibbs free energies of the stationary points involved in
the [4+2] CA reaction of MPA with MA are displayed in
Table 3, while total ones are given in Table S2 in Supporting
Information.

Inclusion of thermal corrections to the electronic energies in-
creases slightly the relative enthalpies by about 0.1 kcal mol ™
(see Table 3), in which the meta pathways are remaining more
favourable than the ortho ones by about 8 kcal molfl, demon-
strating that these reactive pathways are characterised by an
exothermic character. Addition of entropic contribution to en-
thalpies increases the Gibbs free energies by 13.29, 13.70,
14.51, and 14.44 kcal mol ™! for TS1on, TS1ox, TS1mn, and
TS1mx, respectively. This increases is due to the unfavourable
entropies associated with this bimolecular process, the reaction
being endergonic by between 2.80 and 5.70 kcal mol .
Analysis of the Gibbs free energies indicates that this [4+2]
CA reaction between MPA and MA is rather unfavourable,
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Fig.2 Optimised Geometries ofthe TSs associated with the non-catalysed [4+2] and [2+2] CAs reaction between MPA and MA including the lengths of

the new forming bonds in A and Wiberg indices between brackets

having an activation Gibbs free energy of 35.99 kcal mol ' for
the more favourable TS1mn and being slightly endergonic,
which accounts for the reversibility of this [4+2] CA reaction,
thereby, the use of a Lewis acid for reducing the activation
energies is required for the feasibility of this CA reaction.

Geometries analysis The optimised geometries of the TSs as-
sociated with the non-catalysed [4+2] CA reaction of MPA
with MA are given in Fig. 2. At the meta TSs, the distances
Cl... C6, and C4...C5 of the C1-C6 and C4-C5 single new
forming bonds are 1.90 and 2.83 A at TS1mn and 1.90 and
1.82 A at TS1mx, respectively, while at the ortho TSs, the
distances between C1...C5 and C4...C6 of the corresponding
new single bonds are 2.06 and 2.23 A at TS1on and 2.19 and
2.08 A at TS1ox. Therefore, the new C—C single bonds at the
most favourable meta TSs take place through an asynchro-
nous bond formation processes, in which the formation of
C1-C6 single bond is more advanced than the C4-C5 one,
while for the ortho TSs is slightly synchronous. These re-
marks have been confirmed by the values of Wiberg bond
indices [54] (see Fig. 2).

Scheme 3 The possible regio-

and stereoisomeric pathways for Ph
p Y CcO.Me TS-2-0x
the non-catalysed [2+2] CA reac- Me™™\\ 2 -
tion between MPA and MA
CA-2-0x
Ph
Me/ﬁj.\\oone
TS-2-on
CA-2-on

The electronic nature of the non-catalysed [4+2] CA reac-
tion of MPA with MA was evaluated by calculating the value
of GEDT [55] at all transition states. The values of the GEDT
computed at the MA moiety of the TSs are 0.13e at TS1mn,
0.12¢ at TS1mx, 0.05¢ at TS1on and 0.06e at TS1ox. These
low values indicate that the [4+2] CA reaction of MPA with
MA has a low polar character, in agreement with the analysis
of the global reactivity indices and with the obtained high
activation energy for this CA reaction.

Non-catalysed [2+2] CA reaction

Energies In this part, the second competitive non-catalysed
[242] CA reaction of MPA with MA is also studied (see
Scheme 3). Relative energies of the TSs and CAs involved
in this [2+2] CA reaction, in gas phase and in dichloromethane
solution are gathered in Table 4, while total ones are given in
Table S3, in Supporting Information.

The gas phase activation energies associated with the four
reactive channels of this CA reaction are 24.69 (TS2mn),
23.46 (TS2mx), 40.10 (TS20n) and 36.33 kcal'mol ™!

Ph
TS-2-mx Me™ X\
COzMe
+ I|\ CA-2-mx
CO,Me Ph
Me Cs
CH, Me™ X\
PA MA
_— ‘cCo,Me
TS-2-mn CA-2-mn
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Table 4 Relative energies, in gas phase and in dichloromethane
solution of for TSs and CAs involved in the non-catalysed [2+2] CA
reaction of MPA with MA

System AEGas phase AEpichioromethane
(kcalmol 1) (kcalmol ™)
TS2mn 24.69 23.65
TS2mx 23.46 22.75
TS20n 40.10 40.42
TS20x 36.33 37.46
CA2mn —26.33 —26.71
CA2mx —28.56 -27.79
CA20on -26.33 -25.77
CA20x —26.36 —25.60

(TS20x), the reaction being exothermic by 26.33 (CA2mn),
28.56 (CA2mx), 26.33 (CA20n) and 26.36 kcal mol !
(CA2mx). The high exothermic character of this CA reaction
makes these [2+2] CA reaction pathways irreversible in gas
phase. The activation energy of the most favourable meta/exo
approach via TS2mx (23.46 kcal mol ') is 12.87 kcal mol ™
lower than that associated with the most favoured stereoiso-
meric ortho/exo one via TS20x. This high energy difference
indicates that the non-catalysed [2+2] CA reaction between
MPA and MA is completely meta regiospecific, yielding meta
regioisomeric [2+2] CAs, in good agreement with the analysis
of local indices and experimental observations.

Taking account that this CA reaction was carried out in
dichloromethane solution, which can have some influence
on the values of energies and geometries of stationery points,
thereby, solvent effects were also studied. Inclusion of dichlo-
romethane effects decreases slightly the gas phase activation
energies by 1.04 (TS2mn), 0.71 kcal mol {(TS2mx), and
increase it by 0.32 for TS2on and 1.13 kcal mol ' for
TS2ox. In addition, this solvent also slightly decreases the
exothermic character of the reaction for all reactive pathways.

Table 5 Relative enthalpies (AH, in kcal mol ), entropies (AS, in
cal'mol ! K™!) and Gibbs free energies (AG in kcal mol 1), at
298.15 K and 1 atm, for TSs and CAs involved in the non-catalysed
[2+2] CA between MPA and MA

System AH AS AG

TS2mn 22.49 —49.743 37.17
TS2mx 23.45 —49.157 37.95
TS2o0n 40.28 —50.007 55.04
TS20x 37.38 —48.433 51.68
CA2mn —24.34 —48.059 —10.15
CA2mx —24.80 —45.612 -11.34
CA20n —22.70 —47.345 -8.73
CA20x —22.61 —44.872 -9.37
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Although these changes in energies, solvent effects does not
produce any change in the meta regioselectivity.

The values of the thermodynamic properties, namely, rela-
tive enthalpies, entropies and Gibbs free energies, associated
with the four reactive channels of the non-catalysed [2+2] CA
reaction between MPA and MA are listed in Table 5, while
total ones are given in Table S4, in Supporting Information.

For the enthalpies, addition of the thermal corrections to the
electronic energies did not significantly change the regioselec-
tivity; while relative reaction enthalpies slightly decreased. For
the free energies, addition of the entropic contribution to en-
thalpies strongly increases relative Gibbs free energies in the
range of 14 kcal mol ' due to the unfavourable entropies asso-
ciated with this bimolecular process. Thus, the activation Gibbs
free energies associated to the favourable regioisomeric ap-
proaches, TS2mn and TS-2mx reach to 37.17 and
37.95 keal mol !, respectively. Additionally, the reaction be-
comes slightly exergonic by 10.15 (CA2mn) and
11.34 keal mol ' (CA2mx). These results indicate that the meta
regioisomers will be obtains as a single regioisomers under
both kinetic and thermodynamic controls. Although, analysis
of the Gibbs free energies reveals that the non-catalysed [2+2]
CA reaction between MPA and MA is also very unfavourable,
leading to the formation of the meta regioisomers, in complete
agreement with the experimental outcomes. Interestingly, these
energy results are very similar to these obtained for the non-
catalysed [4+2] CA reaction as predicted by the analysis of the
conceptual DFT reactivity indices.

Geometries of TSs The geometries of the TSs associated with
the non-catalysed [2+2] CA reaction between MPA and MA
are shown also in Fig. 2. At the meta TSs, the distances be-
tween the C1 and C6 atoms of side, and C2 and C5 ones on the
other side, which they involved in the formation of the C1-C6
and C2—C5 single bonds are 1.78 and 2.92 A at TS2mn and
are 1.84 and 2.94 A at TS2mx, while at the ortho TSs, the
distances between the corresponding atoms involved in the
formation of the C1-C5 and C2-C6 single bonds are 1.64
and 2.65 A at TS2o0n and 1.74 and 2.85 A at TS2ox.
Therefore, the formation of the new C—C single bonds at both
meta and ortho TSs suggests a highly asynchronous bond
formation processes, in which the formation of the single bond
involving C1 atom is more advanced than the second one.
This asynchronous mechanism has been confirmed by the
analysis of Wiberg bond indices [54] (see Fig. 2).

The electronic nature of the non-catalysed [2+2] CA reac-
tion between MPA with MA was also evaluated by calculation
of the GEDT [55] at the TSs associated with the four reactive
pathways. The values of the GEDT computed at the MA moi-
ety of the TSs are 0.16e at TS2mn, 0.14e at TS2mx, 0.06¢ at
TS2o0n and 0.02¢ at TS20x. These low values indicate that the
non-catalysed [2+2] CA reaction of MPA with MA has a low
polar character, in agreement with the analysis of the global
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Scheme 4 The stereoselective approaches for the AICI; catalysed [4+2] and [242] CA reactions for the favourable mefa regioisomeric channel between
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reactivity indices and with the high activation energy comput-
ed for this CA reaction.

AICI; catalysed [4+2] and [2+2] CA reactions

Energies Coordination of the oxygen atom (C=0) of MA with
an AlICI; catalyst notably increases its electrophilicity and en-
hances its reactivity towards electron-rich diene such as MPA.
Accordingly, the Lewis acid catalysed [4+2] and [2+2] CA
reactions of the MA-LA complex with MPA of the more
favourable meta regioisomeric pathways were studied

Table 6 Relative energies, in gas phase and in solvent of the TSs
involved in the meta regioisomeric channel of the AICl; catalysed [4+2]
CA reaction of MPA with MA

System AEGas phase AEpichloromethane
(kcalmol 1) (kcalmol 1)
TS1mn-c 10.49 10.66
TS1mx-c 11.50 11.63
CAlmn-c -17.11 -14.22
CAlmx-c -15.77 -9.93

(Scheme 4). Relative energies for the TSs and cycloadducts
involved in the TSs involved in the meta regioisomeric
channel of the [4+2] and [2+2] CA reactions of MA-
AICl; complex with MPA, in the gas phase and in dichlo-
romethane are displayed in Tables 6 and 7, while total ones
are given in Table S5 and S6, respectively, in Supporting
Information.

Table 7  Relative energies, in gas phase and in solvent of the TSs and
CAs involved in the meta regioisomeric of the AICl; catalysed [2+2] CA
reaction of MPA with MA

System AEGgas phase AEpichioromethane
(kealmol ) (kcalmol ™)
TS2mn-cl 13.17 13.18
TS2mx-cl 12.93 11.45
Int2mn-c 6.62 3.26
Int2mx-c 6.08 3.89
TS2mn-c2 8.17 7.36
TS2mx-c2 7.77 7.30
CA2mn-c -26.30 —24.77
CA2mx-c —28.58 —26.28
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Fig. 3 Gas Phase energy profiles of the possible stereoselective pathways
for the meta regioisomeric [442] and [2+2] CA reaction between MPA
and MA-AICl; complex

Analysis of IRC paths of the AICI; catalysed [4+2] CA
reactions of MPA with MA indicates that this CA reaction
take place through a one-step mechanism, while the [2+2]
CA one proceeds via a stepwise mechanism (See Fig. 3).
Thereby, six TSs and the corresponding four cycloadducts
(CAs) and two intermediates were located and characterised
for these competitive CA reactions (see Scheme 4).

The gas phase activation energies associated with the meta
regioisomeric AlCl; catalysed [4+2] CA reaction are 10.49
(TS1mn-c) and 11.50 (TS1mx-c¢). For the comparison of
[2+2] CA reaction energies with these of [4+2] CA reaction,
we only considered the first step of this stepwise mechanism
because it is the determining step of the reaction rate. The gas
phase activation energies of this CA reaction are 13.17
(TS2mn-cl) and 12.93 kcalmol ! for TS2mx-cl, thereby, a
comparison between the [4+2] and [2+42] activation energies
reveals that this CA reaction favour kinetically the formation
of cycloadducts corresponding to the [4 + 2] processes.
Furthermore, these energy results clearly indicate that with
the use of the AICI; catalyst, the activation energy decrease
by 12 kcal mol . This change makes the LA-catalysed com-
petitive [4+2]/[2+2] CA reactions favour mostly the [4+2]
reaction since it increase the energy difference to 2.44

Table 8 Relative enthalpies (AH in kcal mol '), relative entropies (AS
in cal'mol™' K™') and relative free energies (AG in kcal mol ™), at
298.15 K and 1 atm, for the TSs and CAs involved in the meta
regioisomeric channel of the LA-catalysed meta [4+2] CA between
MPA and MA

AH AS AG
TS1mn 11.91 —39.756 23.65
TS1mx 12.91 —39.048 24.43
CAlmn —6.32 —44.457 6.80
CAlImx —11.01 —50.153 3.79

@ Springer

Table 9  Relative enthalpies (AH in kcal mol ™), entropies (AS in
cal'mol ! K1) and free energies (AG in kcal mol ™), at 298.15 K and
1 atm, for the TSs and CAs involved in the meta regioisomeric channel of
the AICl;-catalysed [242] CA between MPA and MA

AH AS AG
TS2mn-c1 13.75 —42.681 26.35
TS2mx-c1 13.07 —48.265 27.32
Int2mn-c 5.27 —47410 19.26
Int2mx-c 6.51 —42.653 19.10
TS2mn-c2 8.87 —50.770 23.85
TS2mx-c2 8.72 —50.289 23.56
CAlmn-c —23.30 —40.240 —1143
CAlmx-c -22.97 —53.614 -7.14

kealmol ' between the most favoured approaches of these
CA reactions, TSImn-c1 and TS2mn-c1, which has been
1.10 kealmol ' in non-catalysed processes. In addition, this
energy difference suggests the formation of a mixture of both
CAlmn-cl and TS2mn-c1, in which CA1mn-c1 is the major,
in a greet agreement with experimental data [18].

Inclusion of dichloromethane effects stabilises slightly the
reactants, TSs and cycloadducts relative to gas phase geome-
tries. The most remarkable change with the inclusion of sol-
vent effects is the increase of the activation energies and the
decrease of the exothermic character of the reaction. This low
solvent effect can be assigned to its low polar character (it =
1.14D).
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Fig.4 Geometries of the TSs of the favourable meta regioisomeric [2+2]
and [4+2] CA reactions between MPA and MA-LA complex including
the lengths of the new forming bonds in A
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Fig. 5 ELF localisation domains,
represented with an isosurface
value of ELF = 0.83 and ELF
basin attractor positions, together
with the most representative
valence basin populations of
MPA, MA and MA-LA complex

MA-LA

The values relative enthalpies, entropies and free energies
associated to the meta regioisomeric [4+2] and [2+2] CA re-
actions are collected in Tables 8 and 9, while, total ones are
collected in Table S7 and S8, respectively in Supporting
Information.

From a comparison between the activation enthalpy values,
we can notice a remarkable preference for the [4+2] meta—
endo pathway in agreement with the predicted activation en-
ergy. The high negative values of the relative entropy indicate
that these CA reactions are entropically unfavourable due to
the geometry voluminous of both TSs and cycloadducts and
the intermolecular process of these CA reactions. Thus, the
addition of the entropic contribution to the enthalpy increases
the free activation energy by about 11 kcal mol ™. In addition,
all these reactive pathways are characterised by an exothermic
character. On the other hand, the values of the free energy of
the CAs account for the endergonic character of [4+2] process
and the exergonic for the [2+2] pathways. Thereby, the for-
mation of the [4+2] CAs occurs under kinetic control, where-
as, the [2+2] ones is under thermodynamic control.

Geometries The optimised geometries of the TSs involved in
the competitive AICl; catalysed [4+2] and [2+2] CA reactions
between MPA and MA are given in Fig. 4.

The lengths of the new forming bonds corresponding to the
[44+2] CA reactions indicate that the LA catalyst changes
completely the mechanism of these processes. Indeed, for
the [2+2] CA reaction, the process changes from one step to
stepwise mechanism, while for the [4+2] CA reaction, the
mechanism becomes highly asynchronous, since the differ-
ence between the lengths of the new forming bonds is 1.07
and 1.19 A for TSImn-c and TS1mx-c, respectively. For the
LA-catalysed [4+2] process, the BO’s values of the C1-C5
and C4-C6 new forming bonds confirm the above

MA PMA

asynchronous remarks in which the C1-C5 bond formation
is more advanced than the C4—C6 one.

The values of GEDT, which its flux takes place from MPA
to the electrophilically activated LA-MA complex, are 0.29¢
(TS1mn-c) and 0.33e (TS1mn-c). The GEDT found in these
TSs accounts for the polar character of this LA-catalysed CA
reaction. Therefore, the LA catalyst increases the polar char-
acter of these CA reactions, explaining the decrease of the
activation energies of these processes.

ELF topological analysis
ELF characterisation of the electronic structure of reagents

An attractive procedure that has given us a direct link between
the distribution of electron density and the chemical structure
is the quantum chemical topological analysis of ELF
established by Becke and Edgecombe [39]. Several studies
can be found in the literature which applies ELF topological
analysis for different chemical systems can be found in the
literature [56-58].

ELF localisation domains and their attractor positions, to-
gether with the most representative valence basin populations
of MPA, MA and MA-LA are shown in Fig. 5. Recent studies
based on Molecular Electron Density Theory (MEDT) [59]
indicate that the electronic structure of a molecules has a very
good correlation with its reactivity [60—62].

The ELF analysis of MA structure indicates the presence of
the following basins: two V(C5,C6) and V'(C5,C6) disynaptic
with a population of 1.72¢ for each one and a disynaptic
V(C,0) integrating an electron population of 2.38e. In addi-
tion, two mono synaptic basins V(O) and V'(O) integrating
2.68 and 2.63e, respectively, corresponding to non-bonding
regions within the context of ELF. For the LA-MA complex,
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Fig. 6 ELF basins attractor’s
positions of relevant points of the
IRC path together with the
populations of the relevant basins
along the most favourable meta/
endo CA reaction pathway asso-
ciated with the meta-endo [4+2]
CA reaction of MPA with MA-
LA

P4

ELF topological analysis shows the presence of the same ba-
sins with a remarkable change of electron population. Indeed,
the population of two V(C5,C6) and V'(C5,C6) disynaptic
decreases to become integrating 1.67e for each one. The pop-
ulation of the disynaptic V(C,0) basin also decreases to 2.00e
and contrariwise the population of the non-bonding regions
V(0) and V'(O) becomes integrating 2.95 and 2.74e, respec-
tively. These changes of electron population of the most rele-
vant basins indicate that the addition of Lewis acid to MA
pulls electron density towards him and consequently empty
the reactive region of MA and enhance its reactivity towards a
nucleophilic attack, which explain clearly the high

@ Springer

CAlmn-c

electrophilicity of MA-LA and the low activation energies
of the corresponding CA reactions.

For the MPA structure, ELF topological analysis of the
most relevant basins corresponding to the reactive regions
indicates the presence of a two disynaptic basins V(C1,C2)
and V'(C1,C2) integrating a total population of 3.78e, where-
as, the bonding region C3—-C4 shows only one disynaptic
basin V(C3,C4) integrating 2.72e¢. Consequently, ELF topo-
logical analysis of MPA structure reveals that C1-C2 bond-
ing region is more reactive than the C3—C4 one, in greet
agreement with the nucleophilic Parr function analysis (see
above).
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Table 10  ELF valence basin populations of the selected points of the
IRC involved in the formation of the C1-C5 and C4-C6 single bonds
along the meta-endo [4+2] CA reaction of MPA with MA-LA. Distances
are given in angstroms, A, and GEDT values and electron populations in
average number of electrons, e

TS1mn- P1 P2 P3 P4 CAlmn-
c c

Points

d(C1-C5) 2.01 192 164 161 157 1.52
d(C4-C6) 3.08 307 301 297 260 1.56
GEDT 0288 0333 0451 046 043 0.05
V(C3,C4) 2.68 267 251 249 244 1.98
V(C1,C2) 2.79 267 235 232 227 225
V(C5,C6) 2.87 272 213 211 207 1.88
V(C1) 0.67 - - - - -
V(C5) 021 - - - 7 -
V(C1,C5) - 110 164 169 180 1.96
V(C4) - - - . .
V(C6) - - - - 202 -
V(C4,C6) - - - - - 1.84

ELF topological analysis of the formation processes
of the new C-C single bonds

In order to carry out an in-depth study of the mechanism of
these CA reactions catalysed by AlCl; and to characterise the
nature of the formation of the new single bonds, an ELF to-
pological analysis of some selected points on the IRC path of
the most favourable meta-endo [4+2] reactive channel was
performed. The electronic populations of the most significant
valence basins with the corresponding ELF basin attractor
positions of the selected structures of the IRC are shown in
Fig. 6. ELF valence basin populations of these selected points
corresponding to the formation of the C1-C5 and C4-C6
single bonds along the meta-endo [4+2] CA reaction of
MPA with MA-LA, with distances and GEDT values are
gathered in Table 10.

At TS1mn-c¢, some topological changes are observed on
the reactive regions with respect to the structure of the ground
state of both frameworks, which are the two new V(C1) and
V(C5) monosynaptic basins, integrating 0.61 and 0.21e, re-
spectively. These topological changes allow concluding that
the initial C1-C2 and C5—C6 double bonds are already broken
before TS point leading to the formation of a C1 and C5
pseudoradical centres necessary for the formation of the single
new forming bond C1-CS5.

At P1, a second remarkable change on the bonding region
is the cohesion of the C1 and C5 pseudoradical centres in a
new V(CI1,C5) disynaptic basin with a population of 1.10e,
indicating the beginning of the formation of the first C1-C5
single bond. In parallel, the population of the two disynaptic
basins V(C1,C2) and V(C5,C6) keeps on decreasing to reach
2.67 and 2.72, respectively.

At P2, the most remarkable change is related to the slight
increase of the population of the new V(C1,C5) disynaptic
basin by 0.54e to become integrating 1.64 e. Decreasing of
electron density is a consequence of the displacement of elec-
tron density from MPA over C1 atom. The population de-
creases of V(C1,C2) and V(C4,C5) disynaptic basins continue
at this point and contributing to the increase of the population
of the new forming bond C1-CS5.

At P3, analysis of the bonding region’s basins indicates that
no significant change was performed, only a slightly increase of
the population of the V(C1,C5) disynaptic basin towards inte-
grating 1.69¢ and decreasing of the V(C1,C2) and V(C4,C5)
disynaptic’s population towards 2.32 and 2.11e, respectively.

At P4, which it considers the last step before the full for-
mation of the cycloadduct, the most remarkable change is the
formation of a two monosynaptic basins V(C4) et V'(C4) in-
tegrating a total population 2.02e, account for the zwitterionic
character of this stage and the beginning of the formation of
the second C4—C6 single bond.

Finally at CAlmn-c, the apparition of a V(C4,C6) disynaptic
basin integrating 1.84 e indicates that the second C4-C6 single
bond is formed at this point, which suggest the formation delay
of the second new bond until the last stage of this CA reaction,
while the population of the V(C1,C5) disynaptic basin related to
the C1-CS5 single bond decrease slightly to 1.96 e.

This ELF topological analysis associated to the formation
of'the C1-C5 and C4—C6 single reveals that the LA-catalysed
[4+2] CA reaction takes place through a two-stage one-step
mechanism [63] in which the formation of the second C4—C6
single bond begins when the first C1-C5 single bond is
completely formed. The first C1-C5 single bond is formed
through a formation of pseudo-diradical intermediate, while
the second C4—C6 one is formed by a zwittérionic mechanism
at the last stage of the reaction. These results account that the
molecular mechanism is non-concerted.

Conclusion

The nature of mechanism, the regio-and the steroselectivities
of the non-catalysed and AICI; Lewis acid catalysed comple-
tive [4+2]/[242] CA reaction between MPA and MA to yield
predominately the meta [4+2] regioisomers have been studied
by MEDT using quantum chemical DFT methods at the
B3LYP/6-31G(d) computational level.

Analysis of the global reactivity indices allows classifying
MPA as a strong nucleophile and MA as a moderate electro-
phile. The coordination of the AICI; catalyst with MA in-
creases its reactivity to become a strong electrophile, which
leading to enhance dramatically the polar character of the
corresponding CA reaction, in clear agreement with the ob-
tained high GEDT and the low activation energies. Analysis of
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the Parr functions explain well the total regioselectivity exper-
imentally found in this cycloadditions.

In non-catalysed gas phase or in a solution, these compet-
itive CA reactions preceded via an asynchronous mechanism
favour the formation of the meta regioisomers kinetically and
thermodynamically. The obtained low values of GEDT ac-
counts for a low polar character of these CA reactions and
well explaining the high activation energies. The most notice
of the inclusion of dichloromethane effects is the slight in-
creases of the activation energies and the decreases the exo-
thermic character of these CA reactions.

Formation of MA-LA complex decreases the activation
energies and increases the polar character of these CA reac-
tions, leading to formation of a mixture of both [4+2] and [2+
2] meta regioisomers, in which the meta [4+2] regioisomers is
the major cycloadducts, in agreement with experimental data.
The dichloromethane solvent effect has no influence on the
selectivity but it increases slightly the activation energies. The
analysis of activation Gibbs free energies reveals that the meta
cycloadducts are favoured kinetically.

The LA-catalysed [4+2] CA reaction takes place via a high-
ly asynchronous mechanism, while for the LA [2+2] CA re-
action become proceeds through a stepwise mechanism.

ELF topological analysis of MA and MA-LA complex
shows that the coordination of AICI; catalyst to MA enhances
its reactivity towards a nucleophilic attack on the reactive re-
gion by moving the electron density of the C5=C6 double bond
towards the oxygen atom of carbonyl function (C=0). The
ELF topological analysis of MPA structure indicates that the
C1=C2 reactive region is characterised by a high electron den-
sity than the C3=C4 one explaining its precedence in reactivity.

ELF topological analysis of the formation of the two new
single bonds along the most favourable [4+2] meta/endo re-
action pathway indicates that the formation of the first C1-C5
single bond takes place by coupling a C and C of C1 and C5
pseudoradical centres at the first stages of the reaction, while,
the second C4-C6 single bond formed by the donation of a
non-bonding electron density of the C5 carbon atom of ethyl-
ene fragment, which developed at the last stage of the reaction,
account for a zwitterionic mechanism. The two-stage one-step
mechanism of these CA reactions indicates that this mecha-
nism is non-concerted.
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