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Abstract The molecular mechanism and selectivity of the
[3 + 2] cycloaddition (32CA) reaction of a chiral azome-
thine ylide (AY) with B-nitrostyrene (NS) have been stud-
ied within the Molecular Electron Density Theory (MEDT)
using DFT methods at the MPWB1K/6-31G(d) computa-
tional level. Analysis of the electronic structure of AY indi-
cates that this species has a pseudodiradical structure that
enables its participation in pdr-type 32CA reactions. Analy-
sis of the conceptual DFT reactivity indices allows classi-
fying the AY as a strong nucleophile and NS as a strong
electrophile, suggesting a polar process, while Parr functions
permit to predict a high regioselectivity. The 32CA reaction
presents a relatively low activation enthalpy, 4.1 kcal-mol ™",
and is completely regio- and stereoselective. ELF topologi-
cal analysis allows characterising the molecular mechanism
of these pdr-type 32CA reactions as a non-concerted two-
stage one-step mechanism, the reaction being classified as
a [2n + 27] process.
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1 Introduction

Imidazolidine 1 and its derivatives (Scheme 1) are a class
of versatile heterocyclic compounds that can be found in
many natural products [1]. They exhibit a large variety of
biological and pharmacological activities, such as herbi-
cides, fungicides, anti-allergy, anti-tumour, anti-inflamma-
tory, anti-bacterial, antioxidant and analgesic activities [2].
In addition, compounds containing a pyrrolidine ring 2 are
components of natural substances that attract a keen inter-
est from the viewpoint of medicinal chemistry due to their
broad spectrum of pronounced biological activity [3-5]. The
link of two different bioactive molecules with complemen-
tary pharmacophoric functions has often shown synergistic
effects. Therefore, the combination of both imidazolidine 1
and pyrrolidine 2 in the same molecule may produce a new
group of compounds, hexahydro-1H-pyrrolo [1,2-c] imida-
zoles 3 (see Scheme 1), with enhanced or poly-biological
activities widely applied in pharmacy and medicine due to
their versatile biological properties [6, 7].

[3 + 2] cycloaddition (32CA) reactions are one of the
most attractive synthetic methods for the construction of
five-membered heterocyclic compounds [8]. The 32CA
reaction of azomethine ylide (AY) 4 with ethylene 5 is an
appealing alternative tool for the construction of hybrid het-
erocycles containing pyrrolo imidazole 3 subunits of phar-
macological importance (see Scheme 2). [9]

Recent Molecular Electron Density Theory (MEDT) [10]
studies devoted to 32CA reactions have allowed establishing
a very good correlation between the electronic structure of
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Scheme 1 Structures of imidazolidine 1, pyrrolidine 2 and pyrrolo
imidazole 3

Scheme 2 Retrosynthesis of pyrrolo imidazole 3

three-atom-components (TACs) and their reactivity towards
ethylene 5 [11, 12]. Thus, depending on the electronic struc-
ture of the TAC, the non-polar 32CA reactions have been
classified into pseudodiradical-type (pdr-type) [11, 12],
pseudoradical-type (pmr-type) [12], carbenoid-type (cb-
type) [13] and zwitterionic-type (zw-type) [11] reactions.
The reactivity trend decreases in the following order:
pseudodiradical > pseudoradical > carbenoid > zwitteri-
onic, in such a manner that while pdr-type 32CA reactions
take place easily through earlier transition state structures
(TSs) even with a very low polar character [11, 12], zw-type
32CA reactions demand adequate nucleophilic/electrophilic
activations to take place. In general, AYs are very strong
nucleophiles, reacting very quickly with either species

Scheme 3 32CA reaction
between 3-(benzylideneamino) Ph

oxindole 6 and NS 7 HN=" O,
O +
N
\
6

Scheme 4 MCR between imi-
dazolidinone 9, benzaldehyde

10 and NS 7 affording pyrrolo Me\
imidazole 12n-a N (0]
tBu—( T + Ph-CHO
HN
9 10
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containing a multiple bond, both in non-polar and polar pdr-
type 32CA reactions [14, 15].

Recently, the 32CA reaction between AY 6 and
B-nitrostyrene (NS) 7 was theoretically studied at the
®B97XD/6-31G(d) computational level (Scheme 3). [16]
Interestingly, this reaction proceeds through a polar mecha-
nism in which the formation of a hydrogen bond between
one nitro oxygen of NS 7 and the AY N-H hydrogen of 6
is responsible for the meta/endo selectivity leading to the
formation of spiro[pyrrolidin-2,3'Joxindole 8a as the major
cycloadduct, as experimentally found.

One experimental example of the synthesis of heterocy-
cles containing pyrrolo imidazole 3 subunits is the multi-
component reaction (MCR) between 2-tert-butyl-3-meth-
ylimidazolidin-4-one 9, benzaldehyde 10 and NS 7, in the
presence of triethylamine as base, recently reported by
Zhang et al. [17] (Scheme 4). This one-pot reaction yields
pyrrolo [1,2-e] imidazol-1-one 12n-a as single product, with
high yield (99%) and high diastereoselectivity (up to 98:2),
through a 32CA reaction of AY 11a, generated in situ from
the condensation of 9 and 10, with NS7.

Our research program is focused on the study of the
molecular mechanisms and the origin of the experimental
selectivity of cycloaddition reactions within MEDT [18-20].
Herein, we present a MEDT investigation of the molecular
mechanism of the 32CA reaction of AY 11a with NS 7,
providing a rationalisation of the regio- and stereoselectiv-
ity experimentally found by Zhang et al. [17]. To this end,
the 32CA reaction involving the simpler 2-methyl-3-meth-
ylimidazolidin-4-one 11b, in which the bulky 7-Bu group
was replaced by a methyl group, which was selected as a
reduced model of the experimental reaction involving AY

CHCl,
Ph Reflux
15:1
O,N
\l Me
0 Ph O N
TEA/Toluene Me\N 7 > IR
e | A | T el
110°C, 19h R” N, Phre
\‘\Ph “Ph
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11b R = Me 12n-b R = Me
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11a. The reactivity of these substituted AYs in 32CA reac-
tions is analysed.

2 Computational methods

DFT calculations were performed using the MPWBI1K
functional [21] together with the 6-31G(d) basis set [22].
This functional has been recently used in the study of 32CA
reactions [12, 13]. Further single point energy calculations
at the MPWB1K/6-311G(d,p)//MPWB1K/6-31G(d) level
not produced noticeable changes in relative energies (see
Supplementary Material). Optimisations were carried out
using the Berny analytical gradient optimisation method [23,
24]. The stationary points were characterised by frequency
computations in order to verify that TSs have one and only
one imaginary frequency. The IRC paths [25] were traced
in order to check the energy profiles connecting each TS to
the two associated minima of the proposed mechanism using
the second order Gonzalez—Schlegel integration method
[26, 27]. Implicit solvent effects of toluene were considered
through single point energy calculations using the polaris-
able continuum model (PCM) developed by Tomasi group
[28, 29] in the framework of the self-consistent reaction
field (SCRF) [30-32]. Enthalpies, entropies and Gibbs free
energies in toluene were calculated with standard statistical
thermodynamics at 110 °C and 1 atm from the optimised gas
phase structures [22]. CDFT global reactivity indices [33,
34] and Parr functions [34] were computed using the equa-
tions given in reference [34]. The global electron density
transfer [35] (GEDT) is computed by the sum of the natural
atomic charges (q), obtained by a natural population analysis
(NPA) [36, 37], of the atoms belonging to each framework
(f) at the TSs; GEDT = Zq;. All computations were carried
out using the Gaussian 09 suite of programs [38].

ELF [39], QTAIM [40] and NCI [41] studies were per-
formed with the TopMod [42], Multiwfn [43] and NCI-
plot [44] programs, respectively, using the corresponding
MPWBI1K/6-31G(d) mono determinantal wave functions.
A bonding evolution theory (BET) [45] procedure was used
for the characterisation of the bond formation processes of
the new C-C single bonds by performing the topological
analysis of the ELF, over a grid spacing of 0.1 a.u., for 673
nuclear configurations along the corresponding IRC path.

3 Results and discussion

The present theoretical study has been divided into four
parts: (1) first, the electronic structures of the simplest AYs
14 and the methyl-substituted AY 11b are characterised and
compared by ELF and NPA analyses in order to understand
the reactivity of these TACs; (2) in the second part, the

CDFT reactivity indices of the reagents are analysed in order
to predict their reactivity in these 32CA reactions; (3) third,
an analysis of the reaction paths associated with the 32CA
reactions of AYs 11a,b with NS 7 is performed with the aim
of reproducing and explaining the experimental selectivity;
and (4) finally, an ELF topological analysis of formation of
the new C—C single bonds is carried out.

3.1 ELF and NPA characterisation of the electronic
structures of AYs 11b and 14

In order to characterise the electronic structure of the experi-
mental AY 11a and thus, to predict its reactivity in 32CA
reactions, an ELF [39] topological analysis of the simplest
AY 14 and the simpler experimental model AY 11b were
first performed. ELF attractors, including the most repre-
sentative valence basin populations and natural atomic
charges, ELF basins and the proposed ELF-based Lewis
structures are shown in Fig. 1.

Due to the symmetry of the simplest AY 14, ELF topo-
logical analysis of this TAC shows a symmetrical distribu-
tion of the electron density. Thus, while one V(C, N) disyn-
aptic basin is observed in the two C-N bonding regions
with an electron population of 2.58e, a pair of V(C) and
V’(C) monosynaptic basins, integrating a total population
of 1.03e, is present at both terminal carbons. Consequently,
ELF topology of AY 14 indicates that this TAC has a pseu-
dodiradical electronic structure that enables its participation
in pdr-type 32CA reactions. It should be emphasised that the
presence of two V(C) monosynaptic basins characterising a
pseudoradical carbon centre is the consequence of the planar
arrangement, i.e. sp> hibridisation, around the corresponding
carbon atom.

On the other hand, although the substitution at AY 11b
breaks the molecular symmetry, topological analysis of the
ELF of this TAC shows a similar electronic structure to that
of the simplest AY 14. One V(C1) monosynaptic basin,
integrating 0.59e, and two V(C3) and V’(C3) monosynaptic
basins, integrating a total population of 0.61e, are observed
at the C1 and C3 carbons, thus characterising two C1 and
C3 pseudoradical centres, while the two C1-N2 and N2-C3
bonding regions appear described by two V(C1, N2) and
V(N2, C3) disynaptic basins with populations of 2.46e and
2.97e. The substitution at AY 11b has not only provoked a
decrease of the electron density of the two C1 and C3 pseu-
doradical centres as a consequence of the delocalisation of
part of their electron density towards the carbonyl and phe-
nyl substituents, respectively, but also a slight pyramidali-
sation of C1 due to the ring tension so that only one V(C1)
monosynaptic basin appears. Despite these small topological
differences relative to AY 14, AY 11b also presents a pseu-
dodiradical electronic structure that enables its participa-
tion in pdr-type 32CA reactions. The lower electron density
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Fig. 1 ELF attractors together

with some valence basin V(C1)
populations and natural atomic [0.52] V(N2,C3)
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populations of the V(C1) and V(C3) monosynaptic basins
found in AY 11b with respect to those found in the simplest
AYs 14 may suggest a lower reactivity of the former.

Once the bonding pattern of these TACs was established,
the charge distribution was analysed through an NPA. Natu-
ral atomic charges of the more relevant atoms are included
in Fig. 1. NPA of both AYs reveals that the three C1, N2
and C3 atoms are negatively charged. While in AY 14, the
negative charges of these three atoms are relatively high and
very similar, ca. -0.4e, in AY 11b, the C1 and N2 atoms have
been depopulated to —0.22e and —0.28e, and the negative
charge of the C3 carbon has notably decreased to a negli-
gible value of —0.06e. Consequently, this charge distribu-
tion allows ruling out the common representation of AYs as
1,2-zwitterionic Lewis structures in which a positive charge
and a negative charge are entirely localised at the N2 nitro-
gen and at the C3 carbon, respectively.

3.2 Analysis of the CDFT reactivity indices
of the reagents AYs 11a,b and NS 7

Numerous studies devoted to polar organic reactions have
proven that the analysis of the reactivity indices defined
within the CDFT [33, 34] is an effective tool to understand
the reactivity of the reagents involved in polar cycloaddition

@ Springer
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reactions. Global CDFT indices, i.e. the electronic chemical
potential [46, 47], p, the chemical hardness [46, 47], n, the
electrophilicity [48], o, and the nucleophilicity [49, 50], N,
at the ground state of the reagents, were computed according
to the equations given in [34] and are displayed in Table 1.

Analysis of the p of the reagents provides information
only about the direction of the GEDT flux along a polar
reaction. The electronic chemical potentials p of AY 11a
and 11b, —3.06 and —3.09 eV, are higher than that of NS 7,
—4.78 eV. Thereby, along a polar reaction, the GEDT will
flux from AYs 11a,b to NS 7, in clear agreement with the
GEDT computed at the TSs (see later).

Table 1 Global MPWBI1K/6-31G(d) electronic chemical potential
(1), chemical hardness (), electrophilicity (o) and nucleophilicity
(N), in eV, of ethylene 5, AYs 11a,b and 14, and NS7

Compound p n ® N pr
NS 7 —4.78 6.27 1.82 2.62

AY 11b -3.09 4.73 1.01 5.08 1.07
AY 11a -3.06 4.67 1.00 5.14 1.10
Ethylene 5 -3.38 10.05 0.57 1.83

AY 14 -1.70 6.34 0.23 5.36 0.84
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The electrophilicity o and nucleophilicity N indices of
simplest AY 14 are 0.23 and 5.36 eV, being classified as
a marginal electrophile and as a strong nucleophile based
on the electrophilicity [51] and nucleophilicity [52] scales
defined employing the MPWBI1K functional. Substitution
at one terminal carbon and at the nitrogen atom notably
increases the electrophilicity  index to 1.00 (11a) and 1.01
(11b) eV and slightly decreases the nucleophilicity N index
to 5.14 (11a) and 5.08 (11b) eV, both being classified at
the border line of strong electrophiles but remaining strong
nucleophiles. Note that the #-Bu substituent of 11a has no
significant impact on the electronic features of 11b, sup-
porting the choice of 11b as a representative reduced model
of 11a. Thus, in a polar organic reaction, both AYs 11a,b
will behave as strong nucleophiles, showing a very similar
reactivity.

Polar cycloaddition reactions require the participation of
good electrophiles and good nucleophiles [53, 54]. Ethyl-
ene 5 is one of the poorest electrophilic, ® = 0.57 eV, and
nucleophilic, N = 1.83 eV, species involved in cycloaddi-
tion reactions, being classified as a marginal electrophile
and a marginal nucleophile. Consequently, ethylene 5 can-
not participate in polar reactions. The inclusion of a phenyl
substituent at one carbon of ethylene S and a nitro group
at the other one strongly increases the electrophilicity o
and nucleophilicity N indices of NS 7 to 1.82 and 2.62 eV,
respectively, being classified as a strong electrophile and as
a moderate nucleophile. Therefore, NS 7 will behave as a
strong electrophile when facing the strongly nucleophilic
AYs 11a,b, and accordingly, it is expected that the 32CA
reaction between them will proceed via a polar mechanism
with low activation energy.

In order to characterise the participation of TACs in pdr-
type 32CA reactions, the pr index has recently been intro-
duced [11, 12]. TACs with pr values higher than 0.90 partici-
pate in pdr-type 32CA reactions and can be related to species
having a very soft character, i.e. with low hardness 1 values,
and a low ionisation potential, i.e. with high nucleophilicity
N values, while TACs with low pr values do not participate

Fig. 2 3D representation of the
Mulliken ASD of radical cati-
ons 11a™* and 11b *and radical
anion 7, including the nucleo-
philic P Parr functions of AYs
11a,b and the electrophilic P}
Parr functions of NS 7

%

in pdr-type 32CA reactions [16]. AYs 14 and 11a,b have pr
values of 0.84 (14), 1.07 (11a) and 1.10 (11b), indicating
that these TACs will exhibit high pdr-type reactivity [11,
12], in clear agreement with their pseudodiradical character
revealed by the topological analysis of the ELF (see Fig. 1).

In order to predict the most favourable initial electrophile/
nucleophile two-centre interaction in these 32CA reactions,
the electrophilic P Parr functions of NS 7 and the nucleo-
philic P, Parr functions of AYs 11a,b were analysed [55].
The 3D representations of the Mulliken atomic spin density
(ASD) of the radical cations 11a*and 11b*, and of radical
anion 7°7, together with the nucleophilic P, Parr functions
of AYs 11a,b and the electrophilic P,j Parr functions of NS
7 are given in Fig. 2.

Analysis of the nucleophilic P, Parr functions of AYs
11a,b indicates that they are mainly gathered at the two AY
C1 and C3 carbons (see Scheme 5 for atom numbering), the
former being twice as nucleophilically activated as the lat-
ter, PE1 = 0.64 and PE3 = 0.35 at 11a, and PE1 = 0.63 and
P, = 0.37 at 11b, while the N2 nitrogen is nucleophilically
deactivated, Py, = —0.16 (11a) and —0.17 (11b). On the
other hand, the electrophilic PZ Parr functions of NS7 indi-
cate that the C5 carbon atom is the most electrophilic centre
of this molecule, PJES = 0.27, the C4 carbon presenting a
negligible electrophilic activation, PJE 4 = 0.08.

Consequently, the most favourable initial nucleophile/
electrophile interaction along the 32CA reactions of AYs
11a,b with NS 7 will occur between the most nucleophilic
centre of AYs 11a,b, the C1 carbon, and the most electro-
philic centre of NS7, the C5 carbon. Furthermore, the great
differences between the nucleophilic P, and P, Parr func-
tions of AYs 11a,b and between the electrophilic PZ 4 and
st Parr functions of NS 7 clearly suggest a high regioselec-
tivity, in good agreement with the experimental outcomes.

3.3 Energy profile and geometry analyses

Due to the chiral character of AYs 11a,b and the non-sym-
metry of NS 7, the 32CA reactions of AYs 11a,b with NS

11be+ 7°~

@ Springer
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Scheme 5 Regio- and stereoisomeric channels associated with the anti pathways for the 32CA reactions of AY 11b with NS 7. Relative enthal-

pies and Gibbs free energies, in parentheses, are given in kcal-mol ™"

7 can proceed via eight competitive channels, namely two
regioisomeric (ortho and meta), two stereoisomeric (endo
and exo) and two diastereofacial (syn and anti) channels.
The ortho and meta nomenclature is related to the C1-C4
and C1-CS5 interactions, respectively, the endo and exo ter-
minology is associated with the approach of the nitro group
of NS7 towards or away from the N2 nitrogen of the AY
C1-N2-C3 bent framework, respectively, while the syn
and anti terms correspond to the approach of NS7 towards
the two diastereotopic faces of AYs 11a,b defined by the
R- group present in the imidazolidine ring. Due to the high
steric hindrance provoked by the -Bu group of 11a, only the
anti diastereofacial approach modes were considered for the
present study.

3.3.1 32CA reaction of methyl-substituted AY 11b with NS
7

The 32CA reaction of the simpler AY 11b with NS 7 takes
place through a one-step mechanism as the reagents, AY's
11b and NS 7, one TS, TSmn-b, TSmx-b, TSon-b and
TSox-b, and the corresponding cycloadduct, 12n-b, 12x-b,
13n-b and 13x-b, were located and characterised along each
one of the four competitive anti stereoisomeric pathways
(see Scheme 5). Relative enthalpies and Gibbs free energies
are given in Scheme 5.

As can be seen in Scheme 5, two of the four TSs are
found below the separated reagents considering enthalpies;
however, when the formation of a molecular complex (MC),

@ Springer

MCb, which is strongly stabilised by 6.8 kcal-mol~! with
respect to the separated reagents, is considered, the activa-
tion enthalpies associated with the 32CA reaction between
AY 11b and NS 7 become 2.5 (TSmn-b), 5.3 (TSmx-b),
7.1 (TSon-b) and 10.1 kcal-mol~"' (TSox-b). On the other
hand, reaction energies are very similar, ranging from —44.8
(12x-b) to —48.3 (12n-b) kcal-mol~".

Some appealing conclusions can be drawn from these
energy results: (1) the 32CA reaction between AY 11b
and NS 7 presents a relatively low activation enthalpy,
2.5 kcal-mol~!, in reasonable agreement with the high
nucleophilic and electrophilic character of the reagents as
well as with the suggested pdr-type reactivity of 11b (see
Sect. 3.1); (2), the activation enthalpy associated with
TSmn-b is 5.5 kcal-mol ™! lower than that associated with
the non-polar 32CA reaction of AY 11b with ethylene 5§,
8.0 kcal-mol~!, thus suggesting that the electrophilic activa-
tion of the ethylene favours the reaction; (3) the reaction is
completely meta regioselective and highly endo stereoselec-
tive as the most favourable TSmn-b is 4.6 kcal-mol~! below
ortho TSon-b and 2.8 kcal-mol~! below exo TSmx-b; and
(4) when entropies are added to the enthalpies, Gibbs free
energies increase by between 19.8 and 23.0 kcal-mol~!.
Thus, the activation Gibbs free energy via TSmn-b reaches
17.6 kcal-mol~!, while the formation of the corresponding
cycloadduct becomes exergonic by —34.3 kcal-mol~!. The
strong exergonic character of the reaction, ca. 31 kcal-mol ™!,
makes this 32CA reaction irreversible. Therefore, this 32CA
reaction is under kinetic control only; and (5) accordingly,
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a stereoisomeric mixture of meta cycloadducts 12n-b and
12x-b, in which the endo is obtained as the major product,
will be kinetically expected for this reaction model.

The geometries of the TSs involved in the 32CA reaction
of AY 11b with NS 7, including the distances between the
interacting carbon atoms, are shown in Fig. 3. The distances
between the two C1 and C5 interacting carbons indicate that
the more favourable meta TSs are geometrically asynchro-
nous, while the ortho ones are practically synchronous.
Interestingly, TSmx-b is slightly more asynchronous than
the most favourable TSmn-b. In addition, at the meta TSs,
the distances involving the C5 carbon, which corresponds
to the most electrophilic centre of AY 11b (see Sect. 3.2),
are clearly shorter. Therefore, an asynchronous bond forma-
tion process in which the C1-C5 bond formation is more
advanced than the C3—C4 one can be expected along the
more favourable meta regioisomeric pathways, in agree-
ment with the previous analysis of the local reactivity by
the Parr functions. It is also noteworthy to emphasise that
the short distances between one of the oxygen atoms of the
nitro group of NS 7 and the H6 or C1-H acidic hydrogens
of AY 11b at the endo and exo TSs, respectively, i.e. 2.25 A
(TSmn-b), 2.53 A (TSmx-b), 2.28 A (TSon-b) and 2.61 A
(TSox-b), suggest the presence of stronger O---H hydrogen
bonds (HB) at the endo TSs than at the exo ones.

Numerous studies have shown a strong relationship
between the polar character and the feasibility of organic
reactions; [16] the larger the GEDT at the TS is, the more

Fig. 3 MPWBI1K/6-31G(d)
geometries of the TSs involved
in the 32CA reaction between
AY 11b and NS 7. GEDT val-
ues, in red, are given in average
number of electrons, e

TSon-b

polar and thus, faster, the reaction. In order to evaluate the
electronic nature, i.e. polar or non-polar of the 32CA reac-
tion between AY 11b and NS 7, the GEDT at the TSs was
analysed [35]. The GEDT that fluxes from the nucleophilic
AY framework towards the electrophilic NS one at the TSs
(see Fig. 3) indicates that the 32CA reaction between AY
11b and NS 7 has a considerable polar character, according
to the high nucleophilicity of AY 11a and the high electro-
philicity of NS 7, and account for the complete meta regi-
oselectivity predicted by the Parr functions.

3.3.1.1 32CA reaction of t-Bu substituted AY 11a with NS
7 Although the #-Bu group of AY 11a does not pro-
duce significant changes in the electronic reactivity of
the methyl-substituted AY 11b (see Sect. 3.2), taking into
account that Zhang et al. obtained meta/endo/anti pyrrolo
imidazole 12n-a as a single stereoisomer (see Scheme 4)
instead of a meta/anti 12n-a:12x-a product mixture, the
endolexo stereoisomeric channels associated with the
metalanti reaction paths of the experimental 32CA reac-
tion of AY 11a with NS7 were further studied in order to
reproduce and explain the complete endo stereoselectivity
experimentally observed.

Along the meta/anti pathways associated with the 32CA
reaction between AY 11a and NS 7, the reagents, two TSs,
TSmn-a and TSmx-a, and two cycloadducts, 12n-a and
12x-a, were located and characterised. Consequently, this
reaction also takes place through a one-step mechanism (see

TSox-b
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Scheme 6). Relative enthalpies and Gibbs free energies are
given in Scheme 6.

As in the 32CA reaction involving AY 11b, the TSs are
found below the separated reagents. However, considering
the formation of an MC, MCa, stabilised by 8.8 kcal-mol ™!,
the activation enthalpies associated with TSmn-a and
TSmx-a become 4.1 and 7.3 kcal-mol™", the reaction being
strongly exothermic, —48.4 (12n-a) and —43.7 (12x-a). The
most notable energy change in comparison with the enthalpy
profile involving the methyl-substituted counterpart 11b is
the increase of the activation enthalpy related to the more
favourable TSmn-a by only 1.7 kcal-mol~!, which is signifi-
cant enough to increase the energy difference between the
endo/exo pair of TSmn-a and TSmx-a to 3.2 kcal-mol~".
Note that the similar electronic behaviour of both AYs
11a and 11b as strong nucleophiles towards the strongly
electrophilic NS 7 accounts for this low energy difference
between TSmn-a and TSmn-b. When entropies are added
to the enthalpies, Gibbs free energies increase by between
18.6 and 22.2 kcal-mol~!. Now, a total endo stereoselectiv-
ity is expected as TSmn-a is 4.6 kcal-mol™! more stable
than TSmx-a, in complete agreement with the experimental
attainment of meta/endo pyrrolo imidazole 12n-a as a single
stereoisomer. The strong exergonic character of the reaction,
36 kcal-mol ™!, makes this 32CA reaction irreversible.

The geometries of the TSs involved in the 32CA reac-
tion of AY 11a with NS 7, including the distances between
the interacting carbon atoms, are represented in Fig. 4. The
distances between the interacting carbons, which are very

similar to those at the meta TSs associated with the 32CA
reaction involving AY 11b, indicate that these meta TSs
are also asynchronous, the C1-C5 bond formation being
more advanced than the C3—C4 one. TSmx-a remains more
asynchronous than the more favourable TSmn-a. The great
similarity between the geometries of these TSs and those
of the meta TSs related to the reaction involving AY 11b
accounts for the similar reactivity of both AYs anticipated
by the analysis of the CDFT reactivity indices (Sect. 3.2).
Accordingly, also short distances between one of the oxygen
atoms of the nitro group of NS7 and the AY H6 (endo) or
C1-H (exo) acidic hydrogens can be found, 2.39 and 2.29 10\,
suggesting the presence of O---H HBs.

The high GEDT that fluxes from the nucleophilic AY
framework towards the electrophilic NS one (see Fig. 4),
which is very similar to that found at TSmn-b and TSmx-b
due to the similar electronic behaviour of both AYs 11a,b as
strong nucleophiles, emphasise the equally high polar char-
acter of the 32CA reaction of AY 11a with NS 7.

3.3.2 Origin of the endo selectivity in the 32CA reactions
of AYs 11a,b with NS 7

As the reagents approach each other along a polar reaction,
there is an electron density transfer from the nucleophilic
towards the electrophilic frameworks, in such a manner that
while the former somehow loses electron density, thus being
positively charged, the latter somehow gathers electron den-
sity, being negatively charged.

TSmn-a Ph
-4.7
(16.0) ON
0
Me
NTN! ON_ 5 meta
2 l/ + | —_— MC-a -
Me;C™- "N 4 8.8
He e o Ph (10.8)
11a 7
0.0 Ph,
(0.0) TSmx-a :
-1.5
(20.7) OoN
12x-a
-52.5
(-31.8)

Scheme 6 Endo and exo stereoisomeric channels associated with the meta/anti pathways for the 32CA reactions of AY 11a with NS 7. Relative

enthalpies and Gibbs free energies, in parentheses, are given in kcal-mol ™!
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Fig. 4 MPWBIK/6-31G(d)
geometries of the meta regioi-
someric TSs involved in the
32CA reaction between AY 11a
and NS 7. GEDT values, in red,
are given in average number of
electrons, e

: ﬂ0.27
>

TSmn-a

The high GEDT taking place at the more favourable meta
TSmn-a and TSmx-a causes these TSs to have a strong
zwitterionic character, which is evidenced by an analysis
of their molecular electrostatic potential (MEP). Figure 5
shows the MEPs of the reagents as well as endo TSmn-a
and exo TSmx-a. As can be seen, the C3—H and H6 hydro-
gen atoms of AY 11a gather the more intense blue region
(positive charge) of the MEP of this TAC, while the MEP
region around the nitro group of NS7 is the reddest (negative
charge) within this molecule. Interestingly, at both TSs the
intensity of the blue and red colours of the MEP around the
C3-H and H6 hydrogens, and the nitro group, respectively,
is stronger, as a consequence of the GEDT process.

At the endo TSmn-a, the nucleophilic AY and electro-
philic NS fragments are orientated in such a manner that the
C3-H and H6 hydrogens are situated above the electron-
withdrawing nitro group, while at the exo TSmx-a they
are positioned away (see Figs. 4 and 5). Consequently, this

Fig. 5 MPWBI1 K/6-31G(d)
MEPs of AY 11a, NS 7, the
meta regio isomeric TSs
involved in the 32CA reaction
between them and MChb

11a

TSmn-a

TSmx-a

disposition at the endo TSmn-a favours the electrostatic
interactions between nucleophilic and electrophilic frame-
works with respect to the exo TSmx-a, thus justifying the
preference for the endo stereoselectivity in the 32CA reac-
tion between AY 11a and NS 7.

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

Finally, in order to confirm the pdr-type reactivity of AYs
11a,b and to understand the C—C single bond formation pro-
cesses along the polar 32CA reactions of AYs 11a,b with
NS 7, an ELF topological analysis of the stationary points,
as well as of the most relevant points involved in the forma-
tion of the new C—C single bonds along the IRC associated
with the most favourable meta/endo/anti reaction channel of
the 32CA reaction involving methyl-substituted AY 11b, is
carried out. A BET procedure was used for the selection of

7 MCb

TSmx-a
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the mentioned points (those defining the phases in which the
bond formation takes place and those defining the previous
ones). The complete ELF analysis is given in the Supple-
mentary Material.

Some appealing conclusions can be drawn from this ELF
topological analysis: (1) formation of the new C1-C5 and
C3-C4 single bonds takes place at C—C distances of ca. 2.02
and 2.10 A, respectively, through the C-to-C coupling of
two C1 and C5 pseudoradical centres (see Fig. 6); (2) for-
mation of the first C1-C5 single bond involves the most
nucleophilic centre of AY 11b, the C1 carbon, and the most
electrophilic centre of NS 7, in agreement with the previous
analysis of the Parr functions (see Sect. 3.2); (3) formation
of the two C—C single bonds is asynchronous, in agreement
with the previous geometry analysis (see Sect. 3.3.1); (4)
formation of the second C3—C4 single bond takes place once
the first one has been completed by up to 8§9.8%, character-
ising a non-concerted two-stage one-step mechanism [56];
(5) while the C1 and C3 pseudoradical centres are already
present at AY 11b, the C4 and C5 ones are created along
the reaction progress after the rupture of the C4-C5 dou-
ble bond of NS 7, thus confirming the pdr-type mechanism
of this 32CA reaction; (6) while the AY C1 pseudoradical
participates more in the formation of the first C1-CS5 sin-
gle bond than the C5 one, the C4 pseudoradical created at
the NS framework along the reaction progress contributes
more to the formation of the second C3—C4 single bond than

Fig. 6 ELF localisation
domains of TSmn-b and the
points of the IRC P7-P9 defin-
ing Phases VIII-X involved in
the formation of the new C1-C5
and C3-C4 single bonds along
the polar pdr-type 32CA reac-
tion between AY 11b and NS 7,
represented at iso surface values
of ELF = 0.71, 0.65, 0.69 and
0.80, respectively

TSmn-b

@ Springer

the C3 pseudoradical already present at AY 11b; (7) as the
only topological change at TSmn-b with respect to the ELF
topological characteristics of MCmn-b is the disappearance
of one of the two monosynaptic basins that characterise the
C3 pseudoradical centre, the activation enthalpy associated
with TSmn-b relative to MCmn-b, 2.5 kcal-mol~, can be
mainly associated with the energy cost demanded for the
depopulation of the C3 pseudoradical centre as well as the
loss of the planar sp* hybridisation of the C3 carbon required
for the formation of the new C3-C4 single bond; (8) unlike
polar Diels—Alder reactions and polar zw-type 32CA reac-
tions in which the GEDT favours the bonding changes at
the reagents, i.e. the rupture of the double bonds, the high
GEDT taking place at TSmn-b, 0.27¢, does not favour the
rupture of the C4—C5 double bond of the NS framework
because the electron density coming from the GEDT pro-
cess is disseminated almost equally between the nitro and
phenyl substituents. This fact suggests that the low activation
enthalpy associated with TSmn-b is not the consequence
of a GEDT associated with a polar process, but of the sta-
bilising non-covalent and electrostatic interactions already
present at MCmn-b (see Section S1 in the Supplementary
Material); and (9) the molecular mechanism of this 32CA
reaction can be considered a [2n + 27] mechanism in which
only two non-bonding electrons of AY 11b and two elec-
trons of the T bond of NS 7 are involved.

V(C1,C5)
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4 Conclusions

The molecular mechanism and selectivity of the 32CA
reaction of AY 11a with NS 7 have been studied within the
MEDT using DFT methods at the MPWB1K/6-31G(d) com-
putational level. To this end, a methyl-substituted AY 11b
has been employed as a reduced model of the experimental
AY 11a [17].

ELF topological analysis of the electronic structure of AY
11b indicates that this TAC has a pseudodiradical electronic
structure that enables its participation in pdr-type 32CA
reactions. Analysis of the CDFT global reactivity indices
allows classifying AYs 11a,b as strong nucleophiles and NS
7 as a strong electrophile. The presence of the ~-Bu group
of AY 11a only increases slightly the nucleophilicity of the
AY, thus expecting a similar reactivity for both AYs. In addi-
tion, analysis of the Parr functions permits to predict a total
C1-C5 regioselectivity.

The pdr-type 32CA reactions of AYs 11a and 11b
with NS 7 present low activation enthalpies, 2.5 and
4.1 kcal-mol™', respectively, and are irreversible, favouring
kinetically the formation of pyrroloimidazoles 12n gener-
ated from the meta regioisomeric, endo stereoisomeric and
anti diastereofacial approach modes. While a meta endo/
exo product mixture is kinetically expected in the reaction
involving methyl-substituted AY 11b, the meta/endo product
is obtained as the single product in the reaction involving
t-Bu substituted AY 11a, in great agreement with the experi-
mental observations.

The geometries of the TSs suggest an asynchronous bond
formation processes in which the C1-C5 bond formation
is more advanced than the C3—-C4 one. In addition, the
geometries point out the presence of O---H hydrogen bonds
between one of the oxygen atoms of the nitro group of NS7
and the C1-H or H6 hydrogens of AYslla,b, which are
confirmed by NCI and QTAIM topological analyses.

The MEPs of the meta TSs involved in the reaction of AY
11a with NS 7 reveal that the disposition of the C3-H and
H6 hydrogens above the electron-withdrawing nitro group
at the endo TSmn-a favours the electrostatic interactions
between both nucleophilic and electrophilic frameworks
with respect to the exo TSmx-a, thus justifying the pref-
erence for the endo stereoselectivity in the 32CA reaction
between AY 11a and NS 7.

The presence of such non-covalent interactions, as well
as additional electrostatic and dipolar interactions at MCs
and TSs supports their relevant role in the reaction rate of
these polar pdr-type 32CA reactions, rather than the GEDT
associated with a polar process.

Finally, ELF topological analysis of the C—C bond for-
mation processes indicates that formation of the new C-C
single bonds takes place at C—C distances of ca. 2.0-2.1 A
through the C-to-C coupling of two pseudoradical carbon

centres. While the C1 and C3 pseudoradical centres are
already present at AYs 11a, b, the C4 and C5 ones must
be created along the reaction progress from the rupture
of the C4—C5 double bond of NS 7. This ELF topological
analysis allows characterising the molecular mechanism
of the pdr-type 32CA reactions of AYs 11a,b with NS 7
as a non-concerted two-stage one-step mechanism [56].
Moreover, considering the number and nature of electrons
involved in the formation of the two new C—C single bonds,
these 32CA reactions can be electronically classified as a
[2n + 27] process in which only two non-bonding electrons
of AY 11b and two electrons of the T bond of NS 7 are
involved.

5 Supplementary material

Analysis of the strong stabilities of MCb and TSmn-b. ELF
topological analysis of the formation of the new C—C single
bonds along the most favourable meta/endo/anti reaction
channel of the 32CA reaction involving methyl-substituted
AY 11b. Theoretical background of ELF, BET, QTAIM and
NCI. Tables with: (1) gas phase MPWB1K/6-31G(d) and
MPWBI1K/6-311G(d,p)//MPWB1K/6-31G(d) total and rela-
tive energies of the stationary points involved in the anti
diastereoisomeric pathways associated with the 32CA reac-
tion of AY 11b with NS 7 and MPWBI1 K/6-31G(d) total
and relative energies of those involved in the mera/anti path-
ways of the 32CA reaction with AY 11a; (2) MPWB1 K/6-
31G(d) thermodynamic data computed at 110 °C and 1 atm
in toluene of the stationary points involved in the anti dias-
tereoisomeric pathways associated with the 32CA reaction
between AY 11b and NS 7 and in the meta/anti pathways of
the 32CA reaction with AY 11a; (3) valence basin popula-
tions calculated from the ELF of IRC points defining the
eleven phases characterising the molecular mechanism of
the polar pdr-type 32CA reaction between AY 11b and NS 7.
MPWBI1K/6-31G(d) computed total energies and Cartesian
coordinates in gas phase of all the structures.
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