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a b s t r a c t

The behaviors of N-tosylnitropyrroles acting as electrophilic dienophiles in polar Diels-Alder reactions
joint to different dienes of increeased nucleophilicity are analyzed. The reactions were developed under
microwave irradiation using toluene or protic ionic liquids (PILs) as solvents and in free solvent condi-
tions. In all the cases explored we observed good yields in short reaction times. For these reactions, the
free solvent condition and the use of protic ionic liquids as solvents offer similar results. However, the
free solvent conditions favor environmental sustainability. The role of PILs in these polar Diels-Alder
reactions has been theoretically studied within the Molecular Electron Density Theory.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The Diels-Alder (DA) reaction is one of the more important re-
actions in organic synthesis [1]. The substituents, properly selected,
can be transformed into other functional groups after the cyclo-
addition to obtain a larger variety of compounds.

We have been working with polar Diels-Alder (P-DA) reactions
[2] using aromatic carbo- and heterocyclic nitro-substituted dien-
ophiles and different dienes. In general, these cited polar cycload-
ditions are a domino process initialized by a P-DA reaction to give
the formally [4 þ 2] cycloadduct followed for the subsequent
irreversible elimination of nitrous acid which is the responsible
factor for the feasibility of the overall process [3].

In these domino processes, electrophilically activated hetero-
cycles react with nucleophilic dienes through P-DA reactions to
obtain the respective aromatized cycloadducts. Considering the
potential influence of the solvents and its specific effect, the re-
actions were developed under conventional thermal conditions
and using toluene or protic ionic liquids (PILs) as reaction media.
The experimental results showed that using neoteric solvents the
ancini).
reactions were faster than those developed in traditional organic
solvent [4]. (See supplementary material).

On the other hand, the microwave-assisted controlled heating
has become a powerful tool in organic synthesis. The region of the
microwave (MW) radiation is located between the infrared and
radio waves. In the MW region, the electromagnetic energy affects
the molecular rotation without changes in the molecular structure
[5]. Using MW irradiation, the reaction mixture undergoes heating
by a combination of thermal effect, dipolar polarization and ionic
conduction. This methodology results in better reaction rates and
yields [6]. This procedure has been employed successfully
observing even modifications of the selectivity, although the MW
effect is a topic of discussion yet [7].

Considering the influence of MW irradiation to improve organic
reaction, the principal aim of this work is to study the P-DA re-
actions of electrophilic nitro substituted pyrroles with dienes of
different nucleophilicity using MW irradiation, instead of conven-
tional heating, in two experimental situations, in presence of PILs as
solvent and complementary in free solvent conditions. Specially the
last one could be important due to the low impact on the envi-
ronment. Moreover, we discuss the behavior of the reaction be-
tween the nitropyrroles and electron-rich dienes in a theoretical
way within the Molecular Electron Density Theory (MEDT) [8]. For
this purpose, we choose the reactions between N-

mailto:pmancini@fiq.unl.edu.ar
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2017.06.109&domain=pdf
www.sciencedirect.com/science/journal/00222860
http://www.elsevier.com/locate/molstruc
http://dx.doi.org/10.1016/j.molstruc.2017.06.109
http://dx.doi.org/10.1016/j.molstruc.2017.06.109
http://dx.doi.org/10.1016/j.molstruc.2017.06.109


P.M.E. Mancini et al. / Journal of Molecular Structure 1147 (2017) 155e160156
mesylnitropyrroles and isoprene as an example of these types of
processes because it is the simplest representative system to work
computationally.

2. Results and discussion

To explore the effect of the reaction media in P-DA, we chose 2-
nitro-N-tosylpyrrole (1) and 3-nitro-N-tosylpyrrole (2) as electro-
philic dienophiles and isoprene (3), 1-trimethylsyliloxy-1,3-
butadiene (4) and 1-methoxy-3-trimethylsyliloxy-1,3-butadiene
(Danishefsky diene) (5) as nucleophilic dienes (Scheme 1).

Toluene and PILs were used as solvent, particularly 1-
methylimidazolium tetrafluoroborate [HMIM][BF4], 1-
methylimidazolium hexafluorophosphate [HMIM][PF6] and ethyl-
amonium nitrate [NEA]. Simultaneously, the same reactions were
developed under MW irradiation in free solvent condition (for the
results of the reactions see supplementary material).

The P-DA reaction of 2-nitro-N-mesylpyrrole (2NMP) 7 with
isoprene 3, in the absence and in the presence of the PIL [HMIM]
[BF4], is herein theoretically studied and compared with the P-DA
reaction of 3-nitro-N-mesylpyrrole (3NMP) 8 previously studied
[9]. (See supplementary material) Unlike the P-DA reactions
involving strong nucleophilic dienes such as 5 which is completely
regiosiomeric, those involving isoprene 3 are not regioselective [9].
In order to study the effects of the PIL and MW irradiation condi-
tions in these P-DA reactions, the more favourable endo/para re-
action channels associated with the P-DA reaction of isoprene 3
with nitro-N-mesylpyrroles (NMPs) 7 and 8 were chosen. The
theoretical calculations were developed within the MEDT at the
B3LYP/6-31G(d) computational level (Scheme 2). The combination
of the DFT functional together with the basis set gives a great di-
versity of computational levels. Our expertise in the study of
cycloaddition reactions indicates that the B3LYP and MPWB1K
functionals together with the 6-31G(d) or the 6-311G(d) basis sets
are the more adequate to study these type of organic reactions. In
the last years, the M06-2X functional is being used in the study of
Scheme 1. Diels-Alder reaction of N-tosyl-nitropyrroles
cycloaddition reactions, but it has been proved that it overestimates
activation energies [10]. On the other hand, the use of diffuse
functions did not have any sense in the study of organic reactions
involving neutral species.

Analysis of the potential energy surfaces (PES) associated with
the endo/para reaction paths shows that these P-DA reactions takes
place through a one-step mechanism through a high asynchronous
TS. Therefore, reagents one TS and the formal [4 þ 2] CA were
located and characterized for each one of these P-DA reactions.

The effects of the PIL [HMIM][BF4] in these P-DA reactions were
evaluated employing the supermolecular approach, particularly
considering the implicit effects of the PIL by forming a hydrogen
bond (HB) between the acidic hydrogen of HMIM cation and one
oxygen atom of the nitro group. The counter BF4 anion was also
included to minimize the positive charge present in the HMIM
cation. The values of the relative energies in gas phase and in the
presence of PIL are summarized in Fig. 1.

In the gas-phase, the activation energy associated with the
nucleophilic attack of the C1 carbon of isoprene 3 on the C3 carbon
of 2NMP 7 presents a high value of 22.3 kcal/mol (TS 9a), formation
of the CA 10 beings exothermic by �21.2 kcal/mol. When the im-
plicit effect of the PIL is considered, the activation energy value
decreases to 18.1 kcal/mol (TS 11a), and the exothermic character of
formation of the corresponding CA changes to �19.7 kcal/mol. In
the case of the P-DA reaction between 3NMP 8 and isoprene 3, the
nucleophilic attack of the C1 of the diene on the C2 carbon of
dienophile presents an activation energy value of 21.4 kcal/mol (TS
9b), formation of the CA 12 beings exothermic by 23.9 kcal/mol.
When the implicit effect of the PIL is considered, the activation
energy value decreases to 14.6 kcal/mol (TS 11b), and the
exothermic character of formation of the corresponding CA changes
to �22.1 kcal/mol. In this sense, the activation energies of the P-DA
reactions involving 2NMP 7 and 3NMP 8 decrease by 4.2 and
6.8 kcal/mol, respectively, when PILs are considered, making the
process kinetically slightly more favourable.

The gas-phase geometry of the TS and TS-PIL involved in these
with different dienes in several reaction conditions.



Scheme 2. P-DA reactions of NMP 7 and 8 with isoprene 3.

Fig. 1. Endo/para reaction path of the P-DA reaction of isoprene 3 with 2NMP 7, in gas
phase (blue) and in the presence of the PIL [HMIM][BF4] (red). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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P-DA reaction is given in Fig. 2. The high asynchronicity in the CeC
single bond formation, geometrically measured by Dr at the TSs of
these P-DA reactions, suggests that they take place through a two-
Fig. 2. B3LYP/6-31G(d) Geometries of the TSs associated with the P-DA reactions of isoprene
are given in Angstroms.
stage one-step mechanism [11]. In these non-concerted mecha-
nisms, the CeC single bond formation between the most nucleo-
philic center of the diene and the most electrophilic center of
dienophile takes place in the first stage of the reaction, while the
formation of the second CeC single bond takes place at the second
stage of the reaction. The presence of the PIL (hydrogen bonded to
the nitro group, and its polarity) increases the asynchronicity of the
reactions considering the changes in the values of Dr.

The polar nature of these DA reactions was evaluated analyzing
the global electron density transfer [12] (GEDT) at TSs. The natural
charges were shared between the pyrrole derivatives and isoprene
frameworks. At the TSs, the GEDT that flows from isoprene to the
nitropyrrole framework is 0.16e (TS 9a) and 0.24e (TS 9b). When PIL
is considered the GEDT values increase noticeably to 0.30e (TS 11a)
and 0.32e (TS 11b). These values point out the zwitterionic char-
acter of the TSs, and consequently, the polar character of theses DA
reactions. The remarkable acceleration found, in terms of reaction
times in the presence of the PIL ionic pair can be understood as an
increase of the polar character of the reaction, which favors the
GEDT process [2]. This leads to a lower activation energy values and
higher asynchronicity in the CeC single bond formation. Note that
in P-DA reaction, whenmore polar the reaction, faster the reactions
is [2].
3 with NMPs 9 and 10, in absence and in presence of PIL the [HMIM][BF4]. The lengths
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Analysis of the displacement vectors of the IR frequency vibra-
tions of the reactive systems shows the presence of stretching vi-
brations with atomic movements similar to the electronic changes
involved in the formation of the corresponding TSs. The stretching
vibrations of 9a and 11a are 1425 cm�1 and 1421 cm�1, respectively.
In the case of 9b and 11b, these stretching vibrations are 1423 cm�1

and 1420 cm�1, respectively. This means that any additional energy
comprised between 1700 and 1400 cm�1, can favor the process by
favoring the electronic changes needed to reach the TS geometry.
Consequently, experimentally it is observed a decrease in the re-
action time when MW irradiation is employed. Note that the
stretching vibration values between TS and TS-PIL are similar
within systems, whichmeans that theMWeffects should be similar
in free solvent condition and when PILs are employed. This is in
agreement with the experimental results in terms of yields and
reaction times.

In order to analyze the evolution of the CeC single bond for-
mation at the TSs, a topological analysis of the electron localization
function (ELF) [13] of the TSs 9a,b and 11a,b was performed. A
comparative ELF topological analysis of the valence basins of TSs 9a
and 9b reveals that while the presence of the two V(C3) and V(C10)
monosynaptic basins in TS 9a suggests that the formation of the
C3eC10 single bond does not have begun, the presence of a
V(C2,C10) disynaptic basin in TS 9b indicates that the formation of
the C2eC10 single bond have already begun with an initial popu-
lation of 1.19e (see Fig. 3) [12]. This behavior indicates that TS 9b is
slightly more advanced than TS 9a. On the other hand, the absence
of any V(C40) monosynaptic basin in the four TSs indicates that the
formation of the second C2eC4' (TSs 9a and 11a) and C3eC4' (TSs
9b and 11b) single bond, respectively, is much delayed. These be-
haviors are characteristic of a non-concerted two-state one-step
mechanism [11].

On the other hand, a comparative ELF topological analysis of the
Fig. 3. ELF attractor positio

Fig. 4. Favourable NCI gradient isosurfaces, represented at an isovalue of 0.5 a.u., of the
valence basins of TSs 9a and 11a, and TSs 9b and 11b reveals that
the presence of the PIL in TSs 11a and 11b does not produce any
appreciable changes (see Figs. 3 and 4 in supplementary material).
In TS 11a, the slight higher population of the V(C3) and V(C10)
monosynaptic basins than those in TS 9a indicates that former is
slightly more advanced in clear agreement with the slight shorter
C3eC10 distance found at TS 11a respect to that at TS 9a.

In order to corroborate the presence of a HB between one of the
two oxygen atoms of the nitro group belonging to NMPs 7 and 8
and the acidic imidazolium NeH hydrogen of HMIM cation at the
TSs associated with the corresponding P-DA reactions, a topological
analysis of the favourable non-covalent interactions (NCI) [14]
taking place at 11a and 11b was performed. Favourable NCI
gradient isosurfaces are shown in Fig. 4. NCIs topological analysis of
11a and 11b shows the presence of a small, thin and circular surface
of a dark blue colour between the acidic NeH hydrogen of the
HMIM cation and one of the two nitro oxygen atoms, which is
characteristic of strong HBs [14]. Consequently, according to the
previous geometry analysis, PIL [HMIM][BF4] enhances the reac-
tivity of ethylenes NMPs 7 and 8 towards isoprene 3 by increasing
the electrophilic character of the former through the formation of
an H$$$O HB (see later). Note that the imidazolium NeH hydrogen
is considerably acid. Additionally, some green surfaces associated
with weak, attractive interactions can be observed between the
tetrafluoroborate and the methylimidazolium molecules of PIL
[HMIM][BF4], emphasising that NCIs reinforce the electrostatic in-
teractions between the IL cationic/anionic pair.

Finally, in order to understand the polar nature of these DA re-
actions, the global and local reactivity indices defined within CDFT
[15] were analyzed at the ground state of the reagents. The global
indices, namely, the electronic chemical potential (m), chemical
hardness (h), global electrophilicity (u) and global nucleophilicity
(N) for isoprene 3 and NMPs 7 and 8, in absence and in presence of
ns for TSs 9a and 9b.

TSs involved in the PIL-catalysed P-DA reactions of isoprene 3 with NMPs 7 and 8.



Table 1
B3LYP/6-31G(d) electronic chemical potential, m, chemical hardness, h, global elec-
trophilicity, u, and global nucleophilicity, N, in eV, isoprene 3 and NMPs 7 and 8, in
absence and in presence of PIL.

М h u N

9 PIL �5.46 3.14 4.74 2.09
10 PIL �5.41 3.24 4.52 2.09
9 �4.86 4.57 2.58 1.97
10 �4.72 4.92 2.26 1.94
3 �3.30 5.77 0.94 2.94
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PIL were evaluated (see Table 1).
The electronic chemical potential m of isoprene 3, -3.30 eV, is

higher than that of NMPs 7 and 8, -4.86 and�4.72 eV, and than that
of NMPs 7 and 8 in presence of PIL, �5.46 and �5.41 eV, respec-
tively. Consequently, along polar DA reactions the GEDT will take
place from isoprene 3 toward these NMPs, in clear agreement with
the flux of the GEDT computed at the corresponding TSs.

Isoprene 3 has an electrophilicity u index of 0.94 eV and a
nucleophilicity N index of 2.94 eV, being classified as a moderate
electrophile [16], it being in the borderline of strong nucleophiles
[17]. Consequently, isoprene 3 can participate only as a strong
nucleophile in polar reactions.

NMPs have an electrophilicity u index of 2.58 (7) and 2.26 (8)
eV, and a nucleophilicity N index of 1.97 (7) and 1.94 (8) eV, being
classified as strong electrophiles andmoderate nucleophiles. When
these NMPs are hydrogen bonded to PIL, their electrophilicity u
index increases noticeably to 4.74 (7) and 4.25 (7) eV, while
nucleophilicity N index remains practically unchanged. Conse-
quently, it is expected that in PIL, these P-DA reactions will be
accelerated to have a more polar character.

By approaching a non-symmetric electrophilic/nucleophilic pair
along a polar process, the most favourable reactive channel is that
associatedwith the initial two-center interaction between themost
electrophilic center of the electrophile and the most nucleophilic
center of the nucleophile. Recently, Domingo proposed the nucle-
ophilic P�k and electrophilic Pkþ Parr functions [18], derived from the
changes of spin electron-density reached via the GEDT process as a
powerful tool in the study of the local reactivity in polar processes.
Accordingly, the nucleophilic P�k Parr functions of isoprene 3 and
the electrophilic Pkþ Parr functions of NMPs 7 and 8 were analyzed
in order to characterize the most nucleophilic and electrophilic
centers of the species involved in these P-DA reactions (see Fig. 5).

Analysis of the nucleophilic P�k Parr functions at the reactive
sites of isoprene 3 indicates that the C10 carbon atom, with a P�k
value of 0.53, is more nucleophilically activate than the C40 carbon
Fig. 5. 3D representations of the ASD of the radical cation 3·þ and the radical anions 7·- and
Pkþ Parr functions of NMPs 7 and 8.
atom, with a P�k value of 0.37. On the other hand, these closer values
account for the low regioselectivity found in P-DA reactions
involving isoprene 3.

Analysis of the electrophilic Pkþ Parr functions at the pyrrole ring
of 2NMP 7 indicates that the C3 carbon atom, with a Pkþ value of
0.23, and the C5 carbon atom, with a Pkþ value of 0.21, are the more
electrophilic centers of this nitro derivative. On the other hand,
analysis of the electrophilic Pkþ Parr functions at the pyrrole ring of
3NMP 8 indicates that the C2 carbon atom, with a Pkþ value of 0.37, is
the most electrophilic center of this derivative. In any case, the C3
carbon of 2NMP 7 and the C2 carbon of 3NMP 8 are electrophilically
deactivated. Consequently, Parr analysis at the C2 and C3 carbons of
these nitropyrroles accounts for the complete regioselectivity
experimentally observed when the diene 5 is employed.

3. Conclusions

The tosyl-nitropyrroles explored in this work react as electro-
philic ethylenes with dienes of different nucleophilicity under mi-
crowave heat in P-DA reactions. The presence of the nitro
substituent induces the electrophilic activation of the pirrole ring in
which this strong electron-drawing group is present. This group is
responsible of the reaction orientation and the selectivity observed.
Although the reactions with different pairs diene/dienophile offer
similar behavior when are developed under conventional heating
or with microwave irradiation, in the last experimental conditions
we observe times of reaction significantly short to get comparable
yields when the solvents are PILs or in free solvent conditions. In
the last two situations, the yields obtained are similar. This result
explains why the free solvent conditions is frequently used as a tool
in microwave systems due to more simple manipulations, low cost,
guarantee of good products separation, and friendship with the
environment.

A NCI analysis of the TSs in the presence of PIL clearly evidences
the presence of a HB between one oxygen atom of the nitro group
and the acidic hydrogen atom of the methylimidazolium cation,
which accounts for the acceleration found in these P-DA reactions
in PILs respect to the use of classical molecular solvent in thermal
condition.

Finally, an analysis of the global and local CDFT reactivity indices
at the ground state of the reagents allows explaining the reactivity
and selectivity in these P-DA reactions. The nucleophilic character
of dienes, together with the high electrophilic character of NMPs 7
and 8 account for the polar character of these DA reactions. Inclu-
sion of one PIL molecule hydrogen bonded to these NMPsmarkedly
increases the corresponding electrophilicity uy indice. This
behavior accounts for the catalytic role of PILs to permit the
8·-, together with the nucleophilic P�k Parr functions of isoprene 3 and the electrophilic
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reaction to take place through a more polar process. On the other
hand, analysis of the electrophilic and nucleophilic Parr functions
accounts for the regioselectivity found experimentally in some
cases.

It is noteworthy that in spite of the high polar character of these
DA reactions involving strongly electrophilically activated NMPs,
the aromatic character of this heterocyclic compound, which is loss
along the cycloaddition reactions, accounts for the high activation
energy found in these P-DA reactions [19].
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