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molecular electron density theory study of the
[3 + 2] cycloaddition reactions of diazoalkanes with
electron-deficient ethylenes†

Luis R. Domingo,*a Mar Ŕıos-Gutiérreza and Saeedreza Emamianb

The reaction between 1-diazopropan-2-one and 1,1-dinitroethylene has been studied using the Molecular

Electron Density Theory (MEDT) at the B3LYP/6-31G(d,p) computational level. This reaction comprises two

domino processes initialised by a common [3 + 2] cycloaddition (32CA) reaction yielding a 1-pyrazoline,

which participates in two competitive reaction channels. Along channel I, 1-pyrazoline firstly

tautomerises to a 2-pyrazoline, which by a proton abstraction and spontaneous loss of nitrite anion

yields the final pyrazole, while along channel II, the thermal extrusion of the nitrogen molecule in

1-pyrazoline gives a very reactive diradical intermediate which quickly yields the final gem-

dinitrocyclopropane. Analysis of the conceptual DFT reactivity indices permits an explanation of the

participation of 1-diazopropan-2-one in polar 32CA reactions. A Bonding Evolution Theory (BET) study

along the more favourable regioisomeric reaction path associated to the 32CA reaction allows an

explanation of its molecular mechanism. The present MEDT study sheds light on these complex domino

reactions as well as on the participation of diazoalkanes in polar 32CA reactions towards strong

electrophilic ethylenes via a two-stage one-step mechanism.
1. Introduction

Heterocyclic compounds are easily synthesised in a highly
regio- and stereoselective fashion by a [3 + 2] cycloaddition
(32CA) reaction between a three atom-component (TAC) and an
ethylene derivative (see Scheme 1).1 Substitution of a, b and c in
the TAC, and d and e in the ethylene by C, N, O, P or S atoms has
proven to be a powerful synthetic tool in the construction of
a great diversity of ve-membered heterocyclic compounds.1

TACs can be structurally classied into two categories: allylic
type (A-TAC) and propargylic type (P-TAC) structures.2 While A-
TACs such as nitrone I are bent, P-TACs such as nitrile oxide II
have a linear structure (see Scheme 1).

Diazoalkanes (DAAs) are P-TACs in which four electrons are
distributed in a linear C–N–N structure. Aer reporting the
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cycloadditions of diazoacetate and diazomethane toward C–C
multiple bonds by Buchner and von Pechmann in the 1890s,3

many 32CA reactions of DAAs have been reported. In contrast to
many TACs which are generated as transient species in the
reaction medium, mono- and di-substituted DAAs have been
extensively prepared and isolated in pure form.1c The partici-
pation of DAA 1 in a 32CA reaction toward non-symmetrically
Scheme 1 Construction of five-membered heterocyclic compounds
by a 32CA reaction and structural classification of TACs.

This journal is © The Royal Society of Chemistry 2017
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Scheme 2 Participation of DAAs in 32CA reactions toward non-
symmetrically substituted ethylenes to generate two regioisomeric 1-
pyrazolines.

Scheme 4 Electronic structure of TACs and the proposed reactivity
types in 32CA reactions.
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substituted ethylene 2 yields two regioisomeric 1-pyrazolines, 3
and 4, depending on the approach mode of the reagents (see
Scheme 2).

Pyrazolines play a key role in medicinal and agricultural
chemistry due to their potent biological activities. Antimicro-
bial, anticancer, anti-tubercular, anti-inammatory, antiviral,
antitumor and antiangiogenic activities turn the synthesis of
pyrazolines into an attractive and valued research area.4 Due to
the strong repulsion caused by the lone pairs of two adjacent sp2

hybridised nitrogen atoms, 1-pyrazolines potentially tend to
lose a nitrogen molecule.5 In addition, 1-pyrazolines resulting
from a 32CA reaction between DAAs 1 and electron-decient
(ED) ethylenes 5 can experience different subsequent trans-
formations, depending on the electronic nature of the substit-
uents present in the DAA and the ethylene. As shown in
Scheme 3, cyclopropanes 7, 2-pyrazolines 8 or pyrazoles (PYZ) 9
can be obtained, respectively, via the extrusion of the nitrogen
molecule, tautomerisation or HY elimination at the resulting
1-pyrazolines 6.

Establishing a relationship between the molecular elec-
tronic structure and reactivity is the main goal of theoretical
organic chemistry. In this sense, very recently, Domingo
proposed a new reactivity model in organic chemistry named
Molecular Electron Density Theory (MEDT),6 in which changes
in the electron density along an organic reaction, and not
molecular orbital interactions, are responsible for its feasi-
bility. Various MEDT studies devoted to the understanding of
the relationship between the electronic structure of TACs and
Scheme 3 Transformation of 1-pyrazolines 6 into cyclopropanes 7, 2-
pyrazolines 8 or PYZs 9 when appropriate substitutions are present in
DAAs 1 and ethylenes 5.

This journal is © The Royal Society of Chemistry 2017
their reactivity in 32CA reactions have allowed establishing
a useful classication of these cycloaddition reactions into
pseudodiradical-type7 (pr-type), carbenoid-type8 (cb-type) and
zwitterionic-type7 (zw-type) reactions (see Scheme 4). TACs
with a pseudodiradical character participate in pr-type 32CA
reactions taking place easily through earlier transition state
structures (TSs) with very low activation energies and even
non-polar character,7 while TACs with a carbenoid or zwitter-
ionic character participate in cb- or zw-type 32CA reactions
whose feasibility depends on the polar character of the reac-
tion, i.e. the nucleophilic character of the TAC and the elec-
trophilic character of the ethylene derivative, or vice versa.7,8

Recently, Ivanova et al.9 experimentally studied some 32CA
reactions of various DAAs containing an a-hydrogen atom with
1,1-dinitroethylene (DNE) 11, an ED ethylene, in the presence as
well as in the absence of hexacarbonylmolybdenum, Mo(CO)6.
Thus, when DAA 10, 1-diazopropan-2-one, was treated with DNE
11 in benzene at 60 �C for 6 h, a mixture of PYZ 12 and gem-
dinitrocyclopropane (DNCP) 13 was obtained in 38% and 42%
yields, respectively (see Scheme 5). Similar results were ob-
tained in the presence of the Mo(CO)6 complex.9

Herein, an MEDT study of the reaction of DAA 10 with DNE
11 yielding PYZ 12 and DNCP 13, experimentally reported by
Ivanova et al.,9 is carried out using quantum chemical proce-
dures at the B3LYP/6-31G(d,p) computational level in order to
understand this complex process. A Bonding Evolution Theory10

(BET) study of the more favourable regioisomeric channel
associated with the 32CA reaction between DAA 10 and DNE 11
is performed in order to characterise the bonding changes
along the studied 32CA reaction, and thus to establish the
molecular mechanism of the reaction.
Scheme 5 Generation of PYZ 12 and DNCP 13 via the 32CA reaction
of DAA 10 with DNE 11 experimentally studied by Ivanova et al.9

RSC Adv., 2017, 7, 15586–15595 | 15587
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2. Computational details

All stationary points were optimised using the B3LYP func-
tional11 together with the 6-31G(d,p) basis set.12 The Berny
analytical gradient optimisation method13 was employed in
geometry optimisation steps. The stationary points were char-
acterised by frequency calculations in order to verify that TSs
have one and only one imaginary frequency. Intrinsic Reaction
Coordinate (IRC) curves14 were traced in order to check the
energy proles connecting each TS to the two associated
minima of the proposed mechanism using the second order
González–Schlegel integration method.15 Solvent effects of
benzene were taken into account through single point energy
computations at the gas phase optimised stationary points
using the Polarisable Continuum Model (PCM) developed by
Tomasi's group16 in the framework of the Self-Consistent
Reaction Field (SCRF).17 The electronic structures of the
stationary points were analysed by a Natural Population Anal-
ysis (NPA) within the Natural Bond Orbital (NBO) method.18 The
global electron density transfer19 (GEDT) is computed by the
sum of the natural atomic charges (q) of the atoms belonging to
each framework (f) at the TSs; GEDT ¼ P

qf. The sign indicates
the direction of the electron density ux in such a manner that
positive values mean a ux from the considered framework to
the other one. All computations were carried out with the
Gaussian 09 suite of programs.20

The global electrophilicity u index21 is given by the following
expression, u ¼ m2/2h, based on the electronic chemical poten-
tial, m, and the chemical hardness, h. Both quantities may be
approached in terms of the one-electron energies of the frontier
molecular orbitals HOMO and LUMO, 3H and 3L, such as mz (3H
+ 3L)/2 and h z (3L � 3H).22 The global nucleophilicity N index23

based on the HOMO energies obtained within the Kohn–Sham
scheme24 is dened as N ¼ 3HOMO(Nu) � 3HOMO(TCE), in which
Nu denotes the given nucleophile. This relative nucleophilicity N
index is referenced to tetracyanoethylene (TCE). The pr index,
which has recently been introduced in order to characterise the
participation of pseudodiradical TACs in a pr-type 32CA reac-
tion,7 comprises the chemical hardness h and the nucleophilicity
N index of the TAC, as pr ¼ N/h. Electrophilic Pk

+ and nucleo-
philic Pk

� Parr functions25 were obtained through the analysis of
the Mulliken atomic spin densities (ASD) of the radical anion of
DNE 11 and the radical cation of DAA 10. DFT reactivity indices
were computed at the B3LYP/6-31G(d) level.

The topological analysis of the Electron Localisation Func-
tion (ELF), h(r),26 was performed with the TopMod program27

using the corresponding B3LYP/6-31G(d,p) monodeterminantal
wavefunctions. For the BET study,10 the reaction paths were
followed using the IRC procedure in mass-weighted internals.
Steps of 0.1 [amu1/2 bohr] along the IRCs were assumed. A total
of 300 points along each side of the IRC was analysed.

3. Results and discussion

The present theoretical study is divided into four parts: (i) rst,
an analysis of the electronic structure of experimental DAA 10
and the simplest DAA 14 is performed; (ii) then, an analysis of
15588 | RSC Adv., 2017, 7, 15586–15595
Conceptual DFT (CDFT) reactivity indices at the ground state of
the reagents involved in the 32CA reaction between DAA 10 and
DNE 11 is performed in order to predict the reactivity and
regioselectivity in this 32CA reaction; (iii) next, the reaction
paths involved in these domino processes initialised by the
32CA reaction between DAA 10 and DNE 11 yielding PYZ 12 and
DNCP 13 are studied; and (iv) nally, a BET study along the
more favourable regioisomeric channel associated with the
32CA reaction of DAA 10 with DNE 11 is carried out in order to
characterise the molecular mechanism of this cycloaddition.
3.1. Analysis of the electronic structures of DAAs 10 and 14

As commented in the Introduction, the reactivity of TACs can be
correlated with their electronic structure. Consequently, rst,
an ELF topological analysis of the experimental DAA 10 and the
simplest DAA 14 was performed. The representation of ELF
attractors, natural atomic charges, obtained through an NPA,
ELF valence basins and the proposed Lewis structures for DAAs
10 and 14 are shown in Fig. 1.

As can be seen in Fig. 1, ELF topology of the simplest DAA 14
shows the presence of two monosynaptic basins, V(C1) and
V0(C1), integrating a total of 1.04 e, at the sp2 hybridised C1
carbon. The C1–N2 bonding region appears characterised by
the presence of one V(C1,N2) disynaptic basin integrating 3.06
e, while the presence of two disynaptic basins, V(N2,N3) and
V0(N2,N3), integrating 1.80 e each one, suggests the existence of
a N2–N3 double bond according to the Lewis bonding model.
Finally, ELF topology of DAA 14 shows the presence of two
monosynaptic basins, V(N3) and V0(N3), with a total electron
density of 3.90 e, associated with two lone pairs at the N3
nitrogen also according to the Lewis bonding model.

ELF topology of the experimental DAA 10 shows a very
similar electronic structure to that found in the simplest DAA 14
(see Fig. 1). In this TAC, the twomonosynaptic basins, V(C1) and
V0(C1), present a population of 0.50 e each one. On the other
hand, the C1–N2–N3 bonding region shows a similar bonding
pattern than that in DAA 14. The only topological difference
between the two DAAs is that at DAA 10 the non-bonding elec-
tron density associated to the N3 nitrogen atom is represented
by one single V(N3) monosynaptic basin integrating 3.76 e.

According to the Lewis structures, V(C) monosynaptic basins
integrating ca. 1 e are associated to pseudoradical centers,28,29

while those integrating ca. 2 e in neutral molecules are associ-
ated to carbenoid centers.30 TACs presenting two pseudoradical
centers have been classied as pseudodiradical TACs,7 while
those presenting a carbenoid center have been classied as
carbenoid TACs.8 Finally, TACs that neither present pseudor-
adical nor carbenoid centers have been classied as zwitterionic
TACs.7 Consequently, ELF topology of the experimental DAA 10
and simplest DAA 14 indicates that these TACs neither presents
a pseudodiradical,7 nor a carbenoid8 nor a zwitterionic7 elec-
tronic structure that would enable them to participate in pr-, cb-
or zw-type 32CA reactions (see Scheme 4),7,8 but they have
a pseudoradical structure.

Although the ELF topological analysis of DAAs 10 and 14
allows establishing a similar bonding pattern in these TACs,
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Representation of ELF attractors, valence basin populations, in e, natural atomic charges, in e and in blue, ELF valence basins and proposed
pseudoradical Lewis structures for DAAs 10 and 14.
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NPA does not allow characterising any zwitterionic structure for
these two DAAs. It is noteworthy that the C1 carbon has a high
negative charge, �0.48 e (14) and �0.30 e (10), while the N2 and
N3 nitrogen atoms have a negligible charge. These ndings
disagree with the commonly accepted Lewis structure of DAAs
represented by a 1,2-zwitterionic structure.
3.2. Analysis of the global and local CDFT reactivity indices
at the ground state of the reagents involved in the 32CA
reaction

Global reactivity indices dened within CDFT31 are powerful
tools to explain the reactivity in cycloaddition reactions. Since
the global electrophilicity and nucleophilicity scales are given at
the B3LYP/6-31G(d) level, the present analysis has been per-
formed at this computational level. The global indices, namely,
electronic chemical potential (m), chemical hardness (h), global
electrophilicity (u) and global nucleophilicity (N) for DAAs 10
and 14 and DNE 11, and the pr index of DAAs 10 and 14, are
presented in Table 1.

As shown in Table 1, the electronic chemical potential of DAA
10, �4.40 eV, is higher than that of DNE 11, �5.98 eV. Conse-
quently, along the polar 32CA reaction of DAA 10 with DNE 11,
the GEDT19 will take place from DAA 10 toward ED DNE 11.
Table 1 B3LYP/6-31G(d) electronic chemical potential, m, chemical
hardness, h, global electrophilicity, u, and global nucleophilicity, N,
indices, in eV, for DAAs 10 and 14, and DNE 11, and the pr index of
DAAs 10 and 14

m h u N pr

DNE 11 �5.98 5.03 3.56 0.62
DAA 14 �3.64 4.73 1.40 3.11 0.66
DAA 10 �4.40 4.66 2.07 2.39 0.51

This journal is © The Royal Society of Chemistry 2017
Along a polar reaction, there is an electron density transfer
from the nucleophilic to the electrophilic species, which is
measured by the GEDT19 value computed at the TS of the reac-
tion; the larger the GEDT at the TS, the more polar the reaction.
Note that the GEDT concept comes from the observation that
the electron density transfer taking place from the nucleophile
to the electrophile along a polar reaction is not a local process,
but a global one involving the two interacting frameworks and
depending on the electrophilic/nucleophilic interactions taking
place between them.19

The simplest DAA 14 has an electrophilicity u index of
1.40 eV and a nucleophilicity N index of 3.11 eV, being classied
on the borderline of strong electrophiles32 and as a strong
nucleophile.33 Inclusion of a carbonyl group at the C1 carbon
atom of the simplest DAA 14 increases the electrophilicity u

index of the experimental DAA 10 to 2.07 eV and decreases the
nucleophilicity N index to 2.39 eV, being classied as a strong
electrophile and as a moderate nucleophile. Note that most
TACs are strong nucleophilic species.34 Consequently, DAA 10
will participate as a strong electrophile or as a moderate
nucleophile in polar 32CA reactions.

On the other hand, DNE 11 has a global electrophilicity u

index of 3.56 eV and a nucleophilicity N index of 0.62 eV,
being classied as a strong electrophile and as a marginal
nucleophile.

In order to characterise the participation of pseudodiradical
TACs in a pr-type 32CA reaction, the pr index has recently been
introduced.7 A-TACs with pr values larger than 0.90 can be
related to species having a very so character, i.e. with low
hardness h values, and low stabilised frontier electrons, i.e. with
low ionisation potential, participating in pr-type 32CA reac-
tions, while P-TACs with low pr values should participate in zw-
type 32CA reactions. P-TACs 10 and 14 have pr values of 0.51
and 0.66, indicating that in spite of their pseudoradical
RSC Adv., 2017, 7, 15586–15595 | 15589
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Fig. 2 3D representations of the ASD of the radical cation 10c+ and the
radical anion 11c�, together with the nucleophilic Pk

� Parr functions of
DAA 10 and the electrophilic Pk

+ Parr functions of DNE 11.
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structure they will have a low pr-type reactivity.7 This analysis is
in clear agreement with the high activation energy found in the
32CA reaction between the simplest DAA 14 and ethylene 17,
16.6 kcal mol�1.34 Consequently, DAA 10 will not be able to
participate in pr-type 32CA reactions, and will thus participate
as a strong electrophile or as a moderate nucleophile in polar
32CA reactions.

By approaching a non-symmetric electrophilic/nucleophilic
pair along a polar or ionic process, the most favourable reac-
tive channel is that associated with the initial two-center
interaction between the most electrophilic center of the
electrophile and the most nucleophilic center of the
nucleophile. Recently, Domingo proposed the nucleophilic
Pk

� and electrophilic Pk
+ Parr functions,25 derived from

the changes of spin electron-density reached via the GEDT
process from the nucleophile to the electrophile, as a powerful
tool in the study of the local reactivity in polar or ionic
processes.

Accordingly, the nucleophilic Pk
� Parr functions of DAA 10 as

well as the electrophilic Pk
+ Parr functions of DNE 11 were

analysed in order to characterise the most nucleophilic and
electrophilic centers of the species involved in this 32CA reac-
tion (see Fig. 2).

Analysis of the nucleophilic Pk
� Parr functions at the reactive

sites of DAA 10 indicates that the C1 carbon atom, with
a maximum Pk

� value of 0.62, is the most nucleophilic center.
On the other hand, the electrophilic Pk

+ Parr functions at the
Scheme 6 Domino reactions between DAA 10 and DNE 11 yielding PYZ

15590 | RSC Adv., 2017, 7, 15586–15595
reactive sites of DNE 11 indicate that the most electrophilic
center is the C5 carbon atom, possessing the maximum value of
Pk

+ ¼ 0.52. Note that the C4 carbon atom is electrophilically
deactivated, possessing a negative Pk

+ value of�0.05. Therefore,
it is predictable that the most favourable electrophile–nucleo-
phile interaction along the nucleophilic attack of DAA 10 on
DNE 11 in a polar process will take place between the most
nucleophilic center of DAA 10, the C1 carbon atom, and the
most electrophilic center of DNE 11, the C5 carbon atom. This
prediction is in complete agreement with the experimental
outcomes9 favouring the formation of 1-pyrazoline 15 which, in
turn, participates in the subsequent reactions to generate PYZ
12 and DNCP 13 (see Scheme 6).
3.3. Study of the domino reaction between DAA 10 and DNE
11 giving PYZ 12 and DNCP 13

The reaction between DAA 10 and DNE 11 giving PYZ 12 and
DNCP 13 is a domino process that comprises several consecu-
tive reactions (see Scheme 6). The rst one is a 32CA reaction
between DAA 10 and DNE 11 yielding 1-pyrazoline 15. Then, 15
may experience two competitive reactions: (i) a tautomerisation
and the subsequent loss of nitrous acid to yield PYZ 12; or (ii)
the extrusion the nitrogen molecule and a rapid ring closure
resulting in DNCP 13.

The rst reaction of these domino processes is a 32CA
reaction between DAA 10 and DNE 11 yielding 1-pyrazolines 15
and/or 16. Formation of these pyrazolines depends on the
regioisomeric approach mode of the reagents, i.e. the initial
formation of the C1–C5 or C1–C4 single bonds. An analysis of
the stationary points involved in the two regioisomeric paths
indicates that this 32CA reaction takes place through a one-step
mechanism. Consequently, two reactive molecular complexes
(MCs), MC1 and MC2, two regioisomeric TSs, TS1 and TS2, and
the two corresponding 1-pyrazolines 15 and 16, were located
and characterised (see Scheme 7). B3LYP/6-31G(d,p) relative
energies in gas phase and in benzene for the 32CA reaction
between DAA 10 and DNE 11 are given in Scheme 7, while total
energies are given in the ESI.†

When DAA 10 and DNE 11 gradually approach each other,
the energy is reduced until the formation of twoMCs located 1.4
(MC1) and 1.5 (MC2) kcal mol�1 below the separated reagents
takes place. Further approach of the two DAA and DNE
12 and DNCP 13.

This journal is © The Royal Society of Chemistry 2017
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frameworks leads to the formation of the TSs, which are located
9.4 (TS1) and 16.7 (TS2) kcal mol�1 above the corresponding
MCs. Moreover, formation of 1-pyrazolines 15 and 16 becomes
exothermic by 23.2 and 19.5 kcal mol�1, respectively. Some
appealing conclusions can be drawn from these energy results:
(i) the activation energy associated with TS1 is 7.4 kcal mol�1

lower in energy than that associated with the 32CA reaction of
the simplest DAA 14 with ethylene 17; 16.6 kcal mol�1.34 It is
interesting to note that in spite of the pseudoradical structure of
DAAs 10 and 14 (see Fig. 1), the low pr index of these TACs (see
Table 1) together with the very high activation energy of the
32CA reaction of DAA 14 with ethylene 17 indicates that they do
not participate in pr-type 32CA reactions; (ii) this 32CA reaction
is completely regioselective, TS2 being 7.9 kcal mol�1 above
TS1, in complete agreement with the experimentally observed
regioselectivity; and (iii) the strong exothermic character of this
reaction makes the formation of 1-pyrazolines 15 and 16 irre-
versible. Consequently, 1-pyrazoline 15 is obtained through the
kinetic control of the reaction.

Inclusion of the solvent effects of benzene does not signi-
cantly modify the relative gas phase energies (see Scheme 7). In
benzene, the activation energy of the reaction slightly decreases
to 8.1 kcal mol�1, while the 32CA reaction remains completely
regioselective.

Aer the formation of 1-pyrazoline 15, this species can
participate in the competitive reaction channels I and II (see
Scheme 8). Along channel I, 1-pyrazoline 15 rst tautomerises to
2-pyrazoline 18, which by a loss of nitrous acid yields PYZ 12,
while along channel II, the thermal extrusion of the nitrogen
molecule in 1-pyrazoline 15 gives the diradical intermediate
IN2, which quickly yields the nal DNCP 13. (U)B3LYP/6-
31G(d,p) relative energies in gas phase and in benzene for the
competitive reactions of 1-pyrazoline 15 are given in Scheme 8,
while total energies are given in the ESI.†

The two consecutive reactions involved in channel I can be
promoted by any acid/basic species present in the reaction
medium. In this study, the HNO2/NO2

� pair was selected as the
acid/basic species since nitrous acid is a reaction product.
Conversion of 1-pyrazoline 15 into 2-pyrazoline 18 is
Scheme 7 32CA reaction between DAA 10 and DNE 11. Relative
energies are given in kcal mol�1. Energies in benzene are given in
parentheses.

This journal is © The Royal Society of Chemistry 2017
a tautomerisation process associated to a 1,3-hydrogen shi.
Several studies have shown that the direct 1,3-hydrogen shi is
energetically very unfavourable due to the formation of
a strained four-membered cyclic TS.35 Consequently, the tau-
tomerisation should take place trough a stepwise mechanism.
The rst step consists in the H1 proton abstraction by the nitrite
anion acting as a base yielding anionic intermediate IN1. From
MC3, in which the nitrite anion forms a hydrogen-bond with the
H1 hydrogen atom, this step has a very low activation energy, 1.3
kcal mol�1 (TS3); formation of intermediate IN1 is slightly
exothermic by 0.6 kcal mol�1. The subsequent proton transfer
from nitrous acid to the N3 nitrogen atom has no activation
barrier, formation of 2-pyrazoline 18 being exothermic by 16.3
kcal mol�1; note that this step is a thermodynamically
controlled acid/base process (since the nitrite anion is involved
in some steps of channel I, relative energies in benzene are
discussed). Conversion of 1-pyrazoline 15 into 2-pyrazoline 18 is
thermodynamically very favourable as it is exothermic by 16.3
kcal mol�1. This nding is in agreement with the experimental
observation that in 32CA reactions involving DAAs containing
an a-hydrogen atom, 2-pyrazolines are obtained as a reaction
product (see 2-pyrazolines 8 in Scheme 3).

Due to the relative acid character of the H5 hydrogen atoms
of 2-pyrazoline 18, the corresponding proton abstraction
process from C5 by the nitrite anion presents a low activation
energy of 7.5 kcal mol�1. Interestingly, aer the H5 proton
abstraction, the subsequent loss of the nitrite anion has not
activation energy; this last step being exothermic by 24.5 kcal
mol�1. Along channel I, formation of nal PYZ 12 plus nitrous
acid from 1-pyrazoline 15 is exothermic by 31.0 kcal mol�1.
Consequently, conversion of 1-pyrazoline 15 into nal PYZ 12
through the studied reaction channel I can be considered
irreversible.

Along channel II, the thermal extrusion of the nitrogen
molecule at 1-pyrazoline 15 gives a diradical intermediate IN2,
which is quickly converted into the nal DNCP 13 by a ring
closure through a C-to-C coupling of the C1 and C4 radical
centers present in intermediate IN2. Due to the diradical
structure of intermediate IN2, channel II was studied using
unrestricted UB3LYP calculations. The activation energy asso-
ciated with the extrusion of the nitrogen molecule via TS5 is
26.8 kcal mol�1. In spite of this high activation energy, this
unimolecular process is not entropically unfavourable. The IRC
from TS5 to products discontinues at species 19, which is 17.0
kcal mol�1 higher in energy than 1-pyrazoline 15. However, full
optimisation of this species yields the nal DNCP 13 in
a straightforward manner, and the extrusion of the nitrogen
molecule and subsequent ring closure being exothermic by
28.5 kcal mol�1. Consequently, the strong exothermic character
of the formation of DNCP 13 as well as PYZ 12 makes these
domino reactions irreversible.

In 1978, Engel studied the extrusion of the nitrogenmolecule
from cyclic and bicyclic azo compounds.36 For the extrusion of
the nitrogen molecule from cyclic azo compound 20 yielding
cyclopropane 21, an activation enthalpy of 39.0 kcal mol�1 was
experimentally estimated (see Scheme 9). Interestingly, a rela-
tively similar gas phase activation energy of 42.1 kcal mol�1 has
RSC Adv., 2017, 7, 15586–15595 | 15591
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Scheme 8 Proposed reaction channels for the conversion of 1-pyrazoline 15 into PYZ 12 and DNCP 13. Relative energies are given in kcal mol�1.
Energies in benzene are given in parentheses.
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been obtained at the UB3LYP/6-31G(d,p) level, asserting our
computational level to study this reaction channel. In spite of
this high activation enthalpy, the favourable activation entropy
experimentally estimated for this extrusion reaction, 8.8 cal
mol�1 K, favours this thermal reaction.

Gas-phase optimised TSs involved in the domino reactions
between DAA 10 and DNE 11 (see Schemes 7 and 8), including
some selected distances, are given in Fig. 3. At the TSs associ-
ated with the 32CA reaction between DAA 10 and DNE 11, the
distances between the atoms involved in the formation of the
C–C and C–N single bonds are: 2.025 Å (C1–C5) and 2.653 Å
(N3–C4) at TS1, and 1.941 Å (N3–C5) and 2.369 Å (C1–C4) at TS2.
Some appealing conclusions can be drawn from these geomet-
rical parameters; (i) the more favourable TS1 is associated
with a highly asynchronous bond-formation process; (ii) this
32CA reaction takes place via a two-stage one-step mechanism37

(see below). Thus, TS1 is associated with the nucleophilic attack
of the C1 carbon of DAA 10 on the b-conjugated position of DNE
11, in clear agreement with the analysis of the Parr functions;
and (iii) at the two regioisomeric TSs, the single-bond formation
involving the most electrophilic center of DNE 11, the C5
carbon, is more advanced than that involving the C4 carbon.

At TS3, associated with the proton abstraction at 1-pyrazole
15, the length of the C1–H1 breaking bond is 1.294 Å, while the
length of the H1–O forming bond is 1.381 Å. At TS4, associated
with the proton abstraction at 2-pyrazoline 18, the length of the
Scheme 9 Thermal extrusion of the nitrogen molecule from cyclic
azo compound 20.

15592 | RSC Adv., 2017, 7, 15586–15595
C5–H5 breaking bond is 1.422 Å, while the length of the H5–O
forming bond is 1.240 Å. Finally, at TS5, associated with the
extrusion of the nitrogen molecule in 1-pyrazole 15, the lengths
of the C1–N2 and N2–C3 breaking bonds are 2.052 Å and 2.294
Å, respectively. These lengths are relatively similar to those
obtained at TS6, associated to the extrusion of the nitrogen
Fig. 3 B3LYP/6-31G(d,p) optimised geometries of the TSs involved in
the domino reaction between DAA 10 and DNE 11, see Schemes 7 and
8. Distances are given in Angstroms. Distances in benzene are given in
parentheses.

This journal is © The Royal Society of Chemistry 2017
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molecule from cyclic azo compound 20, namely 2.23 Å (see TS6
in the ESI†).

The inclusion of the solvent effects of benzene does not
substantially modify the TS geometries. At the most favourable
regioisomeric TS1 associated with the 32CA reaction, benzene
slightly increases the asynchronicity as the C3–N4 distance is
increased, but this change has no chemical signicance.

Both, the single imaginary frequency associated to TS4,
�1005.6 cm�1, and the atomic movements associated to this
imaginary frequency, indicate that this TS is mainly associated
with the H5 proton abstraction. However, the IRC from TS4
towards the products shows that the extrusion of nitrite anion
takes place in the same elementary step aer the complete
proton abstraction. On the other hand, as commented before,
the IRC from TS5 towards the products discontinues at species
19 (see Fig. 4). Aer removing the nitrogen molecule, full
UB3LYP/6-31G(d,p) optimisation of a feasible diradical inter-
mediate yields DNCP 13 in a straightforward manner.

The polar nature of the 32CA reaction between DAA 10 and
DNE 11 was analysed by computing the GEDT19 at the corre-
sponding TSs. In order to calculate the GEDT, the natural
atomic charges, obtained through an NPA, at TS1 and TS2,
involved in the studied 32CA reaction, were computed at the
ethylene as well as the DAA frameworks. In gas phase, the GEDT
that uxes from the DAA moiety toward the ED ethylene one is
0.34 e at TS1 and 0.24 e at TS2. These values indicate that this
32CA reaction has a strong polar character. The higher GEDT
value found at the more favourable regioisomeric TS1 is in clear
agreement with the relative low activation energy associated
with this 32CA reaction (see Scheme 7).38 This high polar
character arises from the strong electrophilic character of DNE
11, in spite of the moderate nucleophilic character of DAA 10
(see Section 3.2).
3.4. BET study of the 32CA reaction between DAA 10 and
DNE 11

In order to understand the molecular mechanism of the 32CA
reaction between DAA 10 and DNE 11, a BET study of the more
favourable C1–C5 regioisomeric channel was performed. The
complete BET study is given in the ESI.†

Some appealing conclusions can be drawn from this BET
study: (i) ten differentiated phases associated with the creation
or disappearance of valence basins are distinguished along the
Fig. 4 Diradical species 19 resulting from the IRC from TS5 towards
the products.

This journal is © The Royal Society of Chemistry 2017
C1–C5 regioisomeric reaction channel (see Fig. 5); (ii) TS1 is
found in the very short phase VI presenting a bonding pattern
similar to that found at P5 (see ELF valence basins of P5 in
Fig. 6). TS1 is characterised by the presence of three mono-
synaptic basins, V(C1), V(C4) and V(C5). While the V(C1)
monosynaptic basin was already present at DAA 10, the V(C4)
and V(C5) monosynaptic basins present at the DNE 11 frame-
work are formed along the reaction path on going from MC1 to
TS1. A signicant amount of the electron density of these
monosynaptic basins comes from the high GEDT that takes
place at TS1, 0.35 e.38 (iii) formation of the C1–C5 single bond
begins at phase VII at a C1–C5 distance of 2.01 Å, following the
recently proposed pattern:19 (a) depopulation of the C1–N2 and
C4–C5 bonding regions, (b) formation of two non-bonding
V(C1) and V(C5) monosynaptic basins (see P5 in Fig. 6), and
(c) formation of a new V(C1,C5) disynaptic basin through the
merger of the electron density of the aforementioned mono-
synaptic basins (see the V(C1,C5) disynaptic basin at P6 in
Fig. 6); (iv) a different behaviour is found for the formation of
the N3–C4 single bond. Formation of the N3–C4 single bond
begins with the creation of a new V(N3,C4) disynaptic basin at
the last phase X at the very short N3–C4 distance of 1.69 Å (see
V(N3,C5) disynaptic basin at P9 in Fig. 6). The electron pop-
ulation of this new disynaptic basin proceeds from the electron
density of one V(C4) monosynaptic basin created at the a posi-
tion of the two nitro groups and one V0(N3) monosynaptic basin
associated with a N3 pseudoradical center (see P8 in Fig. 6); (v)
at P9, the V(C1,C5) disynaptic basin has reached 97% of its
population in 1-pyrazoline 15. This behaviour indicates that
this 32CA reaction takes place through a two-stage one-step
mechanism;37 and (vi) along the more favourable regioiso-
meric channel, formation of the rst C1–C5 single bond takes
place through a two-center interaction involving the most
nucleophilic center of DAA 10, the C1 carbon, and the most
electrophilic center of DNE 11, the C5 carbon, a behaviour
anticipated by the analysis of the electrophilic and nucleophilic
Parr functions.25
Fig. 5 Relative energy (DE, in kcal mol�1) variations along the IRC
(amu1/2 bohr) associated with the 32CA reaction between DAA 10with
DNE 11 showing the relative positions of the selected points separating
the ten topological phases along the reaction path.

RSC Adv., 2017, 7, 15586–15595 | 15593
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Fig. 6 ELF valence basin representations of selected points involved in
the C1–C5 and N3–C5 single bond formation processes along the IRC
path of the 32CA reaction between DAA 10 with DNE 11.
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4. Conclusions

The reaction between DAA 10 and DNE 11 yielding PYZ 12 and
DNCP 13 has been theoretically studied using the MEDT at the
B3LYP/6-31G(d,p) computational level. Formation of PYZ 12
and DNCP 13 takes place through two domino processes ini-
tialised by a polar 32CA reaction between DAA 10 and DNE 11
yielding 1-pyrazoline 15, which experiences two successive
competitive reactions. Along channel I, 1-pyrazoline 15 rst
tautomerises to 2-pyrazoline 18, which by a proton abstraction
and spontaneous loss of nitrite anion yields PYZ 12, while along
channel II, the thermal extrusion of the nitrogen molecule in 1-
pyrazoline 15 gives a diradical intermediate IN2, which quickly
closes yielding the nal DNCP 13. Although the activation
energies of the two competitive channels are not comparable,
due to the need to model the corresponding acid/basic species
demanded for the tautomerisation of 1-pyrazolines into 2-pyr-
azolines, and the further conversion of those into PYZs (see
Scheme 8), the present MEDT study makes it possible to
understand the chemical conversion of 1-pyrazolines obtained
from a 32CA reaction of DAAs with ED ethylenes into the
different reaction products experimentally observed.

ELF analysis of the electronic structures of DAAs 10 and 14
shows that they have a pseudoradical structure. Analysis of the
CDFT reactivity indices indicates that although DAA 10 is not
a strong nucleophile, the strong electrophilic character of DNE
11 favours the 32CA reaction to take place through a polar
mechanism with high polar character and with relatively low
activation energy, 9.4 kcal mol�1. Note that the low pr index of
these TACs together with the high activation energy associated
with the non-polar 32CA reaction of the simplest DAA 14 with
ethylene 17, 15.4 kcal mol�1,34 indicate that these pseudoradical
TACs do not participate in pr-type 32CA reactions.

A BET study of the bonding changes along the more favour-
able regioisomeric channel associated with the 32CA reaction
15594 | RSC Adv., 2017, 7, 15586–15595
between DAA 10 andDNE 11 allows concluding that: (i) formation
of the rst C1–C5 single bond takes place at a C1–C5 distance of
2.01 Å by a C-to-C coupling of two pseudoradical centers, one
already present in DAA 10 and another generated at the most
electrophilic center of DNE 11 as a consequence of the highGEDT
taking place in this polar process;38 (ii) formation of the second
N3–C4 single bond begins at the end of the reaction path at the
very short N3–C4 distance of 1.69 Å through sharing the electron
density of two N3 and C4 pseudoradical centers. This model for
the formation of carbon–heteroatom single bonds is similar to
that found for the C–O single bond formation in the second
stage of the cycloaddition reactions of carbenoid intermediates
with CO2;39 and (iii) the high asynchronicity found in the
formation of the C–C and C–N single bonds indicates that this
polar 32CA reaction takes place through a two-stage one-step
mechanism.37

The present MEDT study sheds light on these complex
domino reactions as well as on the participation of DAAs in
polar 32CA reactions. The electronic structures of the studied
DAAs as well as their reactivity towards ethylene do not permit
the classication of these TACs into one of the three groups in
which TACs are currently classied in Scheme 4. Currently,
further studies devoted to the reactivity of pseudoradical TACs
are being carried out by our group.
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Chem., 2011, 9, 7168.
This journal is © The Royal Society of Chemistry 2017
24 W. Kohn and L. J. Sham, Phys. Rev., 1965, 140, 1133.
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