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Keywords The mechanism, the chemo- and regioselectivity toward mesitonitrile oxides and 2-
v Molecular Electron Density fluoren-9-ylidene-malononitrile in  [3+2] cycloaddition reaction, have been
Theory, theoretically studied using DFT methods at the B3LYP/6-31(d) computational level.
v regioselectivity, The possible chemoselective and ortho/meta regioselective channels were explored
v' chemoselectivity, and characterized. The free energies analyses associated with the different reaction
v [3+2] cycloaddition, pathways indicated that the 1,3-DC reaction between mesitonitrile oxides and 2-
v The electrostatic potential. fluoren-9-ylidene-malononitrile were highly chemo- and regiospecific, in agreement

zeroual19@yahoo.fr with the experimental outcomes.
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1. Introduction

[3+2] cycloaddition reaction shows one of the most successful processes for the synthesis of pentagonal
heterocycles [1-4], which are difficult to access by other synthetic pathways. In particular, they provide access
to several biologically active substances [5, 6] and pharmaceuticals [7, 8]. In 2008, a distortion/interaction [9,
10] was introduced by Houk [11] to explain the reactivity. This model is analogous of that proposed by
Bicklehaupt in 1999 [12, 13]. Houm found that the activation enthalpies correlated very nicely with distortion
energies. The partition of the total density of the TS geometry into two separated structures doesn’t have any
physical sense within density functional DFT [14]. Consequently, the energy of two reagents could not be
correlated with the energy of TS because each of them losses the external potential created by the other
reagents. The changes in the electron density and not molecular orbital interaction are responsible for the
reactivity in organic molecules [15]. Very recently, Domingo proposed a new theory to study the reactivity in
organic chemistry named Molecular Electron Density Theory (MEDT) [16-17].
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Scheme 1. [2+3] cycloadition reaction between mesitonitrile oxides and 2-fluoren-9-ylidene-malononitrile
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2. Material and Methods
Theory and computational details

DFT computations were carried out using the B3LYP functional [19], together with the standard 6-31(d)
basis set [20]. The optimizations have been realized using the Berny analytical gradient method. All
computations have been shown with the Gaussian 09 smte of programs [21]. The global electrophilicity index

[22] @, was given by the following expression : w = =, in terms of the electronic chemical potential p and the

chemical hardness 1. Both quantities could be approached |n terms of the one-electron energies of the frontier
molecular orbital HOMO and LUMO, ¢;; and g, aspu =~ Land n =, —¢, , respectively. The empirical

nucleophilicity index N [23, 24], based on the HOMO energles obtained within the Kohn-Sham [25], and
defined as N = Eygmo (NW) — Eyomo (TCE). the nucleophilicity was referred to tetracyanoethylene (TCE).
This choise allowed us to handle conveniently a nucleophilicity scale of positive values. Electrophylic P;tand
nucleophilic P, Par functions were obtained through analysis of the Mulliken atomic spin density (ASD) of the
radical anion and radical cation of the reagents. The local electrophilicity and the local nucleophilicity indices
were evaluated using the following expressions: w, = wPand N, = NP [26-31]. The stationary points were
characterized by frequency computations in order to verify that TSs have only one imaginary frequency.
Intrinsic reaction coordinate (IRC) [32] pathways were traced to verify the connectivity between minima and
associated TSs. Solvent effects of dichloromethane were taken into account through single point energy
calculation using the polarizable continuum model (PCM) developed by Tomasi’s group in the framework of
the self-consistent reaction field [33].

3. Results and discussion

The present theoretical study has been divided in three parts: (1) an analysis of the conceptual DFT indices of
the reagents involved in cycloaddition reaction between mesitonitrile oxides and 2-fluoren-9-ylidene-
malononitrile. (2) Next, the potential energy surface (PES) associated with the cycloaddition reaction of
mesitonitrile oxides and 2-fluoren-9-ylidene-malononitrile were explored and characterized, (3) finally a
transition states geometries were analyzed

3.1. Understanding the regioselectivity of the 1,3-DC reaction of mesitonitrile oxides and 2-fluoren-9-ylidene-
malononitrile using Parr functions and electrostatic potential

The global DFT indices, namely the electronic chemical potential p, chemical hadrness n, electrophilicity » and
nucleophilicity N, are summarized in table 1.

Table 1.B3LYP/6-31(d) electronic chemical potential p, chemical hadrness 1, electrophilicity ® and
nucleophilicity N in eV of the 1,3-DC reaction of mesitonitrile oxides and 2-fluoren-9-ylidene-malononitrile.

System 1 n N ®
mesitonitrile oxides (1) -2.90 7.65 2.80 0.54
2-Fluoren-9-ylidene-
malononitrile (2) -4.89 3.32 2.97 3.60

We can concluded from table 1 that the electronic chemical potentials of mesitonitrile oxides, u=-2.90 eV, is
higher than that of 2-Fluoren-9-ylidene-malononitrile, u=-4.89 eV. Thus, along a polar reaction, the GDET will
take place from mesitonitrile oxides to the 2-Fluoren-9-ylidene-malononitrile

The mesitonitrile oxides present a smaller eletrophilicity w index of 0.54 eV and higher nucleophilicity N index
of 3.60 eV, than 2-Fluoren-9-ylidene-malononitrile. Consequently mesitonitrile oxides will be as nucleophile
and 2-Fluoren-9-ylidene-malononitrile as electrophiles .

The frontier molecular orbital HOMO and LUMO representations, the nucleophilic Parr function, the
electropphilic Parr function and electrostatic potential of the reagents were analyzed in order to characterize the
most electrophilic and nucleophilic centers of the species involved in this reaction and thus to explain the
chemo- and regioselectivity experimentally observed (fig. 1).

From the figure 1 we can observed that:

The density map of the HOMO orbital of 2-fluoren-9-ylidene-malononitrile is distributed over all atoms except
those of double and triple bond, because of this reason, the LUMO orbital of the 2-fluoren-9-ylidene-
malononitrile will correlate with HOMO orbital of the mesitonitrile oxides.
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Figure 1. 3D representations of the frontier molecular orbital HOMO and LUMO toward the radical anion and
the radical cations as well as the eletrophilic and nucleophilic Parr functions and mapped with ESP of the
mesitonitrile oxides and 2-fluoren-9-ylidene-malononitrile.

The ESP map of the reagents indicates that the oxygen atom of the mesitonitrile oxides and the nitrogen atom of
the 2-fluoren-9-ylidene-malononitrile have a red color, which shows that these atoms have a negative charge,
hence the interaction between these two atoms, was impossible. The most favorable interactions will be between
the oxygen of mesitonitrile oxides and the carbon of the cyanide group and the nitrogen of the 2-fluoren-9-
ylidene-malononitrile interacts with the carbon of the dipole.

The nucleophilic P, Parr function of mesitonitrile oxides indicates that the carbon atom C is the most
nucleophilic center P; = 0.31,. The electrophilic P/ Parr function of 2-fluoren-9-ylidene-malononitrile
indicates that the nitrogen atom is most nucleophilic center Py = 0.02 of this specie. Consequently, in this
cycloaddition, the most favorable eletrophile and nucleophile interaction will take place between nitrogen N of
2-fluoren-9-ylidene-malononitrile with carbon C1 of the mesitonitrile oxides. In clear agreement with the total
regio- and chemoselectivity experimentally observed.

3.2. Kinetic study of the Diels-Alder 1,3-dipolar cycloaddition reaction of the mesitonitrile oxides with 2-
fluoren-9-ylidene-malonitrile

The presence of a non-symmetric dipole and the presence of two functional groups, the 1,3-DC reaction
between the mesitonitrile oxides and 2-fluoren-9-ylidene-malononitrile could take place through four
competitive reactive channels, two chemo- and regioisomiric approach modes, namely meta and ortho. (Scheme
2).

The values of the relative enthalpy (AH), relative Gibbs free energy (AG) and relative entropy (AS), of the
stationary points involved in the Diels-Alder 1,3-dipolar cycloaddition reaction of the mesitonitrile oxides and
2-fluoren-9-ylidene-malononitrile are summarized in table 2.

The Gibbs free energy profile of the 1,3-DC reaction of the mesitonitrile oxides and 2-fluoren-9-ylidene are
given in figure 2.

The gas phase activation free enthalpies associated with four reactive channels of these 1,3-DC reactions are:
23.62 (TSmn), 35.3 (TSon), 29.11 (TSmx) and 30.56 (TSox). The reactions could be exothermic by 35.54
(Pmn), 9.26 (Pon), 1.91 (Pmx) and 1.39 kcal/mol (Pox). The exothermic characters of these 1,3-DC reactions
make these cycloaddition reactions pathways irreversible in gas phase. The activation energy of the most
favorable regio/chemo approach via TSmn (23.62), is 5.49 kcal/mol lower than TSmx (29.11), this high energy
difference indicates that the cycloaddition between the mesitonitrile oxides and 2-fluoren-9-ylidene-

Elidrissi et al., JMES, 2017, 8 (10), pp. 3564-3569 3566



malononitrile is highly chemospecific, and comparison between TSmn (23.62) and TSon (35.33), indicates that
this reaction is regiospecific too, in good agreement with experimental observations. Note that the experimental
was obtained only CA Pmn.
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Scheme 2.Regio- and chemoisomeric reactive pathways associated with the 1,3-DC reaction between the
mesitonitrile oxides and 2-fluoren-9-ylidene-malononitrile.

Table 2 Relative enthalpy (AH kcalmol™), relative Gibbs free energy (AG kcalmol-1) and relative entropy (AS
calmol™K™), computed in gas and chloroform, for the stationary points involved in the 1,3-DC reaction between
the mesitonitrile oxides and 2-fluoren-9-ylidene-malononitrile.

gas in chloroform
AH | AG | AS AH | AG | AS
TSmn 12.51 2362  -37.242 14.67 25.74 -37.11
TSon 23.78 3533  -38.735 25.39 37.13 -39.39
Pmn -48.95  -3554  -44.962  -46.50 -33.14 -44.82
Pon 2282  -926  -45442  -19.77 -6.41 -44.78
TSmx  16.78 2911  -41.342 18.55 30.85 -41.24
TSox 18.19 3056  -41.479 19.29 31.74 -41.75
Pmx -15.84  -191  -46.812  -13.78 0.13 -46.71
Pox -1552 139  -47.377  -1341 0.59 -46.90

Relative to 1+2,

Inclusion of solvent effects of the chloroform increases the gas phase activation energies by 2.12 (TSmn), 1.80
(TSon), 1.74 (TSmx) and 1.12 kcal/mol (TSox), and change the exothermic to the endothermic character by
0.13 (Pmx) and 0.59 (Pox), and slightly decreases the exothermic character of the reaction by 2.49 (Pmn) and
2.85 (Pon), consequently the solvent effects support the regio-and chemospecificity.

Additions of the entropic activation are: -37.27 (TSmn), -38.75 (TSon), -41.34 (TSmx) and -41.47 cal mol*K™
(TSox) indicate that the formation of the product Pmn is very favorable, in good agreement with experimental
outcomes. The geometries, density map and PES of the TSs involved in the 1,3-DC reaction between the
mesitonitrile oxides and 2-fluoren-9-ylidene-malononitrile are depicted in figure 3.

The distances between the C atom of the mesitonitrile oxides and other atom of the 2-Fluoren-9-ylidene-
malononitrile in TSmn, TSmo, TSox and TSnx are 2.00, 2.01, 2.05 and 2.15, respectively. These distances
clearly indicate that the formation of the product Pmn is favorable.

Elidrissi et al., JMES, 2017, 8 (10), pp. 3564-3569 3567



AG

(Kcal/mol
L
a5t TSmo
TSox .
30T v
N
‘N
251 s
Vi
ol E AR
204 e v N
L 7 E BN
1+2 Fi SN
"N Pox
s | | \"'. ' Pmx
10 | Pmo
0
I
B I
I
I
I
126,28
|
- |
I
|
30T I
W
_ast Pmn

Figure 2 Gibbs free energy profile of the 1,3-DC reaction between the mesitonitrile oxides and 2-fluoren-9-
ylidene-malononitrile.
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Figure 3.DFT/6-31(d) optimized density map, ESP and structures of the TSs of 1,3-DC reaction between the
mesitonitrile oxides and 2-fluoren-9-ylidene-malononitrile. Lengths are given in angstroms.

Conclusion

The 1,3-dipolar cycloaddition reaction of the mesitonitrile oxides and 2-fluoren-9-ylidene-malononitrile has been
studied within the MEDT through DFT calculation at the B3LYP/6-31(d) computational level. The obtained
results are supported by the combination of the analysis of the reactivity indices at the good state of the reagents,
derived from the conceptual DFT, the exploration of the PES associated with this 1,3-DC reaction.

The analysis of the nucleophilic P, Parr functions allows characterizing the C1 carbon atom as the most
nucleophilic center of the mesitonitrile oxides. An exploration of the PES associated with this 1,3-DC reaction
indicates that it takes place through a one-step mechanism. In gas phase, the exothermic character of these 1,3-
DC reactions makes the formation of the four products Pmn, Pon, Pmx and Pox irreversible. Inclusion of solvent
the products Pmx and Pox had endothermic character, and finally and in solvent the CA Pmn is
thermodynamically and kinetically very favored in good agreement experimental outcomes.
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