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The theoretical study of the reaction between cinnamaldehyde and
nitrile-imine, conducted using the MEDT/B3LYP/6-311G(d,p) method,
clarified the nucleophilic and electrophilic roles of the two
components, demonstrating that the dipole acts as a nucleophile,
while the dipolarophile acts as an electrophile. Parr functions indicate
that the double bond of the dipolarophile is identified as the most
reactive site, providing a clear explanation for the chemoselectivity
observed in the experiment. Furthermore, the study of interactions
reveals that the formation of the first bond involves the most
electrophilic carbon. The analysis of the products and transition
states reveals that one of the products is thermodynamically
favored, while a certain transition state represents the dominant
kinetic pathway.
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Introduction

Cycloaddition reactions [3+2] are a special type of reaction in which two molecular
fragments, each carrying a function that is two folded and other one is three-folded combine
to make five-member rings in one synthetic step possibly under specific conditions; these
achieve them via heating the mixture, by applying high pressure or making use of some
catalysts [1-3]. Such conditions permit the regulation of molecular reactivity, maximize
catalyst efficacy and product yield, and enable molecular complexity through processable
cycles necessary for materials- and polymer-synthetic chemistries [4]. Within the emerging
fields of polymer science, the types of products synthesized by these three dimensional
architectural systems endow materials with resists, pliability and characteristics that promote
electrical, optical or even bioapplications [5]. In pharmaceutical chemistry, these reactions
facilitate the synthesis of bioactive compounds, including anti-cancer, antimicrobial, and anti-
inflammatory agents, which exert their effects by specifically inhibiting enzymes or blocking
cellular signaling pathways [6]. In addition, products of [3+2] cycloaddition may also serve
as promising COX-2 inhibitors for topical treatment of chronic inflammatory diseases [7].
Density Functional Theory (DFT) is an often applied computational method for theoretical
chemistry to assess the electronic structure of molecular systems. This approach is based on
the idea that the electronic density contains all the information corresponding to a specific
set of properties of the system, thus reducing as such many-body problems related to
electrons interactions. Instead of "seeing" each electron separately, DFT incorporates
electronic density functionals to approximate the energy of the system, therefore being more
computationally efficient than older quantum chemistry methods, like the Hartree-Fock
method [8-10].

Molecular Electron Density Theory (MEDT) is considered a modern theoretical
chemistry approach to chemical reactivity based on electron density rather than molecular
orbitals [11], which fits perfectly within the framework of DFT. In contrast to classical
methods that have traditionally sounded in molecular orbital theory for theoretical
underpinnings of reaction mechanisms and alternative explanations, MEDT claims that the
nature of chemical reactivity is inherently an electronic density interaction phenomenon
between interacting molecules [12-14]. This theory enables the prediction of a molecule's
reactive zones by considering the electronic density distribution and localization and
identifies both electrophilic and nucleophilic parts of the molecule, rendering them significant
in determining the pathway of any given chemical reaction [15-17]. As MEDT allows a

profounder insight into reaction mechanisms on an electronic density basis, it has
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demonstrated to be a key tool for designing new chemical reactions and optimizing synthetic
routes in organic chemistry [18].

In this investigation, MEDT was utilized to analyze the selectivities observed in the
[3+2] cycloaddition reaction involving diphenylnitrylimine and cinnamaldehyde, chosen for
their well-documented reactivity and synthetic potential in forming heterocyclic compounds
[19]. Understanding the mechanism of this reaction provides insights into its regio- and

stereoselectivities, enabling better control over product formation.
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Scheme. 1.

Computational Approach

At the computational level of B3LYP/6-311G(d,p), every stationary point involved in
this [3+2] cycloaddition reaction has been tuned. Berny's analytical gradient optimization
method [20,21] was used in the optimization process. Frequency calculations verified the
presence of a single distinct imaginary frequency in the transition states. The energetic
profiles connecting each transition state to the two associated minima are validated using
the intrinsic reaction coordinates (IRC) method. The polarizable continuum model (PCM) and
the self-consistent reaction field framework [22-25] developed by Tomasi's group were used
to fully optimize the impacts of ethanol solvents into the gas-phase optimized stationary
points. The total natural atomic charges (q) of the atoms in each frame (j) within the
transition stages (TS) were applied to calculate the global electron density transfer (GEDT)
[26].

Global electrophilicity indicator [27] is measured via the formula: « = p?/2n, where

M represents the chemical electron potential and n signifies the chemical hardness, with y =

EHoMmo t ELuMoO

. , and 1 = g.ymo — Enomo- [28,29]. To ascertain the nucleophilicity of the

reagents, the following formula was used: N=gxomo(Nu)-gHomo (TCE) [30,31].
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An electrophilic and nucleophilic Parr function of radical cations or anions were calculated
using the Mulliken spin densities [32]. An analysis of the Electron Localization Function (ELF)

was conducted using the Topmod software [33].

Results and discussion

Reactivity Indices Study

Table 1 summarizes the values of the electronic chemical potentials p, hardness n,
electrophilicity indices w, and nucleophilicity indices N for the two reactants in order to

predict their electrophilic/nucleophilic character.

Table 1. The chemical potentials, global hardnesses, electrophilicity indices, and nucleophilicity indices
of dipoles and dipolarophiles (values are given in eV)

System M n W N
Diphenylnitrylimine 3.38 3.77 151 3.85
Cinnamaldehyde 4.34 4.48 2.10 2.53

According to the values of the global indices obtained in the table above, it is noted
that the electronic chemical potential of the diphenylnitrylimine (-3.38 eV) is higher than that
of the cinnamaldehyde (-4.34 eV), which implies that the electron transfer will occur from
the dipole to the cinnamaldehyde. This observation is consistent with the results obtained
from the analysis of frontier molecular orbitals. Furthermore, the values of the electrophilicity
index w indicate that the cinnamaldehyde has the highest value (2.10 eV) compared to that
of the dipole (1.51eV), thus designating it as the most electrophilic. By comparing the values
of the nucleophilicity index N, it is observed that the diphenylnitrylimine has the highest
value (3.85 eV) compared to that of the cinnamaldehyde (2.53 eV), which shows that the
diphenylnitrylimine is the most nucleophilic. Thus, this comparison allows us to conclude
that, in this reaction, the diphenylnitrylimine acts as a nucleophile while the cinnamaldehyde

plays the role of an electrophile.

Analysis of local indices

The formation of the first bond results from the interaction between the most
electrophilic site of the dipolarophile, characterized by a high value of the local
electrophilicity index wk, and the most nucleophilic site, characterized by the highest value of
the local nucleophilicity index Nk. It is important to note that predicting this first formed
bond is sufficient to anticipate the most favored attack. To highlight the preferential

regioselectivity of the reaction, we have thus calculated the Parr indices. Representation of
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Mulliken atomic spin densities for the two reactants, accompanied by their Parr functions are

given in figure 1.

Fig. 1. Representation of the Mulliken atomic spin densities of the two reactants (diphenylnitrylimine
and cinnamaldehyde) with their Parr functions.

The Figure 1 show that the Mulliken spin densities of the cinnamaldehyde are mainly
concentrated at the C1-C2 double bond. They are also somewhat clustered around the C-O
double bond regions, but they are weak. These results indicate that the most reactive
fragment of the cinnamaldehyde is the C1-C2 double bond, and this explains the
chemoselectivity observed experimentally [19]. Moreover, for this most reactive double
bond, the Parr P+ functions of carbons C1 and C2 are 0.21 and 0.16 respectively, indicating

that the formation of the first single bond involves the more electrophilic carbon C1.

Exploitation of ELF reagents

The electron localization function (ELF) is a powerful tool for visualizing and
interpreting the electronic distribution in molecules, identifying areas where electrons are
localized, such as chemical bonds and non-bonding electron pairs. The figure 2 illustrates the
different localization domains, particularly the monosynaptic and disynaptic pools, associated
with the two reagents. Monosynaptic basins correspond to regions where electrons are
localized in isolation around a single atom, often representing non-bonding electron pairs. On
the other hand, disynaptic basins show regions of electronic localization shared between two
atoms, corresponding to covalent bonds. These localization domains allow for the analysis of
the nature of interactions between the reactants and the prediction of the area’s most likely
to participate in the formation of new bonds during the reaction. By visualizing the electronic
basins, one can thus anticipate the nucleophilic and electrophilic sites, which is essential for

understanding the reactivity and regioselectivity of the reaction.
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Cinnamaldehyde

Fig. 2. The electronic localization functions for the two reactants.

The topological analysis of the electron localization function (ELF) of the
diphenylnitrylimine reveals the presence of a disynaptic basin (C3, C7) with a population of
2.27 e, a monosynaptic basin V(C7) with a population of 1.40 e, two disynaptic basins V(C7,
N1) and V'(C7, N1) with a total population of 4.7 e, a disynaptic basin V(N1, N2) with a
population of 2.19 e, a monosynaptic basin V(N2) with a population of 3.27 e, and a
disynaptic basin (C8, N2) with a population of 1.94 e. Moreover, six basins are observed in
the aromatic cycle related to N2 with a total population of 16.81 e and six basins in the
aromatic cycle related to C7 with a total population of 16.55 e. The topological analysis of
the electron localization function (ELF) of the cinnamaldehyde shows the presence of two
monosynaptic basins V(O) and V'(O) with a total population of 5.24 e, a disynaptic basin
V(C9, O) with a population of 2.31 e, a disynaptic basin V(C8, C9) containing 2.31 e, and two
disynaptic basins V(C7, C8) and V'(C7, C8) with a total population of 3.27 e. Finally, there

are six basins in the aromatic cycle linked to C7, with a total population of 16.51 e.

Energy study of the reaction

A reaction is said to be regioselective if it favors a specific position among several
possible positions. In the case of our reaction, the cinnamaldehyde has two double bonds,
each of which can lead to two regioisomers, resulting in a total of four possible positions.
Scheme 2 illustrates the potential pathways of the studied 1,3-dipolar cycloaddition reaction.

While the relative energies are given in table 2.
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Dipolarophile

Scheme. 2 Potential pathways of the studied [3+2] cycloaddition reaction between diphenylnitrylimine
and cinnamaldehyde

This table presents the relative energies (AG, AH) and entropies (AS) of several
products (P1, P2, P3, P4) and transition states (TS1, TS2, TS3, TS4) of the studied 1,3-
dipolar cycloaddition reaction. The products P1, P2, and P3 show negative values of AG and
AH, indicating that they are thermodynamically favorable and exergonic, meaning that their
formation is spontaneous and releases energy, while P4, with positive values of AG (22.7
kcal/mol) and AH (7.6 kcal/mol), is thermodynamically unfavorable. The product P2,
possessing the most negative AG value (-19.2 kcal/mol), seems to be the most
thermodynamically stable and could therefore be predominant under thermodynamic control
conditions. Regarding the transition states, the positive values of AG and AH indicate that
each step requires an energy input, with TS4 having the highest free energy (AG = 37.9
kcal/mol) and therefore being the least favorable step, while TS2, with AG of 27.2 kcal/mol,
could be the most energetically accessible pathway. The negative values of AS in all cases
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suggest a decrease in entropy, probably due to a restriction of molecular movements,
although this does not seem to be the determining factor of stability. In conclusion, P2 is
thermodynamically the most favorable product, while TS2, having the lowest energy barrier,
could represent the dominant kinetic pathway, which points towards optimal conditions for

selectively obtaining the desired product.

Table 2. Relative energies of the products and transition states of the [3+2] cycloaddition reaction in
ethanol diphenylnitrylimine and cinnamaldehyde, (AG, AH are in kcal/mol; AS are in cal/mol-K)

AG AH AS
P1 -17.7 -33.1 -51,5
P2 -19.2 -35.0 -52.8
P3 -10.6 -26.0 -51.6
P4 22.7 7.6 -50.5
TS1 35.0 20.8 -47.6
TS2 27.2 13.1 -47.5
TS3 30.7 17.7 -43.6
1S4 37.9 23.6 -47.7

Conclusions

In conclusion, the computational study of the reaction between cinnamaldehyde and
nitrile-imine, conducted using the MEDT/B3LYP/6-311G(d,p) method, clarified the
nucleophilic and electrophilic roles of the reactants, showing that the dipole acts as a
nucleophile, while the dipolarophile plays the role of an electrophile. The chemoselectivity
observed in the experiment can be clearly explained by the Parr functions, which indicate
that the double bond of the dipolarophile is the most reactive site. Moreover, the analysis of
the interactions reveals that the formation of the first bond involves the most electrophilic
carbon. The evaluation of products and transition states shows that one of the products is
thermodynamically favored, while a particular transition state constitutes the dominant
kinetic pathway. This theoretical approach provides valuable information for identifying the
optimal conditions to selectively obtain the desired product, thereby validating the

computational approach employed.
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