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Abstract: Diels Alder reactions are the best method used for the synthesis of various
important molecules. In this study, the reaction mechanism between pyrrole and
acrylonitrile, which can be an example of these reactions, is explained by DFT. Using
the B3LYP method with the 6-31+G(d,p) basis set, chemical hardness, softness,
electrophilicity index, electrochemical potential and thermodynamic properties
were calculated. When we calculated these properties with solvents such as toluene,
the gap between the HOMO and LUMO orbitals of the product formed as a result of
the DA reaction was 9.53 eV in the gas phase, while it decreased to 6.49 eV in the
toluene solvent environment. In addition, as a result of the calculations;
thermodynamic parameters such as enthalpy, entropy and internal energy
increased with increasing temperature, but the Gibbs free energy decreased.

Pirol Ve Akrilonitril Arasindaki Diels-Alder Reaksiyon Mekanizmasinin Teorik Olarak

incelenmesi

Anahtar Kelimeler
Reaksiyon mekanzimasi,
Gegis durumu,
Diels-Alder,

Thermal 6zellikler

0z: Diels Alder reaksiyonlari ¢esitli Snemli molekiillerin sentezinde kullanilan en iyi
yontemdir. Bu calismada bu reaksiyonlara 6rnek olabilecek pirol ve akrilonitril
arasindaki reaksiyon mekanizmasi1 DFT ile aciklanmistir. 6-31+G(d,p) baz setli
B3LYP yontemi kullanilarak kimyasal sertlik, yumusaklik, elektrofiliklik indeksi,
elektrokimyasal potansiyel ve termodinamik o6zellikler hesaplanmistir. Bu
ozellikleri toluen gibi ¢oziiciilerle hesapladigimizda DA reaksiyonu sonucu olusan
iriniin HOMO ve LUMO orbitalleri arasindaki bosluk gaz fazinda 9,53 eV iken,
toluen ¢oziicii ortaminda 6,49 eV'ye diismiistiir. Ayrica hesaplamalar sonucunda;
entalpi, entropi ve i¢ enerji gibi termodinamik parametreler artan sicaklikla artmis,
ancak Gibbs serbest enerjisi azalmistir.

1. Introduction

[9]. Developed by Otto Diels and Kurt Alder in 1928,
this reaction is now regarded as one of the most

The Diels-Alder cycloaddition (DA)[1] is a highly
effective reaction for forming new carbon-carbon
bonds, making constituting a crucial method in the
synthesis of various compounds, including
pharmaceuticals, macromolecules, and self-healing
materials [2-8]. This reaction occurs between a
conjugated diene and an alkene, referred to as a
dienophile, resulting in a cyclic compound, typically a
six-membered ring. While considerable research has
been conducted on the DA reaction, its mechanism
remains somewhat contentious. In a DA reaction,
these two reactants undergo a [4 + 2] cycloaddition
mechanism, converting one m bond into two ¢ bonds

reliable methodologies in organic chemistry. The DA
reaction continues to hold substantial importance as
significant today as it was 50 years ago, particularly in
synthesizing biologically active natural products [10].
It is prized for its efficiency and precision in
controlling stereochemistry, establishing itself as an
indispensable tool for organic chemists aiming to
streamline the synthesis of complex molecular
structures [11-12]. Its extensive applicability in
organic synthesis, and its complex mechanistic
aspects, position the DA reaction as a vital area for
ongoing research and innovative development [13-
16]. The reaction may proceed in one or two steps,
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depending on the symmetry of the orbitals involved
and geometric constraints. The one-step pathway
simultaneously forms two carbon-carbon bonds,
whereas the two-step mechanism allows for a more
gradual formation [17-19].

Pyrrole is a heteroaromatic molecule known for its
electron-rich characteristics. It features a five-
membered ring that includes one nitrogen atom and
four carbon atoms. In contrast, acrylonitrile is a
colorless, volatile, and flammable organic compound
with a mildly pungent odor. Recent studies have
examined the DA reaction involving acrylonitrile and
pyrrole [20-22] as shown in Figure 1. Notably, this
reaction can be conducted on a microscale without
significantly lowering the yields. The application of the
In materials engineering, the Diels-Alder reaction is
not a novel field of study, it encompasses a broad
range of fields, including synthetic chemistry,
pharmaceuticals, and biomedical research [23].

The purpose of this study is to use computational
techniques to examine the mechanism of reaction
between these two compounds. In both the gas phase
and the toluene solution, calculations were carried out
using density functional theory (DFT). The strong
hydrogen-bonding solvent trifluoroethanol has been
shown to speed up the Diels-Alder reactions [24],
possibly at speeds similar to those of water. DFT is
employed to clarify the interactions between the diene
and the dienophile [25]. Recognized for its ability to
provide accurate results for both organic and
inorganic systems, DFT is well-suited for examining
the Diels-Alder reaction. However, it is still uncertain
whether the anticipated product will result from the
reaction, as there is currently no established method
to predict the formation of the product.

O+

Figure 1. Reaction of pyrrole with acrylonitrile
2. Material and Method

Gaussian 16 [26] was used for the calculations and
design of the molecules for this work [27] and
GaussView 6.0 was also used for visualization of the
structures [28]. Initially, optimization was performed
using the 6-31+G (d,p) basis set and DFT with the
CAM-B3LYP method [29]. To investigate the effect of
solvent on chemical reaction, toluene was employed as
a solvent around the bond in calculations utilizing the
IEFPCM (Integral Equation Formalism Polarizable
Continuum Model) model [30].

Furthermore, chemical hardness () and chemical
softness from energies of frontier molecular orbitals
were calculated by using the following equations [31].
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Erumo — EHoMO

Chemical hardness () = >

Chemical softness S :%7

Electrophilicity index (p) =w
2
Electronic chemical potential (w) = Z_n

3. Results

The optimized geometry of the reactants, product, and
transition state are shown in Figure 2, Figure 3, and
Figure 4.

Figure 2. Structure of reactants with numbering and labels.

Figure 4. Structure of the transition state with numbering
and labels.

3.1. Dipole moment



A. Oztiirk Kiraz / Theoretical insight for the Diels-Alder reaction mechanism between pyrrole and acrylonitrile

The dipole moment is a crucial indicator of whether a
reaction is proceeding in the correct direction [32].
Specifically, if the dipole moment of the transition
state is greater than that of the reactants, it suggests
that the reaction pathway is valid, conversely, if it is
not, the pathway may not be viable [33]. In the
cycloaddition reaction between pyrrole and
acrylonitrile, a transition state (TS) is defined as the
highest energy unstable intermediate structure that
reactants pass through before turning into products
during a chemical reaction is generated. The dipole
moment of TS measures 5.6 D, which exceeds those of
pyrrole (1.9 D) and acrylonitrile (3.9 D). This
observation indicates that the transition state is
unstable, and the reaction is likely to proceed.
Furthermore, a closer examination of the reaction
mechanism reveals that the C8 and C11 atoms of
pyrrole approach the C1 and C4 atoms of acrylonitrile
to form a product as illustrated in Figure 1 [31]. The
Gibbs free energy of all structures relative to the
reactants is depicted in Figure 5.
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Figure 5. Examining the variations in Gibbs Free Energy
among the components of a chemical reaction.

During the reaction, the reaction coordinates change,
resulting in the formation of various transition states.
When pyrrole and acrylonitrile react, they reach a
transition state (TS) that represents the highest
energy point in the entire reaction mechanism. If the
energy of the products is lower than that of the
reactants, a stable product is formed, where the
energy is below that of the TS. Ultimately, the reaction
yields a product, which possesses an energy lower
than that of the reactants.

3.2. Thermodynamics analysis

Thermodynamic properties offer valuable insights
into the spontaneity of chemical reactions and the
stability of their products [34]. In particular, the
reaction between pyrrole and acrylonitrile is
exothermic [35]. As shown in Table 1, Table 2, and
Table 3, the enthalpy [36], entropy [37], internal
energy [37], and heat capacity [37] all rise as the
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temperature increases from 0 to 300 K, while Gibbs
free energy [38] falls. This pattern suggests that
raising the temperature is detrimental to this
exothermic reaction. The two reactants have in fact
reacted, as evidenced by the overall negative energy
change and the observed decrease in Gibbs free energy
across different states, which points to the formation
of an adduct [39]. At 10 K and 300 K, respectively, the
reactants' Gibbs free energy is -380.97859 and -
381.01736, demonstrating that Gibbs free energy falls
with increasing temperature. The formation of a stable
product is indicated by the product's Gibbs free energy
being higher than the reactants' [40]. The reaction is
spontaneous and can happen on its own because the
reactants' Gibbs free energy is greater than the
products', as shown in Figure 6.

Internal energy, enthalpy, entropy, and heat capacity
at constant volume (Cv) are among the other
parameters that have been examined. As the graphs in
Figure 6 illustrate, these parameters show that all
thermodynamic properties increase with temperature
while Gibbs free energy decreases. The graphs that
accompany the reaction show how temperature
affects the reactants, intermediates, and products.
Tables 1, 2, 3, 4, and 5 provide specific information on
how temperature affects thermodynamic parameters
for each step. Gibbs free energy continuously falls with
increasing temperature, as shown in Figure 5, even
though internal energy, enthalpy, and entropy all rise.

3.3. Electrostatic potential surfaces

The chemical reactivity of molecules can be inferred
from their molecular electrostatic potential [40]. The
self-consistent field (SCF) method [41] is used to
calculate molecular electrostatic potential surfaces
(ESP) [42] to describe the process of electron transfer
during chemical reactions. The electron density and its
quantity are indicated by the ESP in the regions where
it is present [41]. It displays the separation between
positive charges and electrons. Areas that are green
and yellow indicate weak electrophile sites. One can
determine which sites of a molecule are most
electrophilic and nucleophilic by using a DFT [43]
technique. Electrostatic potential increases from red
to yellow to green to blue. Different densities are
represented by different colors on these maps, which
show the regions of electron densities in molecules
[44]. Acrylonitrile's carbon atoms C8 and C10 migrate
in the direction of pyrrole's carbon atoms C2 and C3
during the reaction. The region surrounding the
nitrogen atom in acrylonitrile is recognized as an
electron-rich site in the ESP of these two compounds,
as shown in Figure 6.
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Table 1. Calculated thermodynamic values of reactants by
DFT/CAM-B3LYP/6-31+G(d,p)

Cy S

Tem (cal/mo u H (cal/mol- G

(K) 1-K) Hartree) (Hartree) K) (Hartree)
10 7.016 -380.977  -380.9779  43.044 -380.978
50 15.657  -380.977 -380.9769  64.232 -380.9821
100 18.450  -380.975  -380.9754  77.425 -380.9878
150 21.037  -380.974 -380.9737 86.174 -380.9943
200 24.596  -380.972  -380.9717  93.262 -381.0014
250 28.943  -380.970  -380.9694  99.650 -381.0091
300 33.615  -380.966  -380.9668  105.701 -381.0173

Table 2. Calculated thermodynamic values of the product by
DFT/B3LYP/6-311G(d,p)

Tem (cal?r\rllol— U H (cal/smol— G

(K) K) (Hartree) (Hartree) K) (Hartree)
10 5.962 -380.660  -380.6602 41.545 -380.6609
50 7.320 -380.659  -380.6597 54.804 -380.6641
100 9.949 -380.659  -380.6589 62.062 -380.6688
150 13.034 -380.658  -380.6578 67.459 -380.6739
200 16.987 -380.657  -380.6564 72.300 -380.6795
250  21.763 -380.655  -380.6547 77.034 -380.6854
300 26.989 -380.653  -380.6526 81.823 -380.6918

Table 3. Calculated thermodynamic values of the transition
state of DA reaction by DFT/CAM-B3LYP/6-31+G(d,p)

Tem (cal(/:r\rllol u H (Hartree) (casl/m G (Hartree)
(K) K) (Hartree) 0l-K)

10 5.62 -379.920  -379.9202 41.638 -379.9209
50 7919 -379.919  -379.9197 55.220 -379.9241
100 11.246 -379.919  -379.9187 63.096 -379.9288
150 14.938 -379.918 -379.9175 69.142 -379.9341
200 19.281 -379.916  -379.9160 74.589 -379.9398
250 24.208 -379.914  -379.9141 79.856 -379.9459
300 29.363 -379.912  -379.9118 85.088 -379.9525

3.4. Electronic properties

Frontier molecular orbitals offer essential insights
into the reactivity of molecules and reactants [43], as
well as their electron-donating and electron-accepting
capabilities. As a result, we calculated the
HOMO(Highest Occupied Molecular Orbital)-LUMO
(Lowest Unoccupied Molecular Orbital) energy levels
and energy gaps for all relevant structures. When
kinetic stability and energy gaps are high, the reaction
tends to be less reactive, conversely, lower values
indicate a more reactive nature [45]. Our findings
presented in Table 4 indicate that the HOMO-LUMO
energy gap for the transition state (TS) is 3.07 eV,
which is notably lower than the gaps observed for the
reactants and products. This suggests that the
transition state is highly reactive and unstable. If the
HOMO of acrylonitrile interacts with the LUMO of
pyrrole, the reaction is classified as inverse electron
demand [46]. On the other hand, if the HOMO of
pyrrole interacts with the LUMO of acrylonitrile, the
reaction is considered normal electron demand. The
energy values derived from frontier molecular orbitals
(FMOs) are instrumental in determining the type of
reaction taking place. The energy gap between the
HOMO of acrylonitrile and the LUMO of pyrrole was
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found to be 11.33 eV. In a similar calculation, the gap
between the LUMO of acrylonitrile and the HOMO of
pyrrole yielded a value of 7.31 eV. The difference in
energy gap between the HOMO of pyrrole and the
LUMO of acrylonitrile is comparatively smaller than
the others, confirming that this reaction is of normal
electron demand.
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Figure 6. Graph a. represent the effect of temperature on
reactants, b. represent product,
c. represent transition state.
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5.480e-2 . T -5‘4909.2 Table 4. HOMO-LUMO energy gap in gas phase calculated by
= method DFT/CAM-B3LYP/6-31+G(d,p)

acrylonitrile primole reactants product =
Parameters - '
gas toluem  gas  toluen  gas  toluen  gas  lolien  gas  toluen
Enomo (eV) -9.46 -9.58 -7.39 -7.45 -6,00 -5.56 -8.22 -8.07 -5.28 -5.50
) " Euuneo (V) 008 169 187 237 170 -156 131 1587 221 -Li2
AE= Ewmor Epowo (V] 9.38 7.89 9.26 5.08 430 399 9.53 649 3.07 438
J |'£:JMHLWIM| potential) 9.46 9.58 7.39 745 6.00 556 822 807 528 550
A (electron affinity) (eV) 0.08 169 -1.B7 237 170 156 =131 158 221 112
— x (electronegativity) (eV) 477 564 275 91 385 356 346 am3 374 3m
1 (global hardness) (V) 469 394 463 254 215 199 477 324 154 219
J S (global softness) (ev1)  0.21 0.25 0.21 039 046 050 021 031 065 046
¥ [electranic chemical 477 561 275 491 385 356 346 4483 374 331
potential) (eV)
wglobal electrophilicity o0 ge0 o0 sa sie 125 559 456 250
index) (eV)
a.

4

HOMO

HOMO I

61152 .

HOMO LUMO
Figure 7. ESP of a. pyrrole b. acrylonitrile c. transition state
of the DA reaction d. product. Figure 8. HOMO-LUMO of the a. pyrrole b. acrylonitrile c.

transition state d. product
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It is also observed that the energy gaps for the
transition states are consistently lower than those of
the reactants and products [47]. The electrophilicity
index serves as a measure of a molecule's ability to
accept electrons. In this case, because the
electrophilicity index value of acrylonitrile exceeds
that of pyrrole, acrylonitrile functions as the
electrophile. The impact of the solvent on the rate of
reaction is investigated using Density Functional
Theory (DFT) alongside the Integral Equation
Formalism Polarizable Continuum Model (IEFPCM).
Our results demonstrate that using toluene as a
solvent significantly lowers the activation energy
barrier, suggesting an enhanced reaction rate
compared to other solvents. This insight is important
for optimizing conditions in chemical reactions. The
configurations of the HOMO-LUMO orbitals of the
reactants, product, and transition state are presented
in Figure 8.

4., Discussion and Conclusion

This study shows that for temperature changes
ranging from 0 to 300 K, the following thermodynamic
quantities significantly increase: enthalpy, internal
energy, and heat capacity. However, over this
temperature range, Gibbs free energy decreases. This
overall increase in these quantities and the
concomitant decrease in Gibbs free energy imply that
raising the temperature is detrimental to the forward
reaction of this exothermic reaction, influencing
overall feasibility and efficiency. The reaction
products between pyrrole and acrylonitrile have
stable structures, which can be inferred from the
enormous gap between HOMO and LUMO energies of
the resultant products. In addition, these products
possess thermodynamic stability. A stable product is
formed when the Gibbs free energy of the product is
lower than that of the reactants. The toluene solvent
exerts a major influence on the reaction rate. Our
findings demonstrate that toluene effectively reduces
the activation energy barrier compared to other
solvents, leading to a markedly increased reaction
rate. This understanding is vital for optimizing the
milieu of chemical reactions. Such computations are a
useful guide for real-world research undertakings.
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