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Abstract
A theoretical investigation of electrochemical reaction between β-nitrostyrene and benzaldehyde was
conducted at the DFT M06-2X/def2-TZVP level of theory. The reaction mechanism was dissected into
five proposed routes, via 3 pathways, concluding to 4 possible products (P1 to P4). To gain a
comprehensive understanding, we explored these routes both in the gas phase and in solution using
three solvents: dimethylformamide, methanol, and water. In the gas phase, the overall barriers of these
five routes (the energy in parentheses refers to the relative G versus reactants in kcal/mol) are in this
order: A2 (-48.22) < A1 (21.29) < C1 (21.59) < B (29.81) < C2 (77.59). The ΔG for the formation of four
products (the energy in parentheses refers to the relative G versus reactants in kcal/mol) are in this
order: P2 (-233.40) < P4 (-82.13) < P3 (-74.18) < P1 (-46.97). Therefore, in the extra amount of both
benzaldehyde and proton, P2 is the major product, in the extra amount of benzaldehyde and minimum
amount of proton, P1 is preferred, and in the small amount of benzaldehyde and proton, P4 is preferred
(only via C1 route). In the solvents, despite the gas phase data, path B and product P3 are a favorable
path and product. Thermodynamically, the average relative G in three solvents for P3 is -112.09 kcal/mol,
for P2 is -112.1, for P4 is -118.46, and for P1 is -60.25. Kinetically, the average relative G in three solvents
for the transition states of P3 is -8.25 kcal/mol, P2 is -42.84, P4 is 34.16 via route C1 and 29.05 via route
C2, and P1 is 95.81. Therefore, in the excess concentration of proton, P2 is the most favorable product
by both kinetic and thermodynamic data and the for P low concentration of proton, P3 is the most
favorable product.

1.Introduction
The exploration of electrochemical properties at the molecular level has become increasingly pivotal in
advancing our understanding of chemical reactions [1]. Among the various compounds of interest, β-
Nitrostyrene is particularly noteworthy for its distinctive electronic configuration and reactivity[2]. β-
Nitrostyrene is an α,β-unsaturated compound from the class of nitroolefins characterized by the
presence of a nitro group attached to a styrene scaffold, which showcases a diverse range of chemical
reactions and has many applications in the field of synthesis of organic compounds [3–5]. Chemically,
The synthesis of β-Nitrostyrene can be achieved through the Henry reaction of benzaldehyde and
nitromethane [6, 7] or by direct nitration of styrene using nitric oxide [8]. This compound also has anti-
cancer, anti-bacterial and anti-fungal properties, which are among the characteristics of their significant
[9–11]. This multifaceted compound can undergo a variety of reactions. It is a common substrate for
Michael addition reactions [12–14]. It can also engage in [3 + 2] and [4 + 2] cycloaddition reactions, which
are useful for creating five-membered [15] and six-membered rings [16], respectively. Upon treatment
with halogens, β-nitrostyrenes can form halogenated derivatives [17–19]. In addition, it can be reduced
to form amines, which are key intermediates in the synthesis of many pharmaceuticals [20–22]. Besides,
Recent studies have shown that β-nitrostyrene can undergo Michael addition with diethyl malonate in the
presence of Organocatalysts like bispidines [23].
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Computational chemistry seeks to simulate and understand the properties of molecules and their
reactions. Techniques such as density functional theory (DFT), molecular dynamics (MD), and ab initio
methods allow scientists to explore molecular landscapes beyond the laboratory limitations [24–26].
These methods have been instrumental in predicting reaction outcomes, designing new materials, and
even drug discovery [27]. Moreover, they are proficient in understanding and predicting the behavior of
pollutants and their impact on the environment [28]. They can also be used to design and optimize
catalysts that are crucial for speeding up chemical reactions [29]. Several cases of theoretical and
computational research on beta-nitrostyrene compounds have been conducted. In a study conducted by
Jiang et al., the asymmetric conjugate addition of dimethylmalonate to β-nitrostyrene, facilitated by
cinchona alkaloid QD-4 as an organic catalyst, was examined. The team employed density functional
theory and ab initio methods to explore the reaction’s mechanism and its enantioselectivity [30]. In
another research, Kula and Zawadzińska delved into the regioselectivity of [3 + 2] cycloaddition
reactions, pairing benzonitrile N-oxide with two sets of para-substituted β-nitrostyrene analogues, using
molecular electron density theory. In the mentioned investigation, the B3LYP method and a 6-31G(d)
basis set was utilized for quantum calculations[31]. Furthermore, Gan et al. investigated on the
asymmetric Michael reaction between aldehydes and nitrostyrene, catalyzed by a novel (S)-tertbutyl-
diphenyl-silyl-pyrrolidine catalyst, applying the density functional theory (DFT) at the B3LYP/6-311G**
level [32]. Wang embarked on a computational analysis of the Michael addition reaction of aldehydes to
nitrostyrene in the presence of a proline-derived catalyst in aqueous conditions. Molecular dynamics
(MD) simulations was applied to examine the emulsion structure, focusing on the influence of the
catalyst’s structure [33].

Computational electrochemistry extends all computational chemistry principles to the realm of redox
chemistry, where electron transfer is paramount [34, 35]. By simulating electrochemical cells and
interfaces, researchers can predict redox potentials, study corrosion mechanisms, and design better
batteries and fuel cells [36–38]. Computational electrochemistry specifically deals with the challenges
and phenomena associated with electron transfer processes [39]. β-Nitrostyrene, a molecule of
significant synthetic utility, serves as an ideal candidate for computational electrochemical studies due
to its electroactive nature and structural features that influence electron distribution. The presence of the
nitro group adjacent to the vinyl group significantly alters the molecule’s electron density in nitro vinyl
part, thereby influencing its electrochemical characteristics [40].

The electrochemical reaction between benzaldehyde and β-Nitrostyrene is of particular interest due to
the unique reactivity of these compounds. This article delves into a comprehensive computational study
of radical anions in β-Nitrostyrene and benzaldehyde, two compounds of considerable interest due to
their widespread applications and intriguing chemical properties

While numerous studies have been conducted on these compounds, our research stands out by
providing new and superior information. Through this work and based on the previous experiences of
this group on the DFT study of the reaction mechanisms and chemical processes [41–44], by employing
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advanced simulation techniques we aim to bridge the gap between theory and experiment, providing
valuable predictions that can guide future experimental studies.

2. Computational details
The computational investigation of β-Nitrostyrene was conducted using a multi-tiered approach to
ensure the accuracy and reliability of the results. The initial geometries of the molecules were first pre-
optimized using the B3LYP functional with the 6-31G basis set. This level of theory is widely recognized
for its balance between computational cost and accuracy in predicting molecular structures and
energies [45]. The B3LYP functional, which combines Becke’s three-parameter exchange functional with
the Lee-Yang-Parr correlation functional, is particularly adept at handling systems with extensive π-
conjugation and The 6-31G(d) basis set was chosen for its proven effectiveness in providing a good
representation of the electron distribution within organic molecules while maintaining computational
efficiency [46, 47]. For the next and final geometry optimization and other calculations, the M06-2X
method with the Def2TZVP basis set was employed. The M06-2X functional is a highly parameterized,
range-separated hybrid functional designed for a broad spectrum of applications, including main group
and transition metal chemistry, as well as noncovalent interactions [48]. The Def2TZVP basis set
provides a comprehensive description of the valence electrons, which is crucial for accurate
electrochemical predictions [49].

All calculations were performed using the Gaussian 09W suite of program package [50], which is well-
suited for a wide range of computational chemistry applications. The choice of software ensures that the
computational procedures are robust and the results are reproducible. The resulting data were analyzed
using GaussView 6 software to visualize molecular orbitals, electron density distributions, and to
perform topological analyses of the electron density. These tools facilitated a deeper understanding of
the electronic factors influencing the reactivity of β-Nitrostyrene. Solvent effects were examined
employing PCM model (SCRF keyword) using three different solvents, DMF, methanol and water.

3. Results and discussion

3.1. Describing the possible reaction pathways
Considering the importance of β-nitrostyrene synthesis and the possibility of its electrochemical reaction
with benzaldehyde, the theoretical investigation of this reaction was included in the agenda of this
research. Since the studied reaction is electrochemical, it was assumed that its initiator is an electron
which is taken by β-nitrostyrene from the electrode placed in the electrochemical cell that turns this
compound into a radical anion. By examining different routes, ultimately five main routes, which were
more likely to occur than the others were reached. The aim of this research is to theoretically investigate
the possible electrochemical reactions of β-nitrostyrene. In this regard, all species, intermediates, and
potential products resulting from the radicalization of the starting material, dimerization, and reaction of
β-nitrostyrene with benzaldehyde were examined.
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After drawing the molecules in each path, the optimal structure of each of these species was determined
by calculations. Then, the optimized species were analyzed from several aspects, including energy,
geometric parameters, natural bond orbital (NBO) charges, frontier molecular orbital (HOMO and LUMO)
energy, and molecular orbitals. Also, since in the default mode, the calculations were done in the gas
phase, to simulate a more realistic environment, the calculations were conducted in the presence of
three distinct solvents, utilizing similar computational methods and basis sets. Further information
about these investigations will be discussed in the following sections. For a better understanding, it is
necessary to analyze the reaction mechanism, which showed in Scheme 1. Then, with the help of
calculations, the energy of all components was analyzed to check the possibility of the reaction
occurrence. Since the reaction we studied has several steps, in order to facilitate the work, all
interactions that may occur in each step are investigated thoroughly.

At the beginning of the reaction, the raw material R1 becomes a radical anion by taking an electron from
an electrode in the electrochemical cell. The probability of receiving this electron by one of the two
double-bonded carbons is higher than the other atoms of the molecule. The π bond receives the electron
in the electrochemical cell and turns into β-nitrostyrene radical anion. The radical anion is very active and
has a great tendency to react. As a result, after the production of β-nitrostyrene radical-anion, three paths
(A, B, and C) and five routes (A1, A2, B, C1 and C2) were designed for this process.

In path A which is depicted in Scheme 2, the β-Nitrostyrene radical anion takes another electron, which
leads to the coupling of the single electron of the α carbon. The presence of the nitro electron-
withdrawing group causes the relative stability of the negative charge in the β carbon, but the newly
produced negative charge in the α carbon is very unstable. At this step, the α carbon electron pair attacks
a positive hydrogen that has an empty orbital and forms a bond. This positive hydrogen is probably
provided by adding acid to the electrochemical cell.

The product in this step is the first intermediate that we named it I1. After that, intermediate I1 attacks
the benzaldehyde’s (R2) carbonyl group from β carbon, which has a negative charge, and leads to the
breaking of its double bond, and finally the negative charge is transferred to oxygen. after I1 attacks R2
(benzaldehyde), the resulting specie passes through TSI1-I2 transition state and produces intermediate
I2. The resulting intermediate I2 leads to the production of an epoxide ring by performing an
intramolecular SN2 reaction and after passing through the TSI2-P1 transition state. In other words, the
negatively-charged oxygen attacks the β carbon of I2 by reducing the angle, and causes the Cβ-NO2 bond
to break and throw out the nitro group, and as a result, the ring formation reaction and the production of
the three-membered ring called epoxy is performed. The requirement for such a reaction is to rotate
around the joint bond between β-Nitrostyrene and benzaldehyde so that the NO2 group is in an anti-state

with respect to negative oxygen.

Another possible reaction for intermediate I2 resulting from route A2 is the capture of a proton from
H3O+ that exists in the electrochemical cell (which may be produced from acid added to the analyte and
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absorption of proton by the H2O molecule) by negative charge oxygen and the formation of a hydroxy
group, which results in product P2.

In the next pathway, which is named path B and depicted in Scheme 3, the β-Nitrostyrene radical anion,
which has negative charge electron pairs gets protonated in β carbon, and produces the intermediate I3,
which is a radical compound itself. After that, I3 reacts radically with benzaldehyde. The double bond of
the carbonyl group in benzaldehyde breaks, one of the electrons involved in the bond forms a new bond
with the radical on the α carbon of R1-ra. The other single electron of the broken double bond transfers
on the carbonyl oxygen. This process passes the TSI3-I4 transition state and produces the intermediate
I4. Additionally, hydrogen with a positive charge can be converted into radical hydrogen by taking an
electron. Therefore, the best option for radical oxygen in I4 with lack of electron, is to attach to radical
hydrogen and produces P3.

R1-ra can also undergo a coupling reaction with itself (dimerization), which is normally performed in the
electrochemical reaction of nitrostyrene in the absence of another reactant. Via this route, which named
C1 and shown in Scheme 4, the β-nitrostyrene radical anion reacts with its neutral specie, R1. In this way,
the radical on α carbon of this compound creates a new bond with one of the electrons resulting from
breaking the β-nitrostyrene double bond, and after passing through the transition state of TSR1-I6, it
produces a new radical anion, which is called intermediate I6.

I6 intermediate has a negative charge and a single-electron on two β carbons of two coupled β-
nitrostyrenes. Initially, the carbon radical receives a radical hydrogen from the solution to achieve sp3

hybridization, as shown in scheme 4. The other carbon in I6 has negative charge pair electrons, so it
similarly receives a hydrogen from the H3O+ molecule and turns into the P4 product.

The next route (C2, Scheme 4, down) is similar to the previous route and leads to the same product. The
difference between these paths is in one of the raw materials. If the amount of produced radical anion is
high and these molecules are stable in the environment, the probability of an anion radical reacting with
the same species increases and it dimerize via path C2. The single electrons of these two molecules pair
together and form a new bond, which is the coupling of two R1-ra. This process passes through the
TSR1-I5 transition state and leads to the production of intermediate I5. The produced intermediate has a
negative charge on each of the β carbons of its constituent molecules. According to the mechanism of
the C2 route, taking two protons from H3O+ by negative charge paired electrons in two distinct steps,

leads to the production of P4 product.

3.2. Optimized structures and molecular parameters
For the brief mentioning of the structures, abbreviations were used in this study. Starting materials were
defined as R (reactant), intermediates with I, transition states with TS (Transition State) and products
with P. There are three starting materials R1, R2 and R1-ra, six intermediates I1, I2, I3, I4, I5 and I6, five
transition states TSR1-I1, TSI1-P1, TSI3-I4, TSR1-I6, TSR1-I5, and four products P1, P2، P3 and P4. The
optimized structures of all of these compounds are displayed in Fig. 1. Moreover, the important
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structural parameters of the bonds and angles involved in the reaction (which includes α and β carbon
and NO2) were investigated in all species, which are listed in Table 1. By examining the bond length of α
and β carbons, it was found that the maximum value belongs to P4 and the least value belongs to R1.
The reason for the short length of this bond in β-nitrostyrene is due to sp2 hybridization and creating a
double bond between these two carbons. As we know, the higher the percentage of s orbital in
hybridization, the closer it is to the nucleus, and as a result, the bond length becomes shorter. Another
reason that can be attributed to this bond length is the resonance between the double bond and the
benzene ring.

The reason for the long length of the Cα-Cβ bond can be attributed to the change of hybridization from

sp2 to sp3 and the decrease in the percentage of s. Also, if we pay attention to the structure of this
molecule given in Fig. 1, we will see that nitro groups on both sides of the molecule are placed in front of
the benzene ring, which creates a repulsion between these two parts, and to reduce this repulsion, the
distance between these two is increased, which leads to an increase in the length of bond between α and
β carbon to some extent.

If we consider β-nitrostyrene, which is the starting material of the reaction, as a criterion and compare
the rest of the parameters with respect to the values obtained from this specie, we find that the length of
the Cα-Hα bond is shortened by giving electrons to β-nitrostyrene. In the next step, by giving it a proton, it
has become shorter, from 1.085 to 1.083 Å, and finally it has reached 1.081 Å which is the lowest value
of the desired bond length. The justification that can be given for this is that vinyl radical has a p/sp
orbital and are very similar to carbocations in terms of electron deficiency, so they choose a
hybridization where the percentage of the s orbital has reached zero. Therefore, a single electron is
placed in an unhybridized p orbital. On the other hand, the bonds have sp hybridization, which has a high
percentage of s, so this makes the length of the Cα-Hα bond stronger and shorter.

These values indicate that the Cα-Hα bond length in the transition state between I3-I4 has the same

length as the raw material. Intermediate I3 is formed from the protonation of the β-nitrostyrene radical
anion, and because it is a state between the conversion of I3 to I4, by approaching benzaldehyde to
intermediate I3 and sharing one electron from both reactants, the single electron moves away from I3
and approaches the neutral state of β-nitrostyrene, so the Cα-Hα bond length is not different from R1. The
greatest change in the bond length of α carbon and the hydrogen attached to it is observed in I1 and
TSI1-I2. Intermediate I1 is formed by receiving an electron and a proton by the β-nitrostyrene anion
radical. This electron is paired with a single radical electron and this produced pair of electrons forms a
bond with a proton, and finally the α carbon will have sp3 hybridization. Because the percentage of s
decreases with respect to R1, as a result, the hydrogen moves away from the nucleus and the bond
length becomes longer. Regarding the transition state of TSI1-I2, it should be said that because the β
carbon is involved in this reaction, this interaction does not have much effect on the length of the Cα-Hα

bond.
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According to Table 1, the bond length of Cβ-Hβ in I1 decreased compared toβ-nitrostyrene and P2
showed the most increase in this bond length. As we discussed in the previous section, in radical
species, the hydrogen attached to the carbon next to it has a longer length than normal. In this case,
because the radical is neutralized, the mentioned bond length has reduced. The N-O bond length in β-
nitrostyrene has a value of 1.212Å, according to which TSI2-P1 with a value of 1.190Å has the lowest
bond length among all species. The reason why the length of nitrogen-oxygen bond in these molecules is
shorter than the starting material, can be related to the resonance of this group when the NO2 group is
separating from the molecule.

Looking at the data of the Hα-Cα-Cβ angle we find that the lowest and highest angles correspond to P4

and I3, respectively. In the three-dimensional structure of the P4, the α carbon has sp3 hybridization.
Carbon with sp3 hybridization usually has an angle of 109.5 degrees. If we compare the P4 product with
a simple molecule like methane that has sp3 hybridization, we realize that it has an angle of less than
109.5 degrees. The reason for this can be due to the replacement of bulkier groups than simple hydrogen
around the carbon. In other words, around the α carbon in P4, a β-nitrostyrene molecule, a benzene ring
and a nitro group attached to CH2, are substituted. Also, the mutual placement of two benzene rings
causes steric hindrance and as a result more bending of the mentioned bond, which leads to less angle
of this bond.

Compound I3 is a radical with sp2 α carbon and sp3 β carbon. A simple compound with sp2 hybridization
has an angle of 120 degrees, which is almost acceptable by having a value of 118.7˚and justifying that
one of the groups attached to this carbon is the bulky ring of benzene. However, in the Hα-Cα-Cβ angle, β
carbon plays an important role because the data in Table 1 show that the β carbon in compound I3 has
an angle of 117.2˚, which is much higher than 109.5 degrees. On the other hand, after the radical
hydrogenation of the β-nitrostyrene radical anion, this compound transforms from flat state and
increases compared to the angle of 116.4˚ in R1-ra. The reason for this can be due to the change of β
carbon hybridization from sp2 to sp3 during the hydrogenation reaction.

In the next case, we will analyze the Hβ-Cβ-Cα angle. In this case, the highest angle is 128.4˚, belongs to
R1. Since the bond between carbon α and β is double, this compound is very similar to the double bond
in the ethylene compound. The Hβ-Cβ-Cα angle in the ethene compound is 120.2˚, which differs by about

8 degrees from the same angle in β-nitrostyrene. This difference is related to the groups connected to
the two desired carbons. This means that the steric hindrance created by the benzene and nitro group
has caused this angle change.

The lowest value for Hβ-Cβ-Cα angle with a value of 110.8˚ corresponds to P4. If we pay attention to the
intermediate I6 that was before P4, we will notice that the angle has changed from 121.5˚ in this specie
to 110.8˚ in the desired product. Therefore, by taking one electron and two hydrogens in separate steps,
I6 has changed from a radical anion to a neutral specie, which has been associated with a decrease in
angle. Intermediate I6 initially took an electron to convert radical carbon with p/sp2 hybridization to
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sp3/sp3 hybridization. Because in carbanions, the higher the percentage of s, the closer the orbital is to
the nucleus, and as a result, the more stable the electron is. Now, by taking two hydrogens each by a
carbanion, two neutral sp3 carbons are produced, that with an angle of 110.8˚ is very close to the angle
of methane which is 109.5˚. The difference between these two values is due to the replacement of the
bulky group of nitro with hydrogen.

The next studied angles are the angle between nitrogen and β carbon and hydrogen attached to it, as
well as the O-N-O angle. Because the intermediate I2 reaches the product P1 with the loss of NO2, this
product does not have a nitro group and no data is reported for it.

The highest value for is Hβ-Cβ-N angle with a value of 115.7˚ corresponding to I1 and the lowest with a
value of 92.7˚ corresponding to TSI2-P1. I1 is a carbanion and has a negative charge. According to Fig. 1,
the bond between β carbon and nitrogen is close to the double bond state and therefore has sp2

hybridization. Additionally, since the nitro group has become flat, the alignment of oxygen and α carbon
causes steric hindrance and as a result leads to an increase in the Hβ-Cβ-N angle.

As shown in the TSI2-P1 image in Fig. 1, oxygen attacked the β carbon by performing the SN2 reaction

and caused the NO2 to move away. Due to the location of the two benzene rings, there is a steric
hindrance between these two, and because the nitro group is placed between these two rings, it is
inclined to the outside of the range between the two rings to reduce this tension. Examining the three-
dimensional structure determined that the NO2 group changed the angle in such a way that the Hβ-Cβ-N
angle became smaller.

In the last case, we will discuss about the O-N-O angle. This angle in a free NO2 group is 134˚. The lowest
value of this angle is related to the intermediate I5 at the rate of 118.4˚, which is less than 134˚. The
reason for this observation is due to the presence of electrons on the carbon attached to the nitro group,
which has the ability to resonate with this group. Both free and negative charged NO2 are bended, but
free NO2 has a single electron on nitrogen, while negatively charged NO2 has a pair of non-bonded
electrons that repel the bonded electrons and cause the bonds to approach, ultimately causes reducing
of the angle O-N-O. The highest value of this angle with 130.2 ˚ belongs to the TSI2-P1transition state.
According to the reason described for the reduction of the Hβ-Cβ-N angle, in order to reduce the steric
hindrance effect of the two benzene rings on the nitro group, this group, in addition to tending towards
the side with less tension, it increases the ONO angle, which has caused an incremental change of 6.5
degrees compared to the intermediate I2.

3.3 The energy profiles of the reaction paths in the gas
phase
As we mentioned before, all these molecules were optimized with the M06-2X/Def2TZVP level of theory,
and each of these optimized structures was examined to determine the value of zero-point energy (ZPE),
enthalpy (H), total electronic energy (E) and their Gibbs free energy (G). Considering that each calculation
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method has its own correction coefficient, the correction coefficient value of our studied method was
0.97. Therefore, all of these data were corrected ad used for the relative energies.

In calculating the relative energies, we assume the energy of the starting materials to be zero and
calculate the energy of other species versus it. This energy is a measure of whether a reaction is feasible
or not, which was calculated step by step for each general route. Gibbs free energy can also be obtained
for transition states, that is indicated by the symbol ∆G#. Since the general reaction was divided into
three paths (A, B, and C), the energy of each of them will be explained separately in the next paragraphs.

The gas phase relative Gibbs free energies of all paths, including the path A (which graphically presented
in Scheme 2), are presented in Table 2 and the graphical presentation of these reaction pathways were
depicted in Fig. 2. Via path A, the radical anion with a radical hydrogen produces intermediate I1, with a
relative energy equal to -52.76 kcal/mol, which indicates that this reaction can be carried out
thermodynamically. The amounts of relative energies for the of the next transition state TSI1-I2 and
intermediate are is respectively − 48.22 and − 49.85 kcal/mol, which means the barrier height (ΔG#) of
this step (versus I1) is 4.54 kcal/mol and ΔG for I1 to I2 conversion is + 2.91 kcal/mol. In the
continuation, intermediate I2 converts to P1 via TSI2-P1 and next also convert to P2. Noticeably, because
of the barrier energy of proton transfer steps are normally small, any transition states have not been
considered for these steps. The relative G of TSI2-P1 and P1 are 21.29 and − 49.97 kcal/mol,
respectively, which indicates the non-spontaneous formation of the transition state and then the
thermodynamic favorability of product formation. In other words, if the energy required to pass through
the transition state energy barrier is provided, the formation of the product can be performed without a
problem. It is known that by small heating of the solution, the barrier of about 21 kcal/mol could be
passed. Interestingly, the conversion of I2 to P2 (by only protonation) has ΔG equal to -233.40 kcal/mol
(relative to of reactants). It seems that in the presence of enough proton source (the high acidity of the
reaction media), P2 is more favorable than P1 in high extent an if we need to produce P1, we should
control the pH of the solution.

In path B, the energy increases to 2.71 kcal/mol by converting I1-ra to I3, which show that the radical
anion I1-ra is more stable than its radical form, I3. This number shows that this step is not
thermodynamically favorable. In the next step (conversion of I3 to I4 via TSI3-I4), the TS has relative G
equal to 29.81 kcal/mol and the product has relative G equal to 23.35 kcal/mol. These values show that
by both thermodynamic and kinetic values, this path is less favorable than path A. At the last step of this
path (producing P3 from I4), the relative G of the product is -74.18 kcal/mol. The formation of the
product in this path is very exothermic but the previous intermediate and transition state have the high
energies, which make this path unfavorable.

In path C (dimerization), the coupling of R1-ra with R1 happened along with the formation of the
transition state of TSR1-I6, that its relative Gibbs energy is 21.59 kcal/mol. The production of I6 via this
step is also endothermic with an amount of 18.20 kcal/mol, which is not so high. After that, the
formation of product P4 is done with an energy of -82.13, which is highly exothermic and favorable, more
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than P1 and P3, but less than P2 (this is pH-independent product). In a parallel way, the coupling of two
radical anions leads to the production of I5 via TSR1-I5 with a very high barrier, equal to 77.59 kcal/mol.
Moreover, the production of I5, needs to of 53.04 kcal/mol energy that make this route impossible.

In conclusion, three paths (A, B, and C), 5 routes (A1, A2, B, C1, and C2) and 4 products (P1 to P4, routes
C1 and C2 produce similar product) have been investigated in this part. The first two paths involve with
the reaction of nitrostyrene radical anion with benzaldehyde. Comparing these two paths, path A is
preferred thermodynamically and kinetically (versus path B and producing P3). Comparing the two routs
of path A shows that route A2 and product P2 is more favorable than route A1 and product P1; but
producing P2 needs to a high concentration of proton source. This means that by increasing the pH,
product P1 is preferred and in small pH values, P2 is preferred.

The next path (C), includes the dimerization, which is different form the first two paths. Both routes of
this path lead to the similar product (P4). However, the barrier energy of route C1 is less than C2 and this
route is preferred. This path could be performed in the absence or small concentration of benzaldehyde.
The overall barriers of these five routes (the energy in parentheses refers to the relative G versus
reactants in kcal/mol) are in this order: A2 (-48.22) < A1 (21.29) < C1 (21.59) < B (29.81) < C2 (77.59). The
ΔG for the formation of four products (the energy in parentheses refers to the relative G versus reactants
in kcal/mol) are in this order: P2 (-233.40) < P4 (-82.13) < P3 (-74.18) < P1 (-46.97). Therefore, in the extra
amount of both benzaldehyde and proton, P2 is the major product, in the extra amount of benzaldehyde
and minimum amount of proton, P1 is preferred, and in the small amount of benzaldehyde and proton,
P4 is preferred (only via C1 route). The routes B and C2 have the highest barriers and are unfavorable. So
that, producing P3 is also unfavorable.

3.4 The solvent effects
Since the studied reaction is actually and practically done in the liquid phase, in addition to the previous
calculations that were done in the gas phase by default, all those calculations were also done for three
different solvents. For this purpose, three water, methanol and dimethylformamide were selected as
three common protic and aprotic solvent. These solvents are used in the electrochemical reactions,
more than the other solvents. In addition to being cheap and safe, the reason for choosing water was its
high solubility, adequate polarity, and the ability to form hydrogen bonds. Dimethylformamide is an
aprotic solvent, with a polarity lower than water, but suitable for the electrochemical reactions, with a
high dielectric constant. Also, methanol, an active protic solvent, with a high polarity and high solubility,
which has the ability to increase reaction yield.

After the optimization of all structures, the changes of Gibbs free energy and relative energy for each
part of the reaction for each solvent were extracted, which will be investigated further in following
sections. The relative energies (versus the reactants) of all species in three solvents, comparing with the
gas phase data, and the graphical presentation of these data were shown in Table 3 and Fig. 3.
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Table 1. Important structural parameters involved in the reaction (bond angles are reported in
degrees)

molecule Cα-
Cβ (Å)

Cα-Hα
(Å) 

Cβ-
Hβ (Å)

Avg. N-O
(Å)

Hα-Cα-
Cβ  

Hβ-Cβ-
Cα  

Hβ-Cβ-
N  

O-N-O
 

R1 1.326 1.085 1.077 1.212 116.7 128.4 111.6 125.1

R1-ra 1.377 1.083 1.078 1.258 116.4 124.9 112.4 121.7

I1 1.490 1.095 1.076 1.272 107.9 123.6 115.7 119.6

I2 1.522 1.091 1.088 1.217 105.5 113.8 104.8 123.7

I3 1.483 1.081 1.087 1.207 117.2 113.5 105.2 125.9

I4 1.523 1.091 1.088 1.207 107.8 112.6 105.6 125.8

I5 1.504 1.092 1.078 1.281 105.8 120.1 113.5 118.4

I6 1.461 1.090 1.078 1.248 106.1 121.5 112 121.2

P1 1.508 1.092 1.089 _ 108.7 115.9 _ _

P2 1.518 1.090 1.090 1.207 107.7 111.8 103.6 125.4

P3 1.522 1.092 1.088 1.208 107.9 112.4 105.6 125.6

P4 1.535 1.092 1.087 1.210 103.4 110.8 105.5 125

TSI1-I2 1.502 1.095 1.082 1.238 110.5 119.2 110.7 122

TSI3-I4 1.505 1.085 1.087 1.207 113.1 112.8 105.4 125.9

TSI2-P1 1.511 1.091 1.083 1.190 108.3 118.6 93.7 130.2

TSR1-I6 1.430 1.088 1.080 1.261 107.8 119.9 111.4 121.4

TSR1-I5 1.434 1.086 1.082 1.283 110 118.8 111.6 119.6
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Table 2. Relative Gibbs free energy values (in kcal/mol) for all paths

Path A Path B Path C

R1-ra 0.00 R1-ra 0.00 R1-ra 0.00

I1 -52.76 I3 2.71 TSR1-I6 21.59

TSI1-I2 -48.22 TSI3-I4 29.81 I6 18.20

I2 -49.85 I4 23.35 TSR1-I5 77.59

TSI2-P1 21.29 P3 -74.18 I5 53.04

P1 -46.97 P4 -82.13

P2 -233.40
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Table 3. Relative Gibbs free energy values (kcal/mol) for proposed all paths in three solvents in
comparison with the gas phase values

Path A ∆Gre
 (gas) ∆Gre (DMF) ∆Gre (methanol) ∆Gre (water)

R1-ra 0.00 0.00 0.00 0.00

I1 -52.76 -57.85 -57.82 -57.94

TSI1-I2 -48.22 -42.85 -42.86 -42.80

I2 -49.85 -45.15 -45.15 -45.14

TSI2-P1 21.29 95.60 95.37 96.47

P1 -46.97 -60.23 -60.21 -60.31

P2 -233.40 -112.75 -113.24 -110.93

Path B

I3 2.71 -37.09 -37.57 -35.31

TSI3-I4 29.81 -8.69 -9.17 -6.90

I4 23.35 -14.95 -15.44 -13.16

P3 -74.18 -112.53 -113.01 -110.73

Path C

TSR1-I6 21.59 34.10 34.03 34.35

I6 18.20 31.02 30.95 31.28

P4 -82.13 -118.91 -119.40 -117.07

TSR1-I5 77.59 29.21 29.38 28.57

I5 53.04 -0.82 -0.62 -1.56

P4 -82.13 -118.91 -119.40 -117.07
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Table 4. Energy of HOMO/LUMO orbitals(eV), energy gap(eV), hardness(eV), softness(eV), chemical
potential(eV) and electrophilicity index (1/eV) for all species

HOMO LUMO Eg η S μ ω

R1 -0.314 -0.068 -0.245 0.123 8.149 -0.191 2.24E-03

R2 -0.325 -0.036 -0.289 0.144 6.925 -0.180 2.35E-03

R1-ra -0.031 0.143 -0.174 0.087 11.491 0.056 1.34E-04

I1 -0.005 0.124 -0.129 0.064 15.550 0.059 1.13E-04

I2 -0.111 0.120 -0.232 0.116 8.630 0.004 1.14E-06

I3 -0.251 -0.017 -0.233 0.117 8.569 -0.134 1.05E-03

I4 -0.308 -0.021 -0.288 0.144 6.951 -0.164 1.95E-03

I5 0.015 0.233 -0.218 0.109 9.155 0.124 8.37E-04

I6 -0.090 0.083 -0.173 0.087 11.556 -0.004 6.50E-07

P1 -0.295 0.014 -0.309 0.155 6.471 -0.141 1.53E-03

P2 -0.301 -0.018 -0.283 0.141 7.073 -0.160 1.81E-03

P3 -0.308 -0.018 -0.290 0.145 6.889 -0.163 1.92E-03

P4 -0.311 -0.032 -0.279 0.140 7.163 -0.172 2.06E-03

TSI1-I2 -0.111 0.123 -0.234 0.117 8.546 0.006 1.89E-06

TSI3-I4 -0.299 -0.019 -0.280 0.140 7.138 -0.159 1.77E-03

TSI2-P1 -0.115 0.084 -0.199 0.099 10.071 -0.015 1.17E-05

TSR1-I6 0.049 0.190 -0.141 0.071 14.178 0.120 5.07E-04

TSR1-I5 -0.281 -0.026 -0.255 0.128 7.843 -0.153 1.49E-03

Except for some structure, mostly the solvent data are similar to the gas phase data. By considering the
average values, methanol and then DMF (with small amount difference) showed the most stabilizing
effect (reducing the energies of the intermediates, products and transition states versus the reactants)
and water showed the least stabilizing effect. This order could be related to the dielectric constant of the
solvent. Therefore, by decreasing the dielectric constant of the solvent, its stabilizing effect and
facilitating the reaction is increased averagely.

After that, the production of intermediate I1 from the binding of radical hydrogen to the β-nitrostyrene
radical anion has a value of -52.76 kcal/mol in the gas phase, -57.85 for dimethylformamide, -57.82 for
methanol and − 57.94 for water. All these numbers are negative and thermodynamically favorable.
Among these four states, the reaction in water solvent is slightly more favorable because it is more
negative. The next step, the process of converting I1 to I2, has a transition state TSI1-I2, that its energy
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compared to I1 is -48.22 kcal/mol in the gas phase, -42.85 in the solvent dimethylformamide, -42.86 in
methanol and − 42.80 in water. In the mentioned three solvents, this step is favorable, but in the
methanol, it is a little more favorable than other solvents. After the formation of TSI1-I2, the relative
energy of formed I2 intermediate is -49.85 in the gas phase, -45.15 in dimethylformamide and methanol,
and − 45.14 kcal/mol in water; Therefore, this reaction is carried out more favorable in the gas phase
than in the solvent. The next reaction that leads to the production of product P1 from I2, in the gas
phase, dimethylformamide, methanol and water have the amounts of -46.97, -60.23, -60.21 and − 60.31
kcal/mol, respectively and the TSI2-P1 transition state, which is produced in the meantime, in the gas
phase, dimethylformamide, Methanol and water have values of 21.29, 95.60, 95.37 and 96.47 kcal/mol,
respectively. The formation of the transition state is generally undesirable but more desirable in the gas
phase than in the solvent phase. Conversely, the production of P1 in the A1 pathway is more desirable in
the solvent phase than in the gas phase. Also, among the three studied solvents, water is slightly more
suitable for P1 production. Unlike path A1, the relative energy of the P2 (via route A2) are − 233.40
kcal/mol in the gas phase and is much more favorable than the same reaction in dimethylformamide
with an amount of -112.75 kcal/mol, in methanol with − 113.24 kcal/mol and in water solvent with − 
110.93 kcal/mol. Comparison of the difference of this number in the three solvents shows that this step
is more favorable in methanol solvent than the same reaction in the other two solvents.

In route B, the conversion of the β-nitrostyrene radical anion to I3 occurs first. The related Gibbs free
energy change related to this step in the gas phase is 2.71 kcal/mol and in the three solvents
dimethylformamide, methanol and water are − 37.09, -37.57 and − 35.31 kcal/mol, respectively. As it is
clear, this reaction is unfavorable in the gas phase and highly favorable in all the three solvents (mostly in
the methanol and then in DMF). The energy related to the formation of the transition state suddenly
declines from 29.81 kcal/mol (in the gas phase) to -8.69, -9.17 and − 6.90 kcal/mol in
dimethylformamide, methanol and water, respectively. After that, the formation of I4 takes place, that the
relative energies calculated in the gas phase and all three solvents, dimethylformamide, methanol and
water, with the amounts of -23.35, -14.95, -15.44 and − 13.16 kcal/mol indicates the higher favorability of
this reaction in the solvent phase. The energy values related to the next step which is the conversion of
I4 to P3, in the gas phase is -74.18 kcal/mol and in the three mentioned solvents are − 112.53, -113.01
and − 110.73 kcal/mol, respectively; Therefore, the above data show the greater favorability of all parts
of this path in the solvent phase compared to the gas phase and in methanol among the three solvents.

In route C1 of path C, β-nitrostyrene radical anion reacts with the neutral β-nitrostyrene molecule through
TSR1-I6, that has a relative energy of 21.59 in the gas phase and 34.10, 34.03 and 34.35 in
dimethylformamide, methanol and water respectively. Then, the production of intermediate I6 has an
energy value of 18.20 kcal/mol in the gas phase, 31.02 in the solvent dimethylformamide, 30.95 in
methanol and 31.28 in water. These two steps are thermodynamically unfavorable due to their positive
energies, but they are relatively more favorable in the gas phase than the three solvents so they require
less activation energy compared to the other three states. Finally, the relative energy for the third step, in
the gas phase, dimethylformamide, methanol and water are − 82.13, -118.91, -119.40 and − 117.07
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kcal/mol, respectively. In addition to confirming favorability of this product, it shows the favorability of
this reaction in three solvents is higher than the gas phase.

In route C2 of path C, the energy of transition state TSR1-I5 is 77.59, 29.21, 29.38 and 28.57 kcal/mol in
the gas phase, dimethylformamide, methanol and water. After that, the production of intermediate I5,
occur with relative energy at the rate of 53.04 kcal/mol in the gas phase and in three solvents of
dimethylformamide, methanol and water with the amounts of -0.82, -0.62 and − 1.56 kcal/mol. These
values show that this reaction is thermodynamically favorable in all three solvents, and the energy of this
reaction in water solvent is more negative than other solvents.

By thew brief reviewing thermodynamic data (the relative energies of the products versus the reactants),
P1 is stabilize in all solvents by about 13 kcal/mol and very small differences are observed for different
solvents. P2 is highly destabilize, by about a20 kcal/mol in the solvent; but it still is highly favorable and
the relative energies of P2 in DMF, methanol and water are − 112.75, -113.24, and − 110.93 kcal/mol,
respectively. However, both P3 and P4 are highly stabilize (about 30–40 kcal/mol) in the solvent versus
the gas phase. In all of these products, the stabilizing effect are in this order: methanol > DMF > water.

Kinetic values showed the reverse values. By reviewing the relative energies of the five transition states,
only the TSI3-I4 (transition state of the route B) is stabilized and the other transition states are
destabilized in the solvents. The average destabilizing effect for TSI1-I2 is ~ 6 kcal/mol, for TSI2-p1 is ~ 
74 kcal/mol, for TSR1-I6 is ~ 13 kcal/mol, and for TSR1-I5 is ~ 48 kcal/mol, while TSI3-I4 stabilize in
about 38 kcal/mol in the solvents.

In conclusion, despite the gas phase data, path B and product P3 are a favorable path and product.
Thermodynamically, the average relative G in three solvents for P3 is -112.09 kcal/mol, for P2 is -112.1,
for P4 is -118.46, and for P1 is -60.25. Kinetically, the average relative G in three solvents for the
transition states of P3 is -8.25 kcal/mol, P2 is -42.84, P4 is 34.16 via route C1 and 29.05 via route C2, and
P1 is 95.81. Therefore, because of the high barriers, products P1 and P4 are less favorable. In the excess
concentration of proton, P2 is the most favorable product by both kinetic and thermodynamic data and
the for P low concentration of proton, P3 is the most favorable product. It should be mentioned that in
the absence of benzaldehyde, producing P4 is possible via C2 (the route with the smaller barrier) by
warming to overcome the barrier.

3.5. Population analysis
In order to wealth our information about the chemical and physical properties of studied species,
molecular orbitals, including the Highest Occupied Molecular Orbital (HOMO) and the Lowest
Unoccupied Molecular Orbital (LUMO), shown in Fig. 4, and the energy gap, hardness and softness,
chemical potential, and electrophilicity of them were calculated and listed in Table 4.

After achieving molecular orbital of each compound, we can easily determine HOMO and LUMO and their
energy. After that the five parameters mentioned before, were calculated using Eq. 1–5 respectively.
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(1)

(2)

(3)

(4)

(5)
These concepts are interconnected and can be used to predict and explain the behavior of molecules in
chemical reactions, their stability, and their interactions with other molecules. the HOMO-LUMO gap can
help predict the color of a compound, as the energy of the absorbed energy corresponds to the energy
difference between these orbitals. Similarly, hardness and softness can predict the outcome of acid-
base reactions using the Hard Soft Acid Base (HSAB) principle. Chemical potential and electrophilicity
can be used to understand and predict the course of polar reactions.

Considering the shapes of frontier orbitals (Fig. 4) in r1 (neutral nitrostyrene), the small amount of HOMO
distribution is placed on α and β carbons, while the high density is placed on these atoms at LUMO
orbitals which showed the higher electrophilic properties of these carbons. Next, in r1-ra (radical anion of
nitrostyrene), this reactivity is inversed and the high electron density is placed on these atoms in LUMO is
observed. Therefore, the nucleophiles could easily attack to theses carbons in r1 while in r1-ra, this
carbon should easily attack to benzaldehyde and there is no meaningful difference between α and β
carbons related to this reactivity. In addition, benzaldehyde is known as a good electrophile that could be
clearly observed in its LUMO orbital. The similar observation is visible for i1 and i3, which make them
able to attack to benzaldehyde. Also, the most of electron distribution in the HOMO of i2, i5, and i6 is
observed at α and β carbons.

The reactivity parameters (Table 4), showed large increase in the HOMO energy and the obvious
decrease in the energy gap of r1-ra versus r1, confirming its higher reactivity, especially as nucleophile.
The energy gaps of the product are obviously larger than their relative intermediates and transition state,
confirmed their stabilities. The electrophilicity index of r11-ra is also less than r1 and its chemical

Eg = EHOMO − ELUMO

η =
(ELUMO − EHOMO)

2

S =
1

η

μ =
(ELUMO + EHOMO)

2

ω =
μ2

2η
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potentials are larger. The chemical potentials of the products are also smaller than the other species, in
general.

4. Conclusion
In this study, the electrochemical reaction between β-nitrostyrene and benzaldehyde were investigated
theoretically, in competition with its dimerization, were investigated. In this line, 3 paths, 5 routes and 4
possible products were included to find the best way in the gas phase and three different solvents. Our
findings in the gas phase indicated that the lowest energy barrier corresponds to product P2.
Remarkably, P2 also exhibits the lowest energy among all the products considered. Notably, P2 satisfies
the criteria for both a favorable kinetic product and a favorable thermodynamic product, suggesting its
dual favorability. In the dimethylformamide solvent, the lowest energy barrier pertains to product P3,
emphasizing its kinetic favorability. Interestingly, the P4 product resulting from both pathways shares
identical energy levels, yet the energy barriers associated with each path differ. Consequently, in
dimethylformamide, the thermodynamic product is identified as P4), considering the higher energy
barrier of the C1 path relative to C2. Turning our attention to the methanol solvent, we found that P3
remains the kinetic product due to its minimal energy barrier. Analogously to dimethylformamide, the P4
product emerges as the thermodynamic choice in methanol. Lastly, in the water solvent, the lowest
energy barrier aligns with product P2, suggesting its kinetic favorability. Additionally, the P4(I5) and
P4(I6) products share identical energies, both being the lowest among all products. Consequently, one of
these two paths likely leads to the production of a thermodynamic product. Given the higher energy
barrier associated with P4, it is identified as the thermodynamic product in water.
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Schemes
Schemes are available in the Supplementary Files section.
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Figure 1

M062x/def2tzvp optimized structures of all reactants, intermediates, transition states and products
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Figure 2

Diagram of relative ∆G values for all paths in the gas phase
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Figure 3

Diagram of relative ∆G values for all paths in three solvents: dimethylformamide, methanol, and water,
comparing with the gas phase values
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Figure 4

HOMO and LUMO orbitals of all species
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