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Abstract: An experimental and theoretical study of the reactivity and mechanism of the noncatalyzed and catalyzed Povarov reaction for the preparation of a 4-ethoxy-2,3,4,4a-tetrahydro2-phenylquinoline as a biological active quinoline derivative has been performed. The optimization
of experimental conditions indicate that the use of a catalyst, namely Lewis acid with an electronreleasing group, creates the best experimental conditions for this kind of reaction. The chemical
structure was characterized by the usual spectroscopic methods. The prepared quinoline derivative
has been also tested in vitro for antibacterial activity, which displays moderate inhibitory activity
against both Escherichia coli and Staphylococcus aureus. The antioxidant activity was investigated
in vitro by evaluating their reaction with 1,1-diphenyl-2-picrylhydrazyl DPPH radical, which reveals
high reactivity. The computational study was performed on the Diels–Alder step of the Povarov
reaction using a B3LYP/6-31G(d,p) level of theory. The conceptual DFT reactivity indices explain
well the reactivity and the meta regioselectivity experimentally observed. Both catalysts enhance the
reactivity of the imine, favoring the formation of the meta regioisomers with a low activation energy,
and they change the mechanism to highly synchronous for the Lewis acid and to stepwise for the
Brønsted acid. The reaction of imine with allyl alcohol does not give any product, which requires
high activation energy.
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1. Introduction
The nitrogenous heterocycles are important biologically active molecules and are considered as scaffolds for discovering new pharmaceutical products [1]. Quinolines and their
derivatives represent an important class of nitrogenous heterocycles, which attract the attention of chemists, because the 1,2,3,4-tetrahydroquinoline structure is located in tremendous
bioactive compounds [2–4]. Indeed, quinoline derivatives have displayed various applications such as anticancer [5], antimycobacterial [6], antimicrobial [7], anticonvulsant [8],
analgesic and anti-inflammatory activity [9], and cardiovascular agent [10]. Today, many
methods have been discovered in order to prepare tetrahydroquinoline derivatives [11,12].
The Diels–Alder (DA) reaction is an important reaction for the synthesis of carbocyclic
and heterocyclic molecules [13]. The aza-Diels–Alder reaction between N-aryl imines and
nucleophilic olefins was widely used for the synthesis of tetrahydroquinoline derivatives
using an appropriate catalyst.Today, a considerable number of different Lewis acids were
engagedas catalysts in an aza-Diels–Alder reaction between N-aryl imines and nucleophilic
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olefins for the goal of preparing new tetrahydroquinoline derivatives [14–16]. Moreover,
the availability of catalysts and their efficiency remains a major problem in aza Diels–Alder
reactions. Among the reactions of aza Diels–Alder, the Povarov reaction [17] is characterized by an inverse electrondemand, and it occurs between substituted aromatic imines
and electron-rich olefins, leading to a rapid formation of tetrahydroquinolines. Among
the used catalysts in this reaction are the protic or Lewis acids, using aromatic imines and
olefins or with multi-component reaction from starting reagents, aniline, aldehyde, and
olefin [18–25].
As part of our ongoing efforts in the field of cycloaddition (CA) reactions with catalysts
for the synthesis of novel polyfunctionalized heterocycles [26–30], herein, we report, for
the first time, an experimental study for the synthesis of a quinoline derivativeviathe
Povarov reaction between imine (generated from benzaldehyde and aniline) and different
substituted ethylenes. Then, the obtained products have undergone a spectral analysis and
an evaluation of their antibacterial and antioxidant biological activities. For the second
time, we report deep computational investigations of the reactivity and selectivity of this
reaction.
2. Results and Discussion
The present study has been divided into two dependent parts. Firstly, we have performed the synthesis of quinoline derivative 5 using a Povarov cycloaddition reaction
between the commercially alkene 1 and the prepared imine 2, without and with different
types of catalysts. Secondly, the selectivity and the mechanism of the experimentally
Povarov reaction were studied computationally using Density Functional Theory (DFT)
methods through different theoretical theorems and models, namely, transition state theory [31] and conceptual DFT (CDFT) reactivity indices [32,33].
2.1. Synthetic Study
2.1.1. Imine
Imines are useful building blocks thathave been widely used for the synthesis of
nitrogenous bioactive heterocyclic materials and are used in industrial and academic
fields [34]. The imines that have an alkyl or aryl group linked to the nitrogen atom are
named Schiff bases [35]. Those are generallyobtained from the condensation reaction
between a primary amine and a carbonyl compound. The name Schiff base is related to
Schiff, who discovered them [36]. These compounds are attractive due to their highly
coordinated behaviors as ligands [37].
The benzylidenebenzenamine (imine 2) was easily obtained using condensation between benzaldehyde and aniline in refluxing ethanol and then in room temperature according to the protocol described in the literature (Scheme S1 in SI) [36].
In ethanol, at the temperature of the refluxing solvent, the reaction with an equimolecular amount of benzaldehyde and aniline, with respect to the substrates, gave 60% yield.
The obtaining of the desired product is confirmed by its melting point, which was
found to be 54 ◦ C, which was similar to the theoretical (from 52 to 54 ◦ C).
2.1.2. Quinoline Derivative
The preparation of the quinoline derivative is based on the condensation between the
imine 2 prepared previously and the commercially available alkene 1 according to the Povarov experimental protocol [17] (Scheme 1). Alternatively, there can be a multi-component
reaction whereaniline, benzaldehyde, and electron-rich alkene (alkene 1) react simultaneously, in which the imine is generated in situand then reacts with alkene 1 [16,18,38,39].
The pilot reaction was carried out with different catalysts using the imine 2 and vinyl ethyl
ether 1 as a promoting system to find the best reaction catalyst, as described in Table 1.In
the case of the Brønsted acid catalyst experiment, the imines are generated in situ from the
condensation reaction between aldehyde and aromatic amines. After that, the generated
imines react directly with electron-rich alkene to produce the meta-regioisomer of quinoline
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5 in a single operation without going through the preparation of imines. After filtration,
the filtrates are concentrated to give almost pure quinoline derivative 5 in moderate to
good yields (see Table 1).

Scheme 1. Synthesis of quinoline derivative 5 via [4+2] cycloaddition between imine 2 and electron-rich ethylene 1.
Table 1. Conditions optimization of the synthesis of quinoline derivative 5.
Entry

Solvent

Catalyst

1
2
3
4

diethylether
diethylether
ethanol
ethanol/acetonitrile

none
AlCl3
HCl
CH3 COOH

Temperature
rt
rt
rt
rt

Time (h)

Yield (%)

48
48
48
48

no reaction
79
60
30

From Table 1, we can notice that except for entry 1 (absence of catalyst), in all other
cases, whether it be the used catalyst, Lewis acid, or Brønsted acid, the Povarov reaction
proceeded successfully to give the meta regioisomer of quinoline derivative 5 as a yellow–
brown oil. In addition, the remarkable notice is that the best yield is obtained with the use
of the AlCl3 catalyst (60%), indicatingthat the Lewis acid catalyst is the best catalyst for this
reaction type. The low yield obtained with the use of acetic acid (30%) may be attributed to
its marginally acidic character, which does not give the necessary catalyst amount for this
reaction.
The reaction between imine 2 and allyl alcohol does not produce any product, despite
we have used different catalysts.
2.2. Biological Activity
In this part, the biological activity of the obtained quinoline derivative, namely the
antioxidant and the antibacterial activity, were evaluated.
2.2.1. Antibacterial Activity
The synthesized quinoline derivative 5 was screened for its antibacterial activity
against six different types of strains of bacteria, including Gram-negative and Grampositive using DMSO solvent and the antibiogram method. The antibiogram analysis
against bacteria was performed according to the method reported in the literature [40]. The
obtained results of antibacterial activity are depicted in Figure 1 and Table 2.

Figure 1. Antibacterial activity versus type of bacteria.
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Table 2. Antibacterial activity of quinoline 5.
Type of Bacteria

Inhibition Diameter (mm)

Listeria innocua CLIP 74915
Pseudomonas aerugenosae ATCC 2592
Bacillus subtilis ATCC 26023
Staphylococcus aureus ATCC 29213
Escherichiacoli ATCC 25922
Salmonella arizonae CIP 81-3

7.5
13
-

Through the obtained results, we can conclude that the prepared quinoline derivative
5 has a moderate antibacterial activity against Staphylococcus aureus and Escherichia coli.
2.2.2. Antioxidant Activity
In this part, we turned our attention to the antioxidant activity of quinoline derivative
5. Antioxidants are important compounds that arewidely known for their high reactivity
against free radicals causing various diseases, namely, cancer, hyperuricemia, cell aging,
and cardiovascular problems [41]. In order to estimate the antioxidant activity of the
prepared quinoline (5) in vitro, the commercially available 1,1-diphenyl-2-picrylhydrazyl
radical (DPPH·) was engaged in reaction with the meta regioisomer of quinoline 5. This
type of analysis was widely used in the case of compounds with SH-, NH-, and OH
groups [42]. The mechanism of this reaction is depicted in Scheme 2. The DPPH radical
scavenging activity of quinoline 5 was estimated according to changes of DPPH color after
10 min incubation in the dark and at room temperature [43].

Scheme 2. Reaction between DPPH and quinoline derivative 5.

According to the results, in which the color changes from violet (color attributed to
the DPPH radical) to yellow, compound 5 has reacted with DPPH, indicatingthat ithas a
significant inhibitory effect against the DPPH radical.
2.3. Computational Study
2.3.1. Methods and Models
The computations were performed using Gaussian 09 suite software [44]. The structures associated with the studied Povarov reactions have been optimized using the B3LYP
functional together with the 6-31G(d,p) basis set [45–47]. The optimized structures have
been subjected to a frequency calculation to confirm obtaining a minimum or a transition
state (TS), in which the TS is characterized by one imaginary frequency. The natural bond
orbital (NBO) method was used to analyze the electronic structures of the TSs [48]. The
µ2

global electrophilicity index ω [49] can be calculated using the following equation, ω = 2η ,
in which µ is the electronic chemical potential and η is the chemical hardness. Those are
calculated using the energies of the frontier molecular orbitals, Highest Occupied Molecular
Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO), εH and εL , through
the following equations: µ ≈ (ε H + ε L )/2 and η ≈ (ε L − ε H ), respectively [50]. The nucleophilicity index, [51] N, which is calculated basing on the HOMO energies obtained
within the Kohn–Sham scheme [52], is given as N =εHOMO (Nu) − εHOMO(TCE) , where tetracyanoethylene (TCE) was taken as a reference because it has the lowest HOMO energy in a
vast series of molecules that has been studied in polar organic reactions. The electrophilic
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Pk+ and nucleophilic Pk− Parr functions [53] were obtained through the analysis of the
Mulliken atomic spin densities (ASD) of the corresponding radical anion and radical cation
by single-point energy calculations through the optimized gas phase neutral geometries.
2.3.2. Analysis of Reactivity Indices Derived from Conceptual DFT
Global Indices
The calculated Global Electron Density Transfer (GEDT) values at the transition
states [54] were used to analyze the polarity of the studied reaction through the electron
density transfer from the nucleophile fragment toward the electrophile fragment, in which
the non-polar reaction is characterized by a low value of the GEDT. A tremendous number
of studies can be found in the literature, indicating the relationship between the nature of
the reactants and the polar character of the reactions [55–59]. Thus, the reactivity of the
reagents as well as the feasibility of the reaction can be studied through these indices [33,60].
The global reactivity indices of alkene 1, imine 2, imine:H+ complex 3 and imine: AlCl3
complex 4 are calculated and given in Table 3, while that of allyl alcohol is given in Table S1
in the Supplementary Material.
Table 3. Global conceptual DFT (CDFT) reactivity properties calculated, in eV, of Alkene 1, imines 2,
3, and 4.

Alkene 1
Imine 2
Imine 3
Imine 4

HOMO

LUMO

µ

η

ω

N

−5.89
−5.91
−10.30
−7.15

1.07
−1.57
−6.73
−2.90

−2.41
−3.74
−8.52
−5.03

6.95
4.34
3.57
4.25

0.42
1.61
10.16
2.97

3.23
3.21
−1.18
1.97

The electronic chemical potential of alkene 1, µ = −2.41 eV is higher than that of imine
2 and its complexes forms, imines 3 and 4. Thereby, during these reactions, the GEDT
will take place from alkene 1 toward imines 2, 3, and 4, in accordance with the calculated
GEDT values. On the other hand, the electrophilicity and nucleophilicity indices of alkene
1 are ω= 0.42 and N = 3.23 eV, indicating that it is a marginal electrophile and a strong
nucleophile based on the electrophilicity [61] and nucleophilicity scales [62]. Otherwise,
the electrophilicity and nucleophilicity indices of imine 2 are ω= 1.61 and N =3.21 eV.
Thereby, alkene 1 and imine 2 poss the same reactivity behaviors, accounting that the
reaction between them requires high activation energy, which is in accordance with what
has been seen experimentally.For the case with the addition of a catalyst, both catalysts
prove to enhance dramatically the electrophilicity power and decrease the nucleophilicity
of the imine, especially Brønsted acid. Therefore, in all cases, alkene 1 will react as a strong
nucleophile, whereas imine 2 will react as a marginal electrophile, and imines 3 and 4 will
react as strong electrophiles. Consequently, with uses of acid catalysts, especially Brønsted
acid, these cycloaddition reactions present relatively low activation energy and high values
of GEDT (see later).
For the allyl alcohol, it does not have a strong nucleophilic character (N = 2.44 eV),
which is less than that of imine 2; that may be due to the absence of an electron realizing
group such as the case of vinyl ethyl ether (alkene 1).
Local Indices
Figure 2 illustrates the three-dimensional atomic spin densities (ASD) of the radical
cation alkene 1+ , while the radical anions imines 2− , 3− , and 4− , as well as the values of
nucleophilic Parr functions local indices of alkene 1 and the electrophilic Parr functions
local indices of imines 2, 3, and 4, and for that of allyl alcohol, are given in Figure S1 in
Supplementary Material. From Figure 1, the higher electrophilic Parr function local index of
all imines is concentrated at the carbon atom C4 of imines 2, 3, and 4 (for atom numbering,
see Scheme 4), with a value of Pk+ = 0.270, 0.484, and 0.542, respectively. In contrast, for
the nucleophilic Pk− Parr function local indices of alkene 1, we can clearly see at the C5=C6
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reactive region that C5 has the higher value of local indices (Pk− = 0.57), which reveals that it
is the most nucleophilic center in this nucleophilic reagent. In polar reactions, the favorable
interaction between reactive centers will occur between the most electrophilic center of the
electrophile and the most nucleophilic center of the nucleophile [63]. Therefore, the studied
cycloaddition reaction step will form only the meta regioisomers, which is inaccordance
with experimental findings (see above) and the analysis of energy profiles (see later).

Figure 2. Maps of the atomic spin densities (ASD) of the radical anions of imines 2, 3, and 4 with the radical cations of
alkene 1 with isovalue = 0.008 together with the nucleophilic and electrophilic indices.

2.3.3. Energetic Aspects
The transition state theory [31] is the only method that enables us to study the regioselectivity (ortho/meta) together with the stereoselectivity (endo/exo), where, based on
the comparison between the activation energy of the possible transition states, we can
identify the kinetic product, that is the compound thatformed in high speed(the product
has the lowest activation energy). On the other hand, based on the energy values of the
products, we can determine the nature of the reaction (reversible or irreversible). Moreover,
the comparison between the energy of the products enables us to know the most stable
compound, i.e., the thermodynamic product.
Non-Catalyzed Reaction
The intrinsic reaction coordinates (IRC) paths indicated that the non-catalyzed Povarov reaction of imine 2 with alkene 1 takes place through a one-step mechanism, and
because alkene 1 and imine 2 have asymmetric structures, the reaction between them
could take place along four possible reactive pathways, which are two reagioisomeric
reactive channels, namely, ortho and meta, in two stereoisomeric approaches, endo and exo
(see Scheme 3). Accordingly, for this CA reaction, we have located and characterized the
reagents, four TSs, and the corresponding four cycloadducts (CAs). The relative energies
of the stationery points of the non-catalyzed Povarov reaction between alkene 1 and imine
2 in gas phase are given in Scheme 3, while the total ones are collected in Table S1 in the
Supplementary Material.
From an analysis of activation energies, we can notice that the meta-regioisomers is
more kinetically favored than the ortho ones by about 6.60 kcalmol−1 , in which the metaexo approach is slightly more favored than the meta-endo one by 0.94 kcalmol−1 .On the
other hand, all cycloadducts are less stable than the separated reagents, alkene 1 and imine
2. Therefore, those pathways are unfavorable both kinetically and thermodynamically,
explaining there being no observed reaction in the experimental part.
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Scheme 3. The pathways involved in the Povarov reaction of alkene 1 with imine 2 together with the values of relative
energies.

The optimized geometries of the TSs associated with the non-catalyzed Povarov
reaction between alkene 1 and imine 2 are given in Figure 3. At the meta TSs, the distances
C1 . . . C6, and C4 . . . C5 single new forming bonds are 1.80 and 2.64 Å at TS1mx and
1.85 and 2.53 Å at TS1mn, respectively, while at the ortho TSs, the distances between C1
. . . C5 and C4 . . . C6 of the corresponding new single bonds are 2.39 and 1.94 Å at TS1ox
and 2.16 and 2.11 Å at TS1on. Therefore, except for the formation of TS1ox that is slightly
synchronous, the new C–C single bonds at the other TSs take place through relatively
asynchronous bond formation processes, in which the formation of the C1–C6 single bond
is more advanced than the C4–C5 one at the meta TSs, while for TS1-ox, the formation of
the C1–C5 single bond is more advanced than the C4–C6 one.

Figure 3. Optimized structures of the transition state (TSs) associated with the reaction between imine 2 and alkene 1,
together with lengths of the new forming bonds.
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The electronic nature of the non-catalyzed Povarov reaction of alkene 1 with imine 2
was evaluated by calculating the value of GEDT [54] at all transition states. The values of
the GEDT computed at the alkene 1 moiety of the TSs are 0.13e at TS1-mn, 0.12e at TS1-mx,
0.05e at TS1-on, and 0.06e at TS1-ox. These low values indicate that the non-catalyzed
Povarov reaction of alkene 1 with imine 2 has a low polar character, which is in agreement
with the analysis of the global reactivity indices and with the obtained high activation
energy for this reaction.
AlCl3 Catalyzed Reaction
Coordination of the nitrogen atom (C=N) of imine 2 with an AlCl3 catalyst forms
complex imine 3, which notably increases its electrophilicity and enhances its reactivity
toward electron-rich alkene such as alkene 2 (see above in Section 2.3.2). Analysis of the IRC
paths of the AlCl3 catalyzed CA reactions of the imine 3 complex with alkene 1 indicates
that this CA reaction takes place through a one-step mechanism. Thereby, always, this CA
reaction can follow four reactive pathways; therefore, we will study four possible CAs with
four corresponding TSs (Scheme 4). The structure of the corresponding transition states
for this reaction as well as the lengths of the new forming bonds are shown in Figure 4.
The relative energies of the reactants, CAs, and TSs of the AlCl3 catalyzed cycloaddition
reaction between the imine 3 complex and alkene 1 were calculated and then given in
Scheme 5, while the total ones are collected in Table S2 in Supplementary Material.

Scheme 4. The pathways involved in the Povarov reaction of alkene 1 with AlCl3 :imine complex 3, together with the values
of the relative energies (in kcal/mol).

Through the results recorded in Scheme 4, we notice that the CA meta-endo is the
kinetic preferred path (Ea = 14.39 kcal/mol). In addition, this approach is more stable than
the meta-endo one by 16.09 kcal/mol, which indicates that this reaction leads to the formation of meta regioisomers, which is in agreement with the CDFT local reactivity indices
analysis. We also note that this reaction requires small activation energy in comparison
with the non-catalyzed reaction, meaning that the Lewis acid catalyst activates the reaction
despite any further activation by heating or light rays, and this explains the occurrence of
the reaction experimentally unlike the previous reaction without a catalyst.
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Figure 4. Optimized structures of the TSs associated with the catalyzed reaction between imine:AlCl3
complex 3 and alkene 1, together with lengths of the new forming bonds.

From Figure 4 and by a comparison between the lengths of the new formed bonds
at the TSs, we remarked that all the reactive pathways proceed via an asynchronous
mechanism with the C−C bond in which the non-substituted carbon of alkene 1 is slightly
more advanced than the other C−C one. In addition, the preferred reactive pathways
TS2-mx and TS2-mn are more asynchronous than the ortho ones. This indicates that the
LA catalyst changes the mechanism nature of these processes. Indeed, it become highly
asynchronous, since the difference between the lengths of the new forming bonds is 1.06
and 0.94Å for TS2mn and TS2mx, respectively.
The values of GEDT, which its flux takes place from alkene 1 to the electrophilically
activated AlCl3 :imine complex 3, are 0.419e (TS2mx), 0.458e (TS2mn), 0.238e (TS2ox), and
0.259e (TS2on). The GEDT found in these TSs accounts for the polar character of this LA
catalyzed CA reaction. Therefore, the LA catalyst increases the polar character of these CA
reactions, explaining the decrease of the activation energies of these processes [64].
H+ Catalyzed Reaction
In this reaction, also, the two reactants follow four possible reactive pathways; in
addition, the IRC paths of the H+ catalyzed CA reactions of H+ : imine complex 4 with
alkene 1 indicates that this CA reaction takes place through a stepwise mechanism [65,66].
Therefore, for each reactive path, we studied one possible CA with two transition states
and one intermediate (see Scheme 5). The structure of the transition states corresponding
to this CA reaction as well as the lengths of the new bonds are shown in Figure 5. The total
energies have been collected in Table S3 in Supplementary Material, and relative ones are
inserted in Scheme 5. The gas phase energy profiles of all possible reactive paths are given
in Figure 6.
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Scheme 5. The pathways involved in the Povarov reaction of alkene 1 with H+ :imine complex 4 together with the relative
energies (in kcal/mol), red refers to the reagents and blue refers to the molecular complex.

We can notice that by considering the sum of the reagent energies as a reference, the
activation energies of all competitive pathways are negative (red values in Scheme 5), and
if we consider the formation of a molecular complex (MC) in the first stage of the reaction
as a reference, these activation energies become positive (blue values in Scheme 5). Firstly,
by a comparison between the activation energies of the first and the second steps, we can
notice that the first step is the rate-determining step for the meta regioisomeric reactive
paths. Secondly, from a comparison between the activation energies of the first step of this
cycloaddition, we notice that the meta regioisomeric pathways are more favored than the
ortho ones by around 4 kcal/mol, which accounts for a complete regioselectivity of these
pathways. Therefore, the Brønsted catalysed reaction between imine:H+ complex 4 and
alkene 1 leading to the formation of the corresponding meta regioisomers is in agreement
with local reactivity indices analysis and experimental finding. On the other hand, we can
notice that the obtained cycloadducts are less stable than the corresponding intermediates,
which accounts for the reversibility of this cycloaddition, which explain well the obtained
moderate yield.
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alkene 1, together with lengths of the new forming bonds.
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Figure 6. Energy profiles for the Brønsted catalyzed reaction between imine:H+ complex 4 and alkene 1.

By a comparison between the activation energy of the more favored approach of
the first step TS3-1mn (17.19 kcal/mol) and that with the use of AlCl3 catalysis, TS2-mn
(14.39 kcal/mol), we conclude that the AlCl3 is the best catalyst of this reaction type, which
is in agreement with experimental data.
3. Conclusions
In this work, we have performed an experimental as well as a theoretical investigation
of the role of the catalyst in the Povarov cycloaddition reaction of imine(derived from
benzaldehyde and aniline) with different substituted alkenes.
In the experimental part, we have synthesized a quinoline derivative 5 using the
Povarov method between an imine and substituted alkenes, in the absence and in the
presence of a catalyst through two methods.
In the first method, we prepared the meta regioisomer of quinoline 5 with a good
yield from the previously prepared imine (from aniline with benzaldehyde) and its reaction
with alkene (methyl-vinyl-ether) in the presence of a Lewis acid catalyst and obtained a
high yield, while this reaction did not occur with the use of allyl alcohol as alkene.
In the second method, we used a multi-component reaction between aniline, benzaldehyde, and alkene 1 at the same time, in the presence of a Brønsted acid catalyst, namely
acetic acid or hydrochloric acid, leading to the meta regioisomer of quinoline derivative 5
with a moderate yield. The quinoline derivative 5 which has been obtained by both methods has the same physicochemical properties, in which its structure has been confirmed by
the usual spectroscopic methods. This reaction does not take place when the catalyst is not
added or if allyl alcohol is used as alkene. The biological activity of the prepared quinoline
derivative 5 has been evaluated against six types of bacteria, in which the obtained results
reveal that this product hasin vitroantibacterial activity against both Escherichia coli and
Staphylococcus aureus. This product has been also used for possible antioxidant activity,
which indicates a high reactivity with the DPPH radical.
In the theoretical part, we performed a computational study of the mechanism and
the selectivity of the cycloaddition step in the Povarov reaction between imine 2 and vinyl
ethyl ether or allyl alcohol using DFT methods at the B3LYP/6-31G(d,p) theoretical level.
The main conclusions that can be extracted from our results are the following:
Analysis of the CDFT reactivity indices at the ground state of the reagents involved in
these cycloaddition reactions indicates that imine 2 is a moderate electrophile. Coordination
of Lewis or Brønsted acid to the imine 2 increases its electrophilicity, leading to enhancing
its reactivity toward electron-rich alkenes such as alkene 1. The ethyl vinyl ether reacts as a
strong nucleophile, whereas alkene allyl alcohol reacts as a marginal nucleophile, which
needs high activation energy to react with imines.
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The analysis of local reactivity indices based on the Parr functions method predicts
correctly the meta regioselectivity observed experimentally.
The cycloaddition step between imine 2 and alkene 1 in the absence of a catalyst
proceedsviaa relatively asynchronous non-polar mechanism leading to the formation of
meta regioisomers by high activation energies.
In the presence of a Lewis acid such as AlCl3 , the activation energies decrease dramatically, justifying the high obtained experimental yield. This cycloaddition step favors the
formation of meta regioisomers through a highly asynchronous polar mechanism.
In the presence of Brønsted acid, the obtained activation energies are lower than that
without catalyst and higher than that obtained with the used Lewis acid catalyst, justifying
the obtained moderate yield. This cycloaddition reaction proceeds through a stepwise
mechanism in which the first step is the rate-determining step, favoring the formation of
meta regioisomers. The obtained results reveal that this reaction is a reversible process
justifying the moderate and low yield obtained experimentally.
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