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Abstract

This study presents a theoretical investigation of the [3 +2] cycloaddition (32CA) reaction between cyclic nitrone al and
substituted alkene b1. The mechanism, regioselectivity, and stereoselectivity of this 32CA reaction were analyzed using
transition state theory and reactivity indices obtained from conceptual density functional theory (DFT) at the B3LYP/6-
311G(d) level of theory. The results indicate that this cycloaddition reaction proceeds via an asynchronous one-step mecha-
nism, exhibiting a non-polar nature and significant activation energies. These theoretical results are in agreement with the
experimental observations. The study also employs topological analyses such as ESP, RDG-NCI, and ELF to determine
active sites; distinguish hydrogen bonds, van der Waals interactions, and steric repulsive interactions; and predict electron
localization, respectively.
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Introduction

The [3 + 2] cycloaddition (32CA) reaction has been exten-
sively employed in synthesizing five-membered heterocyclic
compounds [1]. Nitrones, a highly reactive group of rea-
gents, readily partake in 32CA with various dipolarophiles,
particularly alkenes, leading to the formation of significant
isoxazolidines in excellent yields (Scheme 1) [2]. These
cycloadducts have drawn significant attention owing to their
potential biological effects. They can serve as precursors of
B-amino alcohols through reductive cleavage of the N-O
bond. Furthermore, they hold promise as crucial building
blocks for synthesizing numerous natural products, includ-
ing B-lactam antibiotics, alkaloids, as well as sugar and
nucleoside analogs [3, 4]. Isoxazolidines possess medicinal
properties such as anticonvulsant, antibacterial, antitubercu-
lar, antibiotic, and antifungal activities [4].

Several recent studies have focused on the synthesis of
isoxazolidine, notably the research carried out by Volkan
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and colleagues [5]. They produced isoxazolidine derivatives
by (32CA) reactions involving a-aryl-N-methyl nitrones and
diethyl maleate. The results reveal that all the compounds
synthesized show significant activity against S. epidermidis,
M. luteus, B. cereus, B. abortus, and C. albicans compared
with standard drugs. Similarly, Bhaskar and Esmita's study
[6] focuses on the creation of novel scaffolds of isoxazoli-
dine derivatives using nitrone derived from dihydrofuran by
(32CA) reactions under solvent-free conditions, with satis-
factory results in both yield and selectivity.

There are many theoretical studies related to the 32CA reac-
tions. Nacereddine and colleagues [7] conducted a theoretical
study utilizing FMO analysis to determine the regioselectiv-
ity of reactions involving a nitrone derivative and substituted
alkenes. The FMO analysis revealed that the substituted alk-
enes can display both electrophilic and nucleophilic behavior,
depending on their specific nature. In another study, Mousa
Soleymani and co-authors [8] conducted a theoretical study
of (32CA) reaction of 5,5-dimethyl-1-pyrroline N-oxide and
2-cyclopentenone using the molecular electron density theory
(MEDT), potential energy surface analysis, transition state
theory, and the reactivity indices for the explained reactiv-
ity, regioselectivity, and stereospecific and electron density
fluxes of the reaction. Furthermore, Ewa et al. [9] executed
a theoretical investigation of the (32CA) reaction involving
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Scheme 1 Synthesis of isoxazolidines by 32CA reaction of nitrones
with alkenes substituted

2-methyl-1-nitroprop-1-ene and (Z)-C-aryl-N-phenylnitro-
nes using the B3LYP/6-31G(d) level of theory and MEDT
approach to study regioselectivity, stereoselectivity, and
molecular mechanisms. The (32CA) processes in this reaction
were identified as polar processes with asynchronous transition
states. In addition, other reactivity descriptors such as Fukui
indices, local softness, and local philicity have been utilized
to predict regioselectivity and elucidate variations in reactivity
for particular reactions [10, 11].

The primary objective of our research was to explore the
theoretical approaches related to the 32CA reaction. Specifi-
cally, our focus was on investigating the reaction between
cyclic nitrone al and substituted alkene b1, which leads to
the formation of isoxazolidine, as depicted in Scheme 2 [12].
The aim of our study is to obtain a better understanding of
the factors influencing the regio- and stereoselectivity in the
32CA reaction, while also examining the specific molecular
mechanism involved in this process.

To achieve this, we utilized FMO analysis, transition
state theory, and reactivity indices obtained from conceptual
density functional theory. On the other hand, we used the
topological analyses such as ESP (electrostatic potential),
RDG-NCI (reduced density gradient—non-covalent interac-
tions), and ELF (electron localization function) to identify
active sites, distinguish between different types of interac-
tions and steric repulsions, and make predictions about the
localization of electrons in the reacting system.

Computational details

In this research, the GAUSSIANO9 software [13] was utilized
for all computations. Geometric optimization of reactants,
products, and transition states employed density functional
theory (DFT) methods at the B3LYP/6-311G(d,p) level [14].
Frequency calculations were performed to characterize the
stationary points and verify that the transition states possessed
a single imaginary frequency, as expected. To confirm the
connectivity between each saddle point and the two associated
minima, intrinsic reaction coordinate (IRC) calculations were
conducted in both the forward and backward directions [15].
These IRC calculations utilized the second-order Gonzalez-
Schlegel integration method [16, 17]. For further analysis of
the electronic structures of the stationary points, natural popu-
lation analysis (NPA) was employed [18]. This comprehen-
sive approach allowed us to obtain valuable insights about the
details of the reaction pathways and the electronic properties
of the involved species.

%\ﬁNO HOH,C. H
...mllN\ + 2 1
/ b1
, !
1a ’ %
2
=
S
cyclization mode 1.3 cyclization mode 2 .3
HOH,C, \H HOH.C
N o Oo—N o 0/\?‘50 o o
~ \ﬁ"“\ =N N =N
Ty sy sty ~
ca, CA, cas o yy

Major product

Scheme 2 Experimental results of the [3+2] cycloaddition reaction between cyclic nitrone (al) and alkene (bl) for synthesis of enantiopure

isoxazolidines
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The influence of toluene as a solvent was taken into
account by fully optimizing the gas-phase structures at com-
putational level B3LYP/6-311G(d,P), using the polarizable
continuum model (PCM) developed by Tomasi and Persico’s
group [19]. Gibbs enthalpies, entropies, and free energies in
toluene were determined via standard statistical thermody-
namics at 110 °C and 1 atm [20].

The global electrophilicity index (w) is determined using
the equation: ® = (p?*/21) [21]. To calculate @, we need to
approximate the chemical hardness (1) and the electronic
chemical potential (i) in terms of the one-electron energies
of the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO), denoted as
ey and g, respectively. The chemical hardness (1) can be
estimated as & g — ey, representing the energy difference
between the LUMO and HOMO orbitals, which gives us a
measure of the system's resistance to electron exchange or
polarization [21]. Similarly, the electronic chemical potential
(1) can be approximated as u = (ey+¢€;)/2, which repre-
sents the average energy of the HOMO and LUMO orbit-
als and provides insights into the system’s ability to donate
or accept electrons [22]. The relative nucleophilicity index
(N) is determined based on the energies of HOMO within
the Kohn—Sham scheme [22]. It can be defined as: N=¢gy
(Nu) — ey (TCE), where TCE (tetracyanoethylene) is chosen
as the reference due to its lowest HOMO energy [21].

Recent research shows the importance of predicting
regioselectivity in cycloaddition reactions by focusing on
the most favorable reactive pathway. This pathway implies
the initial two-center interaction between the most electro-
philic and nucleophilic centers of the reactants. Domingo
and P'erez [23] recently introduced the electrophilic P, * and
nucleophilic P,~ Parr functions [23], which are derived from
changes in spin electron density during the GEDT process
from nucleophile to electrophile. These functions serve as
potent tools for investigating local reactivity. The electro-
philic P," and nucleophilic P,~ Parr functions 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 over the optimized neu-
tral geometries.

The most effective approach to elucidate the reaction
mechanism, particularly during electrophilic and nucleo-
philic attacks, is through the study of electronic surface
behavior. A key aspect of this investigation involves the
identification and confirmation of the transition state
formed. In this study, TS, was characterized using various
methods, including ESP or MEP (molecular electrostatic
potential), reduced density gradient/non-covalent interac-
tion (RDG/NCI), and electron localization function (ELF).
To conduct these topological calculations, the researchers
utilized MultiWfn software [24] in combination with the
VMD program [25].

Results and discussion

In our research, our main objective is to offer a theoretical
basis for the observed regioselectivity and stereoselectiv-
ity of the nitrone (al) and alkene (b1) reaction depicted
in Scheme 2. To accomplish this goal, we utilize various
theoretical approaches, which include determining activation
energies, employing the frontier molecular orbital (FMO)
theory, and the electrophilic P,* and nucleophilic P,~ Parr
functions derived from the changes of spin electron-density.
It’s essential to note that the reaction under study is kineti-
cally controlled, meaning that the final results of the reaction
are governed by the relative activation energies.

Prediction and rationalization of experimental
regioselectivity

To predict and rationalize the experimentally observed regi-
oselectivity of the 32CA reaction between nitrone al and
alkene b1, we used two theoretical approaches:

(a) Activation energy calculations

The interaction between nitrone 1a and alkene b1l
at the 32CA reaction can occur through two regioiso-
meric channels and two stereoisomeric approaches (see
Scheme 2). Consequently, four cycloadducts and the
corresponding four transition states have been identi-
fied and characterized. Table 1 summarizes the relative
energies, relative enthalpies, entropies, and Gibbs free
energies of the transition states and the cycloadducts of
this reaction.

To study the 32CA reaction, we utilize density func-
tional theory (DFT). Our study includes a computa-
tional analysis of the regioselectivity and stereoselec-

Table 1 B3LYP/6-311G (d,p) energies (E, in a.u.), relative energies
(AE, in kcal /mol), relative enthalpies (AH, in kcal/mol), entropies
(AS, in kcal/mol), and Gibbs free energies (AG, in kcal/mol), for the
stationary points involved in the 32CA reaction between nitrone la
and alkene b1 in solvent (toluene)

E(u.a) AE AH AS AG
al —768.742370 -

bl —193.172761 -

TS,  —961.879365  22.44 25.13 4575  42.66
TS, —961.876851  24.02 26.80 4942 4574
TS, —961.875272  25.02 27.89 4995  47.07
TS, —961.871042  27.66 30.76 5173 50.59
CA, —961.941294 —1641 —11.04 —5227 08.98
CA, —961.933182 —1133 —06.18 —5095 1293
CA, —961.939969 —1558 —11.15 —5690 10.64
CA, —961.938786 —14.84 —09.22 —5453 11.67
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tivity in the cycloaddition of nitrone la with alkene
bl. Our primary objective is to calculate the energy
barrier for this reaction. In these computations, the
B3LYP/6-311G (d,p) method is utilized with toluene as
the solvent. Figure 1 displays the transition states cor-
responding to the two cyclization modes, 1.3 and 2.3.
From Table 1, the activation energy of TS, (22.44 kcal/
mol) is lower than that of TS; (25.02 kcal/mol). Simi-
larly, the activation energy for TS, (24.02 kcal/mol) is
lower than the TS, (27.66 kcal/mol) (see Scheme 3).
These results demonstrate that the cyclization mode 1.3
is more kinetically favored than the cyclization mode
2.3. On the other hand, the CA, is the most favorable
kinetically compared with all other products. These val-
ues reflect high regioselectivity and stereoselectivity.
Therefore, the present 32CA reaction favors the forma-
tion of a single stereoisomer produced from approach

1.3 (CA,), in agreement with experimental data. Based
on the information provided in Table 1, we observe that
in this reaction, the cycloadduct CA, (-16.41 kcal/mol)
is thermodynamically more stabilized compared to the
cycloadducts CA, (—11.33 kcal/mol), CA; (—15.58
kcal/mol), and CA, (— 14.84 kcal/mol), respectively.

The values of the relative enthalpies, entropies,
and Gibbs free energies of the TSs and cycloadducts
involved in the reaction of nitrone al with alkene bl
are collected in Table 1.

According to Table 1, a comparison of the relative
activation enthalpies for the four reactive pathways
in the 32CA reaction between nitrone al and alkene
b1 reveals that the most favorable approach mode is
consistently associated with TS; (AH=25.13 kcal
mol~!). The addition of the entropic contribution
to the enthalpy increases the activation Gibbs free

TS3

TS2

TS4

Fig. 1 Transition state structures of 32CA reaction between nitrone al and alkene bl at B3LYP/6-31G* in solvent (toluene), bond order values
in red color
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energy of this reactive channel to 42.66 kcal mol™, as
a consequence of the unfavorable negative activation
entropy, AS = —52.27 kcal mol~! K~!. Moreover, this
32CA reaction shows a slightly endothermic charac-
ter, which accounts for its reversibility, whereas CA,
is favored thermodynamically because it is the more
stable cycloadduct. Consequently, it is expected to
obtain a single isomer (CA,) from this 32CA reaction,
as observed experimentally.

‘When examining the reaction between nitrone al and
alkene b1, the lengths of the newly formed bonds, C1-C3
and C2-0O, for TS, (TS;) are 2.04(2.00) and 2.15(2.17)
A, respectively. Conversely, the lengths of the formed
bonds, C2-C3 and C1-O, for TS, (TS,) are 2.08(2.08) and
2.03(1.95) A, respectively. Analysis of the geometries at
the TS structures given in Fig. 2 shows that the asynchro-
nous bond formation processes for TS,, TS;, and TS, are
greater compared to that of TS,.

The concept of bond order (BO) [26] provides a
valuable tool for conducting a thorough analysis of
the degree of bond formation or breakage through-
out a reaction pathway. This theoretical approach has
proven effective in studying the molecular mechanism
of chemical reactions. The evaluated bond order of
formed bonds C1-C3 and C2-O at transition states are
0.476 and 0.340 for TS, and 0.507 and 0.3337 for TS;.
The evaluated bond order of O-C1 and C2-C3 bonds
that form bonds at transition states are 0.463 and 0.405

Scheme 3 Energy profiles for the competitive reactive pathways associated with the 32CA reaction between nitrone al and alkene bl

and TS;, while the asynchronous process of O-C1 bond
formation is more advanced than the C2-C3 bond for
the TS, and TS,. These results show that this reaction
follows an asynchronous concerted mechanism.

The polarity of the 32CA reaction has been exam-
ined by calculating the global electron density transfer
(GEDT) at the transition states (TSs) using natural popu-
lation analysis (NPA) [18]. The natural atomic charges at

for TS, and 0.49 and 0.452 for TS,, respectively. There-
fore, the asynchronous process of C1-C3 bond forma-
tion is more advanced than the O-C2 bond for the TS,

Fig.2 3D maps of ASD for radical cation of alkene bl with the
nucleophilic P,~ Parr functions and the radical anion of nitrone al
with electrophilic P,* Parr functions
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the TSs were determined based on the residual charge at trophilic Pk* Parr functions for nitrone al is performed
alkene bl. The positive sign of the GEDT signifies that to predict the most favorable two-center electrophile/
the flux of GEDT occurs from alkene b1 towards nitrone nucleophile interaction in this 32CA reaction. This
al. Consequently, alkene bl is identified as a nucleophile, analysis aims to elucidate the regioselectivity observed
while nitrone al acts as an electrophile. The values of experimentally.
GEDT are 0.083e at TS;, 0.075¢ at TS,, 0.077e at TS;, Figure 2 displays three-dimensional (3D) representa-
and 0.083e at TS,. These low values indicating the non- tions of the atomic spin density (ASD) maps for the two
polar nature of this 32CA reaction. systems: the radical cation of alkene b1 and the radical
(b) Analysis based on CDFT reactivity indices anion of nitrone al. Figure 2 also contains the values
Research focused on polar organic reactions has of the nucleophilic Parr functions for alkene b1 and the
demonstrated the importance of studying reactivity electrophilic Parr functions for nitrone al. From Fig. 2,
indices using conceptual density functional theory we can see that in this 32CA reaction, analysis of the
(CDFT) [27]. This study points to the useful contribu- electrophilic Parr functions of the nitrone shows that
tion these indices can make to understanding reactiv- carbon atom C3 (see Scheme 2 for atom numbering)
ity, particularly in polar cycloadditions. Global DFT is the most electrophilic of these molecules, P=0.199.
indices, including electronic chemical potential (p), On the other hand, the nucleophilic Parr functions of
chemical hardness (), electrophilicity (o), and nucleo- alkene bl are mainly concentrated on carbon atom C1
philicity (N), were examined in the ground state of the (P=0.421), leading to the formation of regioisomer
reactants involved in this 32CA reaction. The corre- CA,, in good agreement with experimental results.

sponding values of these indices are shown in Table 2.
The electronic chemical potential of nitrone 1a,  Topological analyses
u= —4.29 eV, is lowest than that of alkene bl,
u= —3.43eV, indicating that along reactions the global ~ (a) Electrostatic potential (ESP) analysis

electron density transfer (GEDT) will flux from the alk- ESP is a potent topological colored map with a
ene b1 to nitrone al, in great agreement with the GEDT variety of active electronic sites in the structural sys-
calculated at the TSs. The electrophilicity and nucleo- tem. The results of this analysis were summarized in
philicity values for nitrone la, with @ at 1.88 eV and N Fig. 3 for TS, of the studied reaction. As the electro-
at 2.38 eV, classify it as a moderate electrophile and a static potential assigned high electronic density in the
moderate nucleophile according to the electrophilicity blue surface regions, this refers to less tightly located
[28] and nucleophilicity [29] scales. Similarly, alkene electrons. Additionally, the electronic density was pos-
bl, with w at 0.88 eV and N at 2.17 €V, is classified as a tulated as high to form as rich electronic regions, so
marginal electrophile and a moderate nucleophile. As a these sites can react with electrophiles (nucleophilic
consequence, based on electrophilicity, alkane b1 rests attack of Ol on C2). This fact may be attributed to
as a nucleophile. However, according to nucleophilic- a significant electron withdrawal effect of methylol
ity, nitrone 1a is identified as a nucleophile, which con- (CH,OH) substituent, leaving a partial positive charge
tradicts the previous results. on the C2 reactive site. Based on the ESP map, the
To predict regioselectivity in cycloaddition reactions, most nucleophilic active sites represented in oxygen
recent research proposes that the most favorable reac- attached to nitrogen in the five-membered ring reactant
tive pathway involves the initial two-center interaction (al). The red regions represent the poor-electronic sites
between the more electrophilic and nucleophilic centers that appeared in other regions over the system.
of the two reactants. Geerlings et al. [27] have pro-  (b) Reduced density gradient/non-covalent interaction
posed electrophilic Pk* and nucleophilic Pk~ Parr func- (RDG-NCI) analysis
tions, derived from spin electron density changes via Some important non covalent interactions were gen-
the GEDT process, as an important tool for the study erated by the aid of RDG technique accompanied with
of local reactivity. As a consequence, an analysis of specified color codes [24]. Figure 4 shows RDG dra-
nucleophilic Pk-Parr functions for alkene b1 and elec- matic color change over the system according to sign

Table 2 Frontier orbitals energies (HOMO /LUMO) and global properties of nitrone (al) and alkene (b1) (values are calculated by eV)

Enomo Erumo I n [ N
al -6.73 —1.84 —-4.29 4.88 1.88 2.38
bl —-6.95 0.084 —-3.43 3.43 0.84 2.17

@ Springer



Structural Chemistry

Fig.3 ESP map for TS, with
colored potential scale
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(A, p index, where the green spikes describe VAW elec-
trostatic interaction and red spike refers to strong repul-
sion interactions. H-bond formation is a current state
support the stability of generated transition state. Some
H-bond character appeared at in the interaction centers.
The presence of a significant repulsion interaction in the
reactive region indicating delocalization of electronic
density emerged from the two reactive parts. This fact
mainly is due to other substituents like non-interactive
O of (al) and CH,OH of bl visualized in Fig. 4a. The
spikes appeared in Fig. 4b based on the type of interac-
tion present in the system is mentioned above.
Electron localization function

Another supported analysis describing the main path
of reaction mechanism is ELF. This type can predict the

electron localized areas on the system surface and then
specify the nature of the bond between atoms. Figure 5
displays two planes (N-C3-C1 and N-O-C2) of 2D sur-
face map for the formed TS,. As the plane is generated
with specifying three successive atoms, the map shows
a significant variation in electron localization density
with a characteristic color code [25] around the studied
3 atoms plane. In Fig. 5a, the electronic density around
the interactive centers, C3 and Cl1, is nearly negligible
as the electronic red color parts distributed away from
the main centers. While in Fig. 5b, the electronic den-
sity less deformed and significantly localized O and
directed to C2. This discussion confirmed the initial
nucleophilic attack step of the partially negative O on
the partially positive C2.
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Fig.4 RDG-NCI map of the studied system, a colored interactive map structure, b RDG spikes-plot, with known interactions color codes
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Fig.5 ELF map of 3-atoms plane for TS,, a N-C3-C1 plane and b N-O-C2 plane

Conclusions

In this work, we have investigated theoretically the regio-
and stereoselectivities of the [3 +2] cycloaddition (32CA)
reaction of nitrone al with the substituted alkene b1. For
the theoretical investigation, we have performed a com-
putational study of the mechanism and the regio- and ste-
reoselectivities of this reaction using DFT methods at the
B3LYP/6-31G(d,p) theoretical level. The principal conclu-
sions that can be deduced from our results are as follows:

®

(ii)

(iif)

(iv)

v)

Our results demonstrate that the 32CA reaction between
nitrone al and the substituted alkene bl exhibit
high regioselectivity and stereoselectivity (specifi-
cally, pathway 1.3). This selectivity leads kinetically
and thermodynamically to the formation of a single
cycloadduct CA |, which is in excellent agreement with
experimental observations.

The examination of global electron density transfer
(GEDT) and bond order of transition states (TSs)
reveals that the 32CA reaction occurs through a non-
polar asynchronous mechanism between nitrone la
and alkene b1. This is due to the nucleophilic nature
of both reagents.

Analysis of the DFT reactivity indices at the ground state
of the reagents involved in this 32CA reaction indicates
that alkene bl is a nucleophile and nitrone al is an elec-
trophile in complete agreement with the calculated global
electron density transfer (GEDT) analysis at TSs.

The analysis of local reactivity indices based on Parr
functions method predicts correctly the regioselectivity
observed experimentally.

ESP, RDG-NCI, and ELF analyses were used to deter-
mine the active sites; distinguish hydrogen bonds, van
der Waals interactions, and steric repulsive interac-
tions; and predict the electron localized areas in the
reacting system.
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