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Abstract: The regiochemistry of [3+2] cycloaddition (32CA) processes between benzonitrile N-oxide 1
and β-phosphorylated analogues of nitroethenes 2a–c has been studied using the Density Functional
Theory (DFT) at the M062X/6-31+G(d) theory level. The obtained results of reactivity indices
show that benzonitrile N-oxide 1 can be classified both as a moderate electrophile and moderate
nucleophile, while β-phosphorylated analogues of nitroethenes 2a–c can be classified as strong
electrophiles and marginal nucleophiles. Moreover, the analysis of CDFT shows that for [3+2]
cycloadditions with the participation of β-phosphorylatednitroethene 2a and β-phosphorylated
α-cyanonitroethene 2b, the more favored reaction path forms 4-nitro-substituted ∆2-isoxazolines
3a–b, while for a reaction with β-phosphorylated β-cyanonitroethene 2c, the more favored path
forms 5-nitro-substituted ∆2-isoxazoline 4c. This is due to the presence of a cyano group in the alkene.
The CDFT study correlates well with the analysis of the kinetic description of the considered reaction
channels. Moreover, DFT calculations have proven the clearly polar nature of all analyzed [3+2]
cycloaddition reactions according to the polar one-step mechanism.

Keywords: benzonitrile N-oxide; β-phosphorylated nitroethenes; [3+2] cycloaddition reaction; re-
gioselectivity; Density Functional Theory

1. Introduction

The [3+2] cycloadditions (32CA) are all-purpose strategiesto the regio- and stereos-
elective synthesis of five-membered heterocyclic molecular systems [1–4]. These types
of reactions generally proceed under mild conditions, without the presence of catalysts,
giving high yields of target compounds [2–4]. Furthermore, 32CA are realized with “full
atomic economy.” It is particularly important for the green chemistry aspect [5]. Due to the
listed advantages, 32CA are increasingly used by experimental chemists, mainly because of
the possibility for using heterocyclic compounds in pharmacology [3,6,7]. The application
of 32CA for synthesis has also increased interest among researchers in the theoretical
sciences. Research of 32CA via the quantum-chemical calculations enables not only the
design of appropriate reaction conditions, but also gives information on the selectivity of
these processes [8,9].

As one of the many three atoms components (TACs) used in [3+2] cycloadditions,
nitrile N-oxides have a wide application [10]. Reactions between nitrile N-oxides and
alkenes obtain ∆2-isoxazolines, which are widely spread out as biological and pharmaco-
logical substances. They exhibit, for example, an antibacterial [11] and an antiviral [12]
effect; therefore, they can be used in medicine as anti-inflammatory [13,14] and analgesic
drugs [15]. The most popular medicines containing isoxazolines rings in their structures
are Zonisamid and Risperidone [16]. They can also be successfully used as antipsychotic
therapy drugs for the treatment of schizophrenia, bipolar disorder and irritability associ-
ated with autism [17]. Industrially, isoxazolines can also be successfully applied as dyes,
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agrochemical substances, electrical insulating oils and high temperature lubricants [18].
Moreover, isoxazolines are extremely valuable in organic synthesis. They can be valuable
precursors for the synthesis of many versatile compounds, such as α,β-unsaturated ketones,
β-hydroxyketones, nitriles, oximes and also β-amino acids and they are also substrates to
obtain azaheterocycles [19–21].

In the present paper, we carried out theoretical experiments exploring the possibility of
the synthesis of isoxazolines functionalized by a nitro and phosphate group. The possibility
of attaching both of these groups in a one-step process provides the 32CA reactions between
nitrile N-oxide and phosphorylated analogues of nitroethene. The presence in the molecular
structures of nitro and phosphonate groups significantly increases the application spectrum
of these compounds and also their further modification, which could be obtained in such
reactions as: cycloaddition via Nef reaction [22], the Mukuiyama reaction [23] or the Henry
reaction [22]. Moreover, the presence of a nitro group in the compound has the ability to
stimulate biological properties of the molecule [24]. The phosphorus atom and phosphate
group play a main role in the biochemistry of living, not only because 9% of nucleic acids
consist of phosphorus, but also because they appeared to have a great impact on the
enzyme activity. For instance, thanks to certain phosphate groups, proteins can carry out
particular processes in cells [25,26].

We decided to use a benzonitrile N-oxide 1 as the model TAC. This TAC has been a very
popular component in 32CAs, both in experimental research [27,28] and for theoretical
research [29,30]. As a dipolarophile, we selected β-phosphoryl nitroethene 2a and its
corresponding α- and β-cyano analogues 2b and 2c. The cyano group in 2a allows research
into the effect of the electron-withdrawing characteristics of conjugated nitroalkenes and
its influence on the activation of nitrovinyl moiety. For these defined addends, the [3+2]
cycloaddition may theoretically proceed via two competitive channels, giving 4- and
5-nitro-substituted ∆2-isoxazolines (3a–c and 4a–c) (see Scheme 1).

Scheme 1. Theoretically possible reaction paths of [3+2] cycloaddition between benzonitrile N-oxide
1 and β-phosphorylated analogues of nitroethenes 2a–c.

It should be underlined that the molecular mechanism of the presented reaction
cannot be defined a priori. For 32CAs, several more mechanisms are possible, e.g., non-
polar mechanisms, including synchronous mechanisms, a biradical one-step mechanism
and a stepwise biradical mechanism [31], as well as polar mechanisms, including syn-
chronous mechanisms, a one-step-two-stage mechanism or a stepwise zwitterionic mech-
anism [32,33]. It is impossible to predict the relevant mechanism a priori without any
data, which are obtained in the practice. We hope that our study will provide a better
understanding of intermolecular interactions of addends and the probable selectivity and
the mechanism created by these heterocyclic organic compounds, especially for synthetic
chemists.
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2. Computational Details

All calculations associated with the [3+2] cycloaddition were performed using the
GAUSSIAN 09 package [34] in the Prometheus computer cluster of the CYFRONET re-
gional computer center in Cracow. All stationary points were optimized using the M062X
functional [35], together with the 6-31+G(d) basis set. This theory level has been commonly
used for the mechanistic research aspects of 32CA reactions [8,36–39].

The optimizations of stationary points were carried out using vibrational analysis.
For the structure optimization of the molecules, the Berny algorithm [40,41] was used.
It was found that starting molecules as well as products had positive Hessian matrices.
The transition states showed only one negative eigenvalue in their diagonalized Hessian
matrices, and their associated eigenvectors were confirmed to correspond to the motion
along the reaction coordinate under consideration. For all optimized transition states,
intrinsic reaction coordinate (IRC) [42] calculations have been performed to verify if the
located TSs are associated with the corresponding minimum stationary points connected
to substrates and products.

Calculations of all critical structures were performed for a temperature T = 298 K
and pressure p = 1 atm. The solvent effects were simulated using a relatively simple
self-consistent reaction field (SCRF) [43,44] based on the polarizable continuum model
(PCM) [45].

The global electron density transfer (GEDT) [46] values were designated based on the
formula: GEDT = + ΣqA, where qA is the net Mulliken charge, and the sum is performed
over all the atoms of benzonitrile N-oxide 1.

In turn, the σ-bond development (l) indices were designated based on the formula [47]:

lX−Y = 1 −
r TS

X−Y − r P
X−Y

r P
X−Y

where rTS
X−Y is the distance between the reaction centers X and Y in the structure of

transition state and rP
X−Y is the same distance in the corresponding product.

Global electronic properties of used addends were estimated based on the equations
defined on the basis of conceptual Density Functional Theory (CDFT) based on the equa-
tions recommended by Parr [48] and Domingo [49,50]. The calculation used the functional
B3LYP on the basis set 6-31G(d) in the gas phase [49–51].

The electronic chemical potentials (µ) and chemical hardness (η) were evaluated in
terms of one-electron energies of FMO (EHOMO and ELUMO) using the following equa-
tions [49,52]:

µ ≈ EHOMO + ELUMO

2
η ≈ EHOMO − ELUMO

where EHOMO and ELUMO can be defined as terms of the one-electron energies of the
frontier Mos, respectively HOMO and LUMO. The obtained values of µ and ηwere next
used to approach a global electrophilicityω based on the formula [48,49]:

ω =
µ2

η

In turn, the global nucleophilicity N can be expressed as [50]:

N = EHOMO − EHOMO (TCE)

where EHOMO (TCE) is HOMO energy for tetracyanoethylene (TCE) is the reference value
because it presents the lowest HOMO (EHOMO (TCE) = −9.368 eV).

The local electrophilicity (ωk) and the local nucleophilicity (Nk) focused on atom k
was designated based on global properties and using the Parr function (Pk

+ or Pk−), based
on the formulas [53]:

ωk = P+
k ·ω Nk = P−

k ·N
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3. Results and Discussion

Our theoretical study was divided into three parts: (i) firstly, the analysis of the
electronic properties of addends and their intermolecular interactions according to Con-
ceptual Density Functional Theory (CDFT) reactivity indices was carried out; (ii) in the
next paragraph, reaction profiles of [3+2] cycloaddition between benzonitrile N-oxide 1
and β-phosphorylated analogues of nitroethenes 2a–c are explored and characterized; (iii)
at the end, a full diagnostic of all critical structures of reaction 1 with 2a–c are studied.

3.1. Analysis of the Electronic Properties of Addents and Their Intermolecular Interactions
according to CDFT

The CDFT is a very important tool to understand the reactivity in polar cycloadditions.
The CDFT indices were calculated in the gas phase according to the B3LYP/6-31G(d) theory
level because it was used to define the electrophilicity and nucleophilicity scales. The global
reactivity indices, namely, electronic chemical potential µ, chemical hardness η, global
electrophilicity ω and global nucleophilicity N, for the reagents involved in these 32CA
reactions are given in Table 1.

Table 1. Electronic chemical potential µ, chemical hardness η, global electrophilicity ω and nucle-
ophilicity N, in eV, for the studied reagents, calculated based onB3LYP/6-31G(d) theory level.

µ η ω N

1 −3.83 5.02 1.46 2.78
2a −5.54 5.15 2.98 1.00
2b −6.01 4.90 3.68 0.66
2c −6.09 4.79 3.87 0.64

The electronic chemical potential µ of benzonitrile N-oxide 1, −3.83 eV, is significantly
lower than for β-phosphorylated analogues of nitroethenes 2a–c (see Table 1). It means
that while along the 32CA reactions between TAC 1 and nitroethenes 2a–c, the flux of the
electron density will take place from benzonitrile N-oxide 1 to these nitroethenes 2a–c.

The global electrophilicityω and the global nucleophilicity N indexes for benzonitrile
N-oxide 1 are respectively 1.46 and 2.78 eV (see Table 1). Based on the electrophilicity [48,49]
and nucleophilicity [50] scale, TAC 1 can be classified as a moderate electrophile and
a moderate nucleophile. According to the same scale, β-phosphorylated analogues of
nitroethenes 2a–c can be classified as strong electrophiles (ω = 2.98–3.87 eV) and marginal
nucleophiles (N = 0.64–1.00 eV). What is more, it is worth noting that the introduction of
a cyano group to nitroalkene 2a both directly at carbon atom of nitro group (Cα) and at
the same atom as the phosphoryl group (Cβ) causes a significant increase in the values of
global electrophilicity (by approximately 0.7–0.8 eV), while we can see a decrease of the
values of global nucleophilicity (by approximately 0.3–0.4 eV) (Table 1).

To summarize, in the analyzed [3+2] cycloaddition reactions benzonitrile N-oxide
1 will participate as nucleophile (electron donor), while β-phosphorylated analogues
of nitroethenes 2a–c will perform a role of electrophile (electron acceptor). Moreover,
according to one of the fundamental MEDT rules, the interaction between the tested
components should be evidently classified as polar processes [54]. Therefore, for analyzed
processes non-polar mechanisms such as biradicaloidal one-step or stepwise biradical are
not possible.

The regioselectivity of a polar reaction involving the participation of non-symmetric
reagents can be specified through interaction between the most electrophilic centre for the
electrophile component and the most nucleophilic centre for the nucleophile component.
Due to this, the Parr functions were the most exact and discerning implements that enabled
the study of the local parameters of the reaction [55]. Therefore, the electrophilic Pk

+

and nucleophilic Pk− Parr functions of addends were analyzed to determine the most
nucleophilic and the most electrophilic centres for the analyzed addends (see Figure 1).
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Figure 1. The local electronic properties for benzonitrile N-oxide 1 and β-phosphorylated analogues
of nitroethenes 2a–c. The nucleophilic Pk− is given in blue and the electrophilic Pk

+ is given in red.
The indexes of local nucleophilicity Nk and local electrophilicityωk are given in brackets.

Studies of the nucleophilic Parr functions for benzonitrile N-oxide 1 show that the
oxygen atom is the most nucleophilic centre of this species presenting the maximum value,
PO− = 0.45 eV. For this atom, the value of the local nucleophilicity Nk index is NO = 1.26 eV
(see Figure 1).

In turn, the analysis of the electrophilic Pk
+ Parr functions of β-phosphorylated

analogues of nitroethenes 2a and 2b shows that for these molecules the most electrophilic
centre of this species are the Cβ carbons, presenting the maximum values in the range
PCβ

+ = 0.32–0.49 eV. At these atoms, the values of the local electrophilicityωCβ indexes
are in the range ωCβ = 0.96–1.81 eV (see Figure 1). In turn, the electrophilic Pk

+ Parr
functions for 2c are practically identical, both for the atom Cα, PCα

+ = 0.26 eV, and Cβ,
PCβ

+ = 0.25 eV. The values of the local electrophilicity of these centres are, respectively,
1.01 (ωCα) and 0.97 (ωCβ) eV (see Figure 1).

According to CDFT theory, the described interactions show that for the [3+2] cy-
cloadditions between 1 and 2a–b, the more preferred reaction channel is forming 4-nitro-
substituted ∆2-isoxazolines 3a–b, while for the process of 1 with 2c both regioisomers of
4-nitro- and 5-nitro-substituted ∆2-isoxazolines (respectively 3c and 4c) can be formed with
the similar probability.

3.2. Reaction Profiles of 32CAbetween Benzonitrile N-Oxide and β-Phosphorylated Analogues of
Nitroethenes

Secondly, the 32CA processes between benzonitrile N-oxide 1 and β-phosphorylated
nitroethenes 2a–c were studied. The quantum-chemical calculation was performed accord-
ing to the functional M062X with the 6-31+G(d) basis set. Stationary points corresponding
to the existence of molecular complexes (MCs) and transition complexes (TSs) were found
on both reaction paths, between minimums for the addends and the products of reaction
(see Scheme 2).

Scheme 2. 32CA reaction between benzonitrile N-oxide 1 and β-phosphoryl nitroethene 2a.

Quantum-chemical calculations have shown that the reaction between 1 and 2a in
toluene (ε = 2.38) as a solvent leads to molecular complexes MC at the first reaction stage for
both of the reaction channels. MCs are created without necessity of crossing an activation
barrier. Due to this fact, we can observe a significant drop in an enthalpy, as well as a
small reduction of entropy. This, in turn, eliminates the appearance of MC structures
as stable intermediates due to thermodynamic rules considered at room temperature. A
similar type of intermediate was also localized in the 32CAs containing cyano analogues
β-phosphorylated nitroethenes 2b and 2c (see Table S1).

Further conversion of reaction system of 1 + 2a alongside the process path, irrespective
of the 32CA channel, leads in the next stage to the transition state TS. It is confirmed by
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IRC analysis. The appearance of a transition state was established by the presence of one
imaginary eigenvalue in the Hessian and it is associated with increase of the Gibbs free
energy of the process by 23 kcal in a relation with the creating of 3a and about 24 kcal/mol
in the case of creating of 4a (see Table S1). Based on the given values, it can be concluded
that both of reaction channels lead to 4-nitro- and 5-substituted adducts (respectively 3a
and 4a) and both should be considered as kinetically allowed (see Figure 2). Moreover,
the more favoured reaction channel is a creation of 4-substituted ∆2-isoxazoline 3a. This
conclusion corresponds well with the results of the intermolecular interactions of addends
according to CDFT discussed above (see Figure 1).

Figure 2. Energy profiles for the 32CA between benzonitrile N-oxide 1 and β-phosphorylated
analogues of nitroethenes 2a–c,in toluene, according to M062X/6-31+G(d) calculations (PCM).

When more polar solvents, such as nitromethane (ε = 36.56) solution (see Table S1),
were included as dielectric media in DFT calculations, the reaction profiles did not change
qualitatively, but they did change quantitatively to a small extent. In particular, the MCs in
all the energy profiles were slightly flat and all activation barriers were significantly higher.
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Nevertheless, the order of the process channels priority based on kinetics, in nitromethane,
which is characterized as a greatly polar solvent, was identic as analyzed once in toluene
solution (see Figure 2).

When the structure of 2a is modified by replacement of α-hydrogen within nitrovinyl
moiety by a cyano group, the profile of the considered reaction channel 1 + 2b does not
change qualitatively. Even so, some transformations occur in a quantitative way (see
Table S1). In particular, activation barriers in both channels are lower than analyzed above
32CA. It is caused by the presence of the two electron-withdrawing (EWG) groups—nitro
and cyano—directly situated at the same α–carbon in nitroalkene 2b. These groups have
an impact for molecule 2b, causing significant influence of electrophilicity on β-carbon (see
Figure 1 and Table S1). Also, for the analyzed cycloadditon 1 + 2b, forming of adducts 3b
and 4b should be considered as kinetically allowed. Moreover, the more favoured reaction
channel is the formation of 4-substituted ∆2-isoxazoline 3b. The above observations are
also similar for nitromethane as a solvent. All presented results correlate well with the
analysis of the intermolecular interactions of addends according to CDFT (see Figure 1).

In turn, if the structure of 2a is altered by the replacement of β-hydrogen within
nitrovinyl moiety by a cyano group, the profile of the considered reaction channel 1 + 2c
does change both qualitatively as well as quantitatively (see Table S1). In particular, the
values of the activation barrier are very similar in comparison with the model reaction
1 + 2a. Furthermore, for analyzed cycloaddition 1 + 2c, the forming of adducts 3c and
4c should be considered as kinetically allowed; however, in contrast to 32CA analyzed
above, the more favoured reaction channel is a creation of 5-subsituted ∆2-isoxazoline 4c,
independently of a solvent. The change of regioisomerism for the analyzed cycloaddition
1 + 2c is caused by the occurrence of a cyano group in a β-position of nitroalkene 2c. The
substituent interacts on α-atom of carbon in 2c, increasing the value of electrophilicity
(see Figure 1 and Table S1). These observations correlate well with the analysis of the
intermolecular interaction of addends according to CDFT (see Figure 1).

3.3. Critical Structures for Reaction of 32CA between Benzonitrile N-Oxide and β-Phosphorylated
Nitroethenes
3.3.1. Pre-Reaction Molecular Complexes (MC)

As noted in previous paragraphs, the first stage in each of the 32CA processes con-
sidered in toluene solution (ε = 2.38) is always the formation of a molecular complex MC
(respectively MC3a and MC4a for competitive reaction channels) (see Figure 3 and Table
S2). Analysis of the structural aspects of each MC have shown that the bond lengths for
O1–N2, N2–C3 and C4–C5 were practically identical as analogous lengths in the individual
molecules. What is more, within MCs distances between reaction centres (respectively
C3–C4 and C5–O1) were about a few Å, still remaining far outside the range typical for
r bonds in transition states. Also, in the MCs, the orientations of the reaction centres
compared to each other are not the same as they are in the final products. Additionally,
based on the GEDT values (0.0 e), none of the MCs are charge-transfer complexes. Change
of the solvent to the slightly more polar nitromethane (ε = 36.56) does not cause significant
changes in the nature of the molecular complexes (see Figure 3 and Table S2).

3.3.2. Transition States (TS)

Conversion of the MC into the required adduct was always found to occur via a
single TS (respectively TS3a and TS4a for competitive reaction channels) (see Figure 3 and
Table S2). Within TSs, the C3–C4 and C5–O1 atomic distances have been significantly
shortened, compared to the corresponding distances within the MC. The nature of the TSs
depends to some extent on the relative orientations of its substructures. In particular, for
cycloaddition with benzonitrile N-oxide 1 with β-phosphoryl nitroethene 2a in toluene
solution (ε = 2.38), for the TS3a obtained in the reaction channel which ultimately yields
4-nitro-substituted ∆2-isoxazoline 3a, the extent of C3–C4 and C5–O1 forming new bonds
is rather similar (l = 0.477 and 0.450, respectively). In turn, within the competitive TS4a,
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obtained in the reaction channel which ultimately yields 5-nitro-substituted ∆2-isoxazoline
4a, the stage of advancement C5–O1 sigma bond is 0.442, while the C3–C4 sigma bond is
formed not much earlier, 0.551. It seems that, for the more favoured reaction channel in a
kinetic point of view, TS3a is more synchronic. Likewise, both TSs exhibit evidently [54]
polar nature, which is confirmed in the GEDT index value (see Table S1). In particular,
more asynchronous TS4a is connected with the higher value of GEDT.

In the case of a similar cycloaddition between 1 and β-phosphorylated α-cyanonitroe
thene 2b, in the same reaction medium (toluene), the level of asynchronicity for both TSs
changes significantly. In particular, for the TS3b received in the reaction channel which
finally yields 3b, the stage of advancement C5–O1 sigma bond increases (l = 0.681), while
for the C3–C4 sigma bond the stage of advancement is reduced (l = 0.426), in comparison
to a model reaction 1 + 2a (see Table S2). Similarly, for the competitive TSB, obtained in the
reaction channel which ultimately yields 4b, the stage of advancement C5–O1 sigma bond
is reduced (l = 0.425), whilst for the C3–C4 sigma bond the stage of advancement increases
(l = 0.682), in comparison to a model reaction 1 + 2a (see Table S2). A much higher stage of
advancement of the C5–O1 sigma bond for reaction channel 3b and C3–C4 sigma bond for
reaction channel 4b is caused by the presence of a cyano group in α–carbon in nitroalkene
2b, causing a significant influence of electrophilicity on carbon in β position. For reaction 1
+ 2b, both TSs present a similar synchronic and are characterized by a more polar nature, in
comparison to 32CA analyzed above (see GEDT in Table S2). The slightly higher values of
GEDT are caused by the presence of an additional EWG and associated with it, increasing
asynchronicity when creating new sigma bonds.

Figure 3. Critical structures for the reaction of 32CA between benzonitrile N-oxide 1 and β-
phosphoryl nitroethene 2a, in toluene, according to M062X/6-31+G(d) calculations (PCM).
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The clear influence of the existence of a cyano group on the structure of TS can be
also observed for cycloaddition between 1 and β-phosphorylated β-cyanonitroethene 2c,
in toluene. For the analyzed case, the asynchronicity level of both TSs is similar to above
analyzed 32CA and simultaneously higher in comparison to a model reaction 1 + 2a (see
Table S2). In particular, for the TS3c localized within the reaction channel which ultimately
yields 3c, the stage of advancement the C3–C4 sigma bond (l = 0.579) is higher than for the
C5–O1 sigma bond (l = 0.517); however, the difference is not very significant (see Table
S2). On the other hand, for the competitive TS4c, obtained in the reaction channel which
ultimately yields 4c, the higher stage of advancement is observed for the C5–O1 sigma
bond (l = 0.609), than the C3–C4 sigma bond (l = 0.469). It seems that, for the more favoured
reaction channel in a kinetic point of view, TS4c is more asynchronic. Also, both TS3c and
TS4c are characterized by a similar polar nature, in comparison to 32CA analyzed above,
except that for a more asynchronous TS4c the value of GEDT is significantly higher (see
Table S2). In this case, a much higher stage of advancement of the C3–C4 sigma bond
for reaction channel 3c and the C5–O1 sigma bond for reaction channel 4c is also caused
by the presence of a cyano group in β-carbon in nitroalkene 2c. It causes an influence
of electrophilicity on carbon in α position. However, this effect is smaller than in the
previously analyzed 32CA due to the presence of a nitro group in α position.

Due to the use of a strong polar medium, such as nitromethane (ε = 36.56) in the reac-
tion medium, the main parameters of all analyzed structures are not changed significantly
(see Table S2). In particular, for the structure of all TSs the GEDT values increase, which
exhibits their more polar nature.

4. Conclusions

The reactions of [3+2] cycloaddition between benzonitrile N-oxide 1 and β-phosphory
lated analogues of nitroethenes 2a–c have been studied according to M062X/6-31+G(d)
theory level. Received results are confirmed by the analysis combination of the Conceptual
Density Functional Theory reactivity indices at the ground state of the addends and
analyzed according to the reaction profiles and study of the critical structures located on
the reaction paths.

The analysis of the reactivity shows that benzonitrile N-oxide 1 can be classified both
as a moderate electrophile and moderate nucleophile. The mentioned analysis has also
shown that β-phosphorylated analogues of nitroethenes 2a–c can be classified as a strong
electrophiles and marginal nucleophiles. Moreover, for a model reaction 1 + 2a the more
favored reaction path is forming 4-nitro-substituted ∆2-isoxazoline 3a. The same preference
can be observed for cycloaddition 1 + 2b, while for reaction of 1 + 2c both reaction channels
are possible to the same extent. It is caused by the presence of a cyano group in different
positions of nitrovinyl moiety. What is more, the interaction between the tested components
should be evidently classified as polar processes.

The analysis of the reaction profiles for all cycloadditions indicates that the processes
between 1 and 2a–c should be regarded as polar, except one-step processes. All attempts
for the localization of competitive channels leads to zwitterionic intermediates were not
successful. It should be underlined at this point that estimated parameters of the activation
suggest that the synthesis of the expected phosphorylated nitroisoxazolines is fully allowed
with good regioselectivity even under mild conditions. Finally, the significant influence on
the kinetic aspects as well as predicted regioselectivity exhibit the presence of EWG at the
α-position at nitrovinyl moiety.
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