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Abstract.
1
 In this scientific contribution, regio- and dia-

stereo- selectivity of [3+2] cycloaddition (32CA) of  

N-tert-butyl,α-(4-trifluoromethyl)-phenylnitrone (1) with 

methacrolein (2) were investigated using DFT method at 

B3LYP/6-31(d) computational level in gas and dichloro-

methane solvent. The molecular electrostatic potential 

MESP was used to show the most active centers in the 

examined molecules. Global and local reactivity indices as 

well as thermodynamic parameters have been calculated 

to explain the regioselectivity and stereoselectivity for the 

selected reaction. The possible chemoselective ortho/meta 

regioselectivity and stereo- (endo/exo) isomeric channels 

were investigated. Our theoretical results give important 

elucidations for the possible pathways related to the stud-

ied 32CA reaction. 

 

Keywords: [3+2] cycloaddition, N-tert-butyl,α-(4-

trifluoromethyl)-phenyl, methacrolein, DFT, regioselec-

tivity, stereoselectivity. 

1. Introduction 

Many chemical processes can be used to elaborate 

new heterocyclic molecular systems. The [3+2] cycloaddi-

tion (32CA) reaction between a three atom component 

(TAC) and a dipolarophile is a very useful synthetic 

method for the preparation of five-membered heterocyclic 

with multiple stereogenic centers, usually with excellent 

stereocontrol.
1,2

 

The scientific papers have reported that the 32CA 

reactions should follow one of these mechanisms: 

- Non-polar mechanisms (synchronical mechanism 

or stepwise, biradical mechanism) – an example of this 

type is the cycloaddition of (Z)-C, N-diphenylnitrone and 

1,2-bismethylene-3,3,4,4,5,5 hexamethylcyclopentane, 
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this reaction process occurs without the intervention of a 

biradical intermediate. In particular, these 32CA reactions 

proceed via a low polar one-step mechanism.
3
 

- Polar mechanisms, such is confirmed by the re-

cent comprehensive DFT studies,
4
 for example [3+2] 

cycloaddition between (Z)-C-(3,4,5-trimethoxyphenyl)-N-

methyl-nitrone and (Z)-2-EWG-1-bromo-1-nitroethenes. 

The formation of the isoxazolidine ring on all analyzed 

[3+2] cycloaddition pathways occurs in the toluene solu-

tion according to the one-step mechanism. When toluene 

is a replacement for the more polar nitromethane, the 

stepwise, zwitterionic mechanism is very possible. 

Additionally, Radomir Jasinski,
5
 has studied zwit-

terionic or biradical adducts between the nitroacetylene 

and allenyl-type TACs, DFT calculations for various theo-

ry levels show that [2+3] cycloaddition reactions take 

place according to the polar mechanism. This is not, how-

ever, the expected two-step, zwitterionic mechanism, but a 

one-step mechanism. Zwitterionic structures with the 

“extended” confirmation may theoretically form along 

competitive paths. 

In the last decade, experimental studies based on 

the [3+2] cycloaddition between aryl-alkyl nitrones with 

-deficient alkenes have been performed. In a study, reac-

tions between nitroethene (1) and benzonitrile N-oxides 

(2) are giving high yields of 3-aryl-5-nitroisoxazolines (4) 

(see Scheme 1).
6
 

Radomir Jasinski has computationally studied the 

32CA of (Z)-C,N-diphenylnitrone with 1,1-dinitroethene 

leading to the formation the regioisomeric adducts: 2,3-

diphenyl-5,5-dinitroisoxazolidine (3) and 2,3-diphenyl-

4,4-dinitroisoxazolidine (4) heterocyclic ring (see Scheme 

2). The theoretical data have revealed that the formation 

2,3-diphenyl-4,4-dinitroisoxazolidine (4) was privileged, 

these results were in full agreement with the experimental 

observations earlier reported.
7
 

The [3+2] cycloaddition generally gives two prod-

ucts with various proportions. In fact, the laboratory tech-

niques cannot give further insights into the cycloaddition 

reactions. Besides, these experimental methods are expen-

sive and time-consuming. 
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Scheme 1. 32CA between nitroethene (1) and benzonitrile N-oxides (2) 
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Scheme 2. 32CA of (Z)-C,N-diphenylnitrone (1) with 1,1-dinitroethene (2) 
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Scheme 3. 32CA of N-tert-butyl, α-(4-trifluoromethyl)-phenylnitrone (1) with methacrolein (2) 

  

Computer development opens the door to scientists 

to use theoretical chemistry basics for deep understanding 

of the cycloaddition experimental results.
8-10

 Density 

functional theory (DFT) approaches are used as a power-

ful tool to give quantum reactivity descriptors explored for 

the prediction of the regioselectivity and stereoselectivity 

in the cycloaddition process.
11

 

Isoxazolidines compounds are formed by reacting 

alkenes and nitrones. These molecules have gained much 

attention in the field of organic chemistry due to their 

unique properties. These chemical species exhibit im-

portant biological activity.
12,13

 The studies on isoxazoli-

dines have reported that such kinds of compounds could 

be used as enzyme inhibitors.
14,15

 The isoxalidines hold 

promise to be used in the treatment of HIV and cytotoxici-

ty, arising from their ability to act as nucleoside ana-

logs.
16-18

 In addition, they have served as synthetic precur-

sors to other classes of natural products, such as 1,3-

amino alcohols, -lactams, and alkaloids with physiologi-

cal activity.
19-23

 

In recent research, Badoiu and coworkers have 

processed cycloaddition between N-tert-butyl,α-(4-

trifluoromethyl)-phenylnitrone (1) (α-arylnitrone 1) with 

methacrolein (2), they have reported that this reaction give 

preferentially two products namely 3a, 3b with the ratio of 

93:7, yield 75 %, respectively (Scheme 3).
24

 To the best of 

our knowledge, there is not any theoretical background 

treating the regio-, stereo-, and diastereo-selectivity of the 

above-mentioned reaction. 

This work represents a theoretical study of the re-

gio-, stereo-, and diastereo-selectivity of the products 

observed experimentally. Global reactivity indices includ-
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ing the energies of the HOMO and LUMO molecular 

orbitals of each reagent, chemical hardness (η), electronic 

chemical potential (µ), global electrophilicity (ω), global 

nucleophilicity (N) as well as Wiberg bond indices, bond 

order, and charge transfer at the transition states have been 

calculated to bridge the gap between our theoretical data 

and the experimental results earlier reported. 

2. Computational Details 

The molecular structures of the reagents under in-

vestigations are built using Gauss View 6.0.8 and then 

fully frequency optimized using GAUSSIAN 09 program 

package
25

 at DFT Beck Three Lee, Yang and Parr 

(B3LYP) functional combined with 6-31G(d) basis set 

level of theory.
26-28

 All calculations have been performed 

in an organic solvent (dichloromethane) using self-

consistent reaction field (SCRF)
29,30

 associated with a 

polarizable continuum model (PCM).
31

 This approach 

models dichloromethane (DCM) solvent as dielectric 

constant (=8.93). 

The charge transfer or in the sense the global elec-

tron density transfer (GEDT)
32

 and bond order (Wiberg 

indexes)
33

 have been analyzed via the natural bond orbital 

(NBO) at full stationary point.
34-36

 Analysis of the ther-

modynamic parameters, of the reaction α-arylnitrone 1 

and methacrolein 2-cis/trans were realized using the 

MPW1PW91/6-31G(d) thermodynamic data, in di-

chloromethane at 298.150 K and 1 atm.
37

 The intrinsic 

reaction coordinates (IRC analysis)
38

 were also computed 

to analyze the studied mechanism in detail for all the ob-

tained transition structures. 

The global electrophilicity index (ω) corresponding 

to our dipole and dipolarophile is calculated by the fol-

lowing equation:
39

 

( /2 )                  (1) 

In Eq. (1), µ and η are the electronic chemical po-

tential and the chemical hardness, respectively,
11,40

 these 

quantum parameters can be calculated using the energies 

of the highest occupied molecular orbital H and the low-

est unoccupied molecular orbital L using the following 

formulas: 

  (  + )                    (2) 

 (  – )                    (3) 

The global nucleophilicity N
41

 was calculated as 

follows: 

N = EHOMO (nucleophile) – EHOMO (TCE)                (4) 

In relation (4), EHOMO (TCE) is dedicated to the 

HOMO energy of tetracyanoethylene. In our case of study 

EHOMO (TCE) = -0.3352 a.u. 

To analyze the selective sites in dipole and dipolar-

ophile the local Fukui functions indices need to be de-

fined. Thus, calculating Fukui functions helps us to de-

termine the active sites of a molecule, based on the elec-

tronic density changes experienced by it during 32CA 

reaction. 

For an atom k in a molecule, depending upon the 

type of electron transfer, we have two different types of 

condensed Fukui function of the atom k, which are calcu-

lated using the following equations:
42

 

f 
+
 = [ ρk (N + 1) − ρk (N)]    

(for nucleophilic attack)                      (5) 

f – = [ρk (N) − ρk (N − 1)]    

 (for electrophilic attack)          (6) 

where ρk (N), ρk (N-1), and ρk (N+1) are dedicated to the 

electronic populations of the site k in neutral, cationic, and 

anionic forms of the studied molecular system, respective-

ly. 

On the other hand, and in analogy to our global 

electrophilicity index (ω) and nucleophilicity index (N), 

we have also introduced the local electrophilicity (ωk),
43

 

and local nucleophilicity (Nk),
44

 through to the formulas: 

ωk = ω                   (7) 

Nk = N                 (8) 

In turn, the σ bond development (l) indices were 

designated based on the formula:
45

 

=1-                  (9) 

3. Results and Discussion 

3.1. Global Reactivity Indices  

of Reagents 

Sustmann et al. have reported that the main interac-

tions in cycloaddition could occur either between the 

ELUMO of the dipole (nitrone) and the EHOMO of dipolaro-

phile (alkene), namely inverse electronic demand (IED) 

character, or between the ELUMO of dipolarophile (alkene) 

and the EHOMO of the dipole (nitrone), called normal elec-

tronic demand (NED) character.
46

 

The electronic demand (NED) and inverse elec-

tronic demand (IED) characters related to the studied 

cycloaddition reaction has been evaluated using the ener-

gies EHOMO and ELUMO of the reactants according to the 

equation and listed in Table 1. 

Table 1. NED and IED values calculated at 

DFT/B3LYP/6-31G(d) level of theory (eV) 

IED NED 

5.28 4.06 
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It is apparent that the |ELUMO of dipolarophile – 

EHOMO of dipole difference (4.06 eV) is smaller than the 

ELUMO of dipole -EHOMO of dipolarophile| one (5.28 eV), 

this theoretical result demonstrated that NED is the pre-

dominant character for our 32CA case of study. 

In Table 2, we have reported the energies of the 

HOMO and LUMO molecular orbitals of each reagent, 

values of chemical hardness (η), electronic chemical po-

tential (µ), global electrophilicity (ω), global nucleophilic-

ity (N) are calculated at B3LYP/6-31G(d) level in the gas 

phase. 

As can been seen from Table 2, the value of chem-

ical potential (µ) of the dipole is bigger than that of dipo-

larophile, which indicates that the charge transfer or glob-

al electron density transfer (GEDT)
29

 will go from 1, 3-

dipole toward dipolarophile (NED: Normal Electronic 

Demand). 

The global hardness is an important chemical pa-

rameter that measures the resistance of chemical species 

such as molecules towards electron cloud polarization or 

deformation generated during a chemical reaction. 32CA 

reaction is related to lower hardness and higher soft char-

acter of the reactants. The values of hardness and its recip-

rocal softness of the studied reactants are lower confirm-

ing that 32CA reaction could be possible. 
The electrophilicity (ω) and the nucleophilicity 

(N) values to the dipole and dipolarophile displayed in 
Table 2 shows that the dipolarophile could act as a pow-
erful electrophile and the dipole could behave as a strong 
nucleophile. 

Molecular electrostatic potential surfaces MEPS 
proposed by Tomasi et al. can inform about the electro-
negative and the electropositive centers in the molecules 
of the reactants under probe.

47,48
 Generally, the molecular 

regions having higher electronegativity are colored in red 
whereas the regions possessing higher electropositivity are 
depicted in blue. Regarding the MEPS of our reactants 
shown in Fig. 1, it can be seen that oxygen and fluorine 
atoms of the α-aryl nitrone and the oxygen atom of the 
methacrolein are of red color, which reveals that these 
atoms have a negative charge, hence the interactions be-
tween these atoms is impossible.  

Electropositive regions (blue) around the C=C 

double bond of methacrolein indicate that the C=C double 

bond is very electrophile atoms. The most favorable inter-

actions have occurred between the oxygen of α-aryl 

nitrone (1) and the C=C double bond of methacrolein (2). 
 

Table 2. Global reactivity indices of the analyzed dipole and dipolarophile calculated at DFT/B3LYP/6-31G(d) level of 

theory 

 EHOMO ELUMO µ (a.u) η (a.u) ω (eV) N
a
 (eV) 

Dipole -0.2109 -0.0601 -0.1355 0.1508 1.6500 3.3700 

Dipolarophile -0.2551 -0.0611 -0.1581 0.1940 1.7500 2.1700 
 

 

α-aryl nitrone (1)                                              methacrolein cis (2) 

Fig. 1. MESP of the α-aryl nitrone (1) and methacrolein cis (2) 

 

Table 3. Local properties of dipole and dipolarophile 

calculated at B3LYP/6-31G(d) level of theory 
 

Atoms f
+
 f

-
 ωk Nk 

O1 0.0037 0.9788 0.0061 3.2986 

C3 0.5415 0.0001 0.8935 0.0003 

C4 0.0000 0.0001 0.0000 0.0002 

C5 0.0094 0.0016 0.0165 0.0035 
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Fig. 2. Reactive scheme describes the preferred  

atomic centers for the interaction between  

dipole and dipolarophile 
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According to the values of local electrophilicity ωk 
and local nucleophilicity Nk collected in Table 3, there are 
two most favorable interactions centers as described in 
Fig. 2. In our dipolar cycloaddition, the most favorable 
attack takes place between O1 atom of the dipole and C5 
atom of the dipolarophile and between C3 atom of the 
dipole and C4 atom of the dipolarophile, respectively, 
leading to obtain the meta-regioisomer. This outcome is in 
full agreement with the experimental data earlier reported. 

3.2. Mechanistic Study of the  

Cycloaddition Reaction Based  

on Activation Energy along  

the Different Paths of the Reaction 

3.2.1. Mechanistic Study 

The asymmetry of the investigated dipole and the 
dipolarophile (N-tert-butyl,α-(4-trifluoromethyl)-phenyl-
nitrone (1) and methacrolein (2) (cis/trans) conducts to 
diverse reaction channels including two regioisomeric 
channels ortho and meta and the two stereoisomeric ap-
proaches endo and exo. 

In the studied 32CA, there are sixteen possible 
transition states: Eight TSs for cyclization mode A (CM-
A) could be formed by the reaction of the N-tert-butyl,α-
(4-trifuoromethyl)-phenylnitrone (1) with methacrolein 
(2) cis namely TS1n-SS-c, TS1n-RR-c, TS1x-RS-c, 
TS1x-SR-c, TS2n-RR-c, TS2n-SS-c, TS2x-RSc, and 
TS2x-SR-c. Their corresponding isoxazolidines cycload-
ducts are CA1n-SS-c, CA1n-RR-c, CA1x-RS-c, CA1x-
SR-c, CA2n-RRc, CA2n-SS-c, CA2x-RS-c and CA2x-
SR-c, (Scheme 4). Besides, eight TSs for cyclization 
mode B (CM-B) could be obtained by the reaction of the 
N-tert-butyl,α-(4-trifuoromethyl)-phenylnitrone (1) with 
methacrolein (2) trans designated as TS1n-SS-t, TS1n-
RR-t, TS1x-RS-t, TS1x-SR-t, TS2n-RR-t, TS2n-SS-t, 
TS2x-RS-t and TS2x-SR-t and their corresponding isoxa-
zolidines cycloadducts CA1n-SS-t, CA1n-RR-t, CA1x-
RS-t, CA1x-SR-t, CA2n-RR-t, CA2n-SS-t, CA2x-RS-t 
and CA2x-SR-t, (Scheme 5). The geometries of the previ-
ous sixteen TSs and their cycloadducts are confirmed by 
the presence of a single imaginary frequency. 

Obviously, for each couple of enantiomers, the 
same bond lengths for the two forming sigma bonds are 
identical as represented in Fig. 3 and Fig. 4. The studied 

kinetic and thermodynamic of all the stationary points in 

DCM solvent are summarized in Table 4. The diagram of 
enthalpy profiles for the examined reaction paths associat-
ed with the 32CA of transition structures and products of 
the sixteen studied reactions in aqueous phase (DCM) are 
given in Fig. 5. 

Analysis of the activation enthalpies listed in Ta-

ble 4 along the reaction channels allows drawing some 

appealing conclusions. The activation enthalpy corre-

sponding to TS1n-SS-c, and TS1n-RR-c shows the lowest 

activation enthalpy (13.05 kcal mol
−1

) compared to that of 

the other TSs. The enthalpy differences between TS1n-

SS-c/TS1n-RR-c and the other couples of enantiomers are 

5.5 kcal mol
-1

 for TS1x-RS-c/TS1x-SR-c, 2.21 kcal mol
-1

 

for TS2n-SS-c/TS2n-RR-c and 6.16 kcal mol
-1

for TS2x-

RSc/TS2x-SR-c. 
For the CM-B, the most favorable reaction path-

way corresponds to the formation of the endo CA1n-SS-t 
and CA1n-RR-t cycloadducts, via TS1n-SS-t and TS1n-
RR-t, respectively. For the CM-B, the activation enthalpy 
of TS1n-SS-t and TS1n-RR-t TSs is 16.61 kcal mol

-1
 

above the reagents in dichloromethane. The activation 
enthalpy difference between TS1n-SS-t/TS1n-RR-t and 
the other couples of enantiomers are 2.65 kcal mol

-1
 for 

TS1x-RS-t/TS1x-SR-t, 2.25 kcal mol
-1

 for TS2n- SS-
t/TS2n-RR-t and 4.1 kcal mol

-1
 for TS2x-RS-t/TS2x-SR-t. 

The strong exothermic character of these reactions 
makes them irreversible. Concerning the stability of the 
products CA1n-SS-c/CA1n-RR-c and CA1x-SR-c /CA1x-
RS-c, we found a difference of 6.87 kcal mol

-1
 in favor of 

the formation of CA1n-SS-c/ CA1n-RR-c cycloadduct, 
that is to say, the formation of pathways CA1n-SS-
c/CA1n-RR-c is easier than CA1x-SR-c/CA1x-RS-c. 

The inclusion of entropies to enthalpies increases 
the activation Gibbs free energies where the calculated 
Gibbs free energies show that all the studied reaction 
paths are exergonic. Nevertheless, meta-cis approach 
(TS1n-SS-c/TS1n-RR-c isomers) is predicted to be the 
most thermodynamically favored cycloadduct although 
the difference, in Gibbs free energy, between the other 
approaches is very small, which is in good agreement with 
experimental findings.

24
 

3.2.2. Geometries of the Transition Structures 

and Wiberg Bond Orders Analysis 

Table 5 lists the bond distances (in Å) and (l) indices 
of the two newly formed bonds at the transition structures 
calculated in DCM are at DFT/B3LYP / 6-31(d). At the TSs 
associated with the meta reaction channel via CM-A, the 
bond length of the O1–C5 and C3–C4 are 2.40 and 2.00 Å 
for TS1n-SS-c/TS1n-RR-c, respectively, and 2.40 and 
2.00 Å for TS1x-SR-c/TS1x-RS-c, respectively. Also, at the 
TSs associated to the ortho reaction channel via CM-A, we 
can see for both transition structures TS2n-SS-c/TS2n-RR-c 
and TS2x-SR-c/TS2x-RS-c, the lengths of the bonds of the 
O1–C4 are 1.65 and 1.67 Å, and C3–C5 2.54 and 2.52 Å; 
and we can see the stage of advancement C3–C4 sigma bond 
increases (I), while for the C5–O1 sigma bond the stage of 
advancement is reduced (I), for all TSs associated with meta-
endo reaction channel via CM-A and CM-B, while we see 
the opposite for all TSs associated with the ortho-endo reac-
tion channel via CM-A and CM-B where the stage of ad-
vancement C4–O1 sigma bond increases (I), while for the 
C5–C3 sigma bond the stage of advancement is reduced (I).  
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              TS1n-RR-c                                TS1n-SS-c 

 

                     TS1x-RS-c                                 TS1x-SR-c 

 
                         TS2n-RR-c                               TS2n-SS-c 

 
                            TS2x-RS-c                                    TS2x-SR-c 

 

Fig. 3. B3LYP/6-31G(d) geometries of the transition structures involved  

in the 32CA reaction between the α-aryl nitrone (1) and methacrolein (2) cis via CM-A including 

the lengths of the new forming bonds in Angstroms 
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            TS1n-RR-t                                  TS1n-SS-t 

 

                         TS1x-RS-t                                   TS1x-SR-t 

 

                   TS2n-RR-t                                  TS2n-SS-t 

               

                     TS2x-RS-t                                  TS2x-SR-t 

Fig. 4. B3LYP/6-31G(d) geometries of the transition structures  

involved in the 32CA reaction between the α-aryl nitrone (1) and methacrolein (2) trans via CM-B  

including the lengths of the new forming bonds in Angstroms 
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Scheme. 4. Regio- and stereoisomeric channels corresponding  

to the 32CA reaction of α-aryl nitrone (1) with methacrolein (2) cis 
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Scheme. 5. Regio-and stereoisomeric channels corresponding  

to the 32CA reaction of α-aryl nitrone (1) with methacrolein (2) trans 
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Fig. 5. Enthalpy profiles, in kcal mol

-1
, for the examined reaction paths associated  

with the 32CA of transition structures and products of the sixteen studied reactions in aqueous phase (DCM) 

 

Table 4. Kinetic and thermodynamic data for the 32CA reaction of the α-aryl nitrone (1) and methacrolein (2) cis/trans 

calculated at MPW1PW91/6-31G(d) in DCM at 298 K 

 
Dichloromethane 

E E 
a
 H ΔH 

a 
G ΔG 

a 
ΔS 

a 

1 2 3 4 5 6 7 8 

Cyclization mode A 

1 -895.167859  -894.700428  -894.760661   

2-cis -231.233168  -231.073467  -231.109112   

TS1n-SS-c -1126.377276 14.90 -1125.753101 13.05 -1125.827531 26. 51 -45.15 

TS1n-RR-c -1126.377276 14.90 -1125.753101 13.05 -1125.827531 26. 51 -45.15 

TS1x-SR-c -1126.368698 20.29 -1125.744327 18.55 -1125.819667 31.44 -43.23 

TS1x-RS-c -1126.368698 20.29 -1125.744327 18.55 -1125.819666 31.44 -43.23 

TS2n-SS-c -1126.373100 17.52 -1125.749571 15.26 -1125.823903 28.78 -45.35 

TS2n-RR-c -1126.373100 17.52 -1125.749570 15.26 -1125.823900 28.78 -45.35 

TS2x-SR-c -1126.366837 21. 45 -1125.743277 19. 21 -1125.817792 32.62 -44.98 

TS2x-RS-c -1126.366837 21. 45 -1125.743277 19. 21 -1125.817791 32.62 -44.98 

CA1n-SS-c -1126.419165 -11.38 -1125.801948 -17. 60 -1125.876956 -4. 51 -43.89 

CA1n-RR-c -1126.419165 -11.38 -1125.801948 -17. 60 -1125.876955 -4. 51 -43.89 

CA1x-SR-c -1126.408459 -4.52 -1125.790989 -10. 73 -1125.864926 3.04 -46.19 

CA1x-SR-c -1126.408459 -4.52 -1125.790989 -10. 73 -11..25.864926 3.04 -46.19 

CA2n-SS-c -1126.412386 -7.13 -1125.795607 -13. 62 -1125.869531 0.15 -46.19 

CA2n-RR-c -1126.412386 -7.13 -1125.795607 -13. 62 -1125.869532 0.15 -46.19 

CA2x-SR-c -1126.413411 -7.77 -1125.796606 -14. 25 -1125.869800 -0.02 -47.73 

CA2x-RS-c -1126.413411 -7.77 -1125.796605 -14. 25 -1125.869801 -0.02 -47.73 

 Cyclization mode B 

1 -895.167859  -894.700428  -894.760661   

2-trans -231.237866  -231.077941  -231.113149   
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Continuation of Table 4 

1 2 3 4 5 6 7 8 

TS1n-SS-t -1126.375502 18.97 -1125.751905 16.61 -1125.826701 29. 56 -43.44 

TS1n-RR-t -1126.375502 18.97 -1125.751905 16.61 -1125.826701 29. 56 -43.44 

TS1x-SR-t -1126.371071 21.75 -1125.747677 19.26 -1125.823424 31.62 -41.46 

TS1x-RS-t -1126.371071 21.75 -1125.747647 19.28 -1125.823471 31.59 -41.29 

TS2n-SS-t -1126.371171 21.68 -1125.748316 18.86 -1125.823348 31.67 -42.97 

TS2n-RR-t -1126.371171 21.68 -1125.748322 18.86 -1125.823347 31.67 -42.97 

TS2x-SR-t -1126.368151 23.58 -1125.745366 20.71 -1125.820753 33.29 -42.19 

TS2x-RS-t -1126.368151 23.58 -1125.745366 20.71 -1125.820752 33.29 -42.19 

CA1n-SS-t -1126.421082 -9.64 -1125.803237 -15.61 -1125.878160 -2.73 -43.20 

CA1n-RR-t -1126.421082 -9.64 -1125.803237 -15.61 -1125.878160 -2.73 -43.20 

CA1x-SR-t -1126.420361 -9.18 -1125.802787 -15.32 -1125.876729 -1.83 -45.25 

CA1x-RS-t -1126.420359 -9.18 -1125.802787 -15.32 -1125.876549 -1.72 -45.62 

CA2n-SS-t -1126.414281 -5.37 -1125.797695 -12.13 -1125.871297 1.58 -46.89 

CA2n-RR-t -1126.414281 -5.37 -1125.797695 -12.13 -1125.871297 1.58 -46.89 

CA2x-SR-t -1126.414661 -5.61 -1125.797770 -12.18 -1125.870695 1.96 -47.43 

CA2x-RS-t -1126.414661 -5.61 -1125.797771 -12. 18 -1125.870695 1.96 -47.43 
 

a
 Relative to reactants. 

 

Table 5. Bond distances and bond differences (in Angstrom) of the two newly formed bonds at the transition structures 

 

  DCM 

Meta channels Ortho channels 

d(O1-C5) I d(C3-C4) I  d(O1-C4) I d(C3-C5) I 

TS1n-SS-c 

CA1n-SS-c 

2.40 

1.46 
0.36 

2.00 

1.55 
0.71 

TS2n-SS-c 

CA2n-SS-c 

1.65 

1.42 
0.84 

2.54 

1.58 
0.40 

TS1n-RR-c 

CA1n-RR-c 

2.40 

1.46 
0.36 

2.00 

1.55 
0.71 

TS2n-RR-c 

CA2n-RR-c 

1.65 

1.42 
0.84 

2.54 

1.58 
0.40 

TS1x-SR-c 

CA1x-SR-c 

2.40 

1.47 
0.37 

1.98 

1.54 
0.71 

TS2x-SR-c 

CA2x-SR-c 

1.67 

1.42 
0.82 

2.52 

1.57 
0.40 

TS1x-RS-c 

CA1x-RS-c 

2.40 

1.47 
0.37 

1.98 

1.54 
0.71 

TS2x-RS-c 

CA2x-RS-c 

1.67 

1.42 
0.82 

2.52 

1.57 
0.40 

TS1n-SS-t 

CA1n-SS-t 

2.36 

1.43 
0.35 

1.99 

1.55 
0.72 

TS2n-SS-t 

CA2n-SS-t 

1.68 

1.42 
0.82 

2.49 

1.58 
0.42 

TS1n-RR-t 

CA1n-RR-t 

2.36 

1.43 
0.35 

1.99 

1.55 
0.72 

TS2n-RR-t 

CA2n-RR-t 

1.68 

1.42 
0.82 

2.49 

1.58 
0.42 

TS1x-SR-t 

CA1x-SR-t 

2.35 

1.42 
0.35 

1.95 

1.56 
0.75 

TS2x-SR-t 

CA2x-SR-t 

1.70 

1.42 
0.80 

2.40 

1.57 
0.47 

TS1x-RS-t 

CA1x-RS-t 

2.35 

1.42 
0.35 

1.95 

1.56 
0.75 

TS2x-RS-t 

CA2x-RS-t 

1.70 

1.42 
0.82 

2.40 

1.57 
0.47 

  
These values show a change of the asynchronicity 

on the bond formation process for the two newly formed 

bonds in these TSs. This study shows that the 32CA 

reaction takes place along a one-step non-concerted 

mechanism, involving asymmetric reagents. The values 

of the percentage of the new sigma bonds for the 

reaction between N-tert-butyl-(4-trifluoromethyl)-

phenylnitrone (1) and methacrolein (cis/trans) for 

obtaining the meta channel in gas phase and DCM for 

O1-C5 are (25.21 %-32.83 %)/(23.35 %-36.44 %) while 

for C3-C4 the percentage varies between (46.63 % and 

52.42 %)/(46.89 % and 56.82 %) so the evolution of the 

formation of C3-C4 bond is more advanced than O1-C5. 

Concerning the ortho channel, the reaction between N-

tert-butyl-(4-trifluoromethyl)-phenylnitrone (1) and 

methacrolein (cis/trans), for O1-C4 we have found 

(62.79 %-70.04 %)/(68.39 %-73.61 %) and for C3-C5 

(30.59 %-37.23 %)/(30.40 %-34.93 %); consequently, 

the O1-C4 is more advanced than C3-C5 and the process 

of the formation of the new sigma bonds in this case is 

more or less asynchronous. The more asynchronous 

transition state for a variety of 32CA has the lower 

energy; so thus, agreement with the fact the empirical 

rule.
49-52
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Table 6. Wiberg bond orders of forming bonds at transition structures and cycloadducts and percentage of their for-

mation at TSs. b3lyp/6-31G(d) 

Cyclization mode A 

Gas phase Dichloromethane 

Meta channels d(O1-C5) d(C3-C4)  d(O1-C5) d(C3-C4) 

 TS                P TS                  P  TS                P TS             P 

1n-SS-c 
0.2178     0.8640 0.4917   0.9685 

1n-SS-c 
0.2011           0.8614 0.4967           0.9687 

25. 21 50.77 23. 35 51. 27 

1n-RR-c 
0.2178     0.8640 0.4918   0.9685 

1n-RR-c 
0.2011           0.8614 0.4967           0.9687 

25.21 50.78 23. 35 51. 28 

1x-SR-c 
0.1890     0.8607 0.4455   0.9792 

1x-SR-c 
0.1851          0.8617 0.4488           0.9799 

32.83 46.63 32.34 46.89 

1x-RS-c 
0.1890     0.8606 0.4456   0.9792 

1x-RS-c 
0.1851            0.8617 0.4488           0.9799 

32.83 46.63 32.34 46.89 

Ortho channels d(O1-C4) d(C3-C5)  d(O1-C4) d(C3-C5) 

2n-SS-c 
0.6198     0.9195 0.2354   0.9295 

2n-SS-c 
0.6552           0.9191 0.2356           0.9316 

70.03 30.59 73.61 30.40 

2n-RR-c 
0.6198     0.9294 0.2354   0.9294 

2n-RR-c 
0.6552           0.9192 0.2356           0.9316 

70.04 30.60 76.60 30.40 

2x-SR-c 
0.5926     0.9235 0.2558   0.9417 

2x-SR-c 
0.6407           0.9165 0.2573           0.9381 

66.91 31.41 72.42 31.92 

2x-RS-c 
0.5925     0.9235 0.2557   0.9417 

2x-RS-c 
0.6407           0.9166 0.2573           0.9381 

66.91 31.40 72.42 31.92 

Cyclization mode B 

Gas phase Dichloromethane 

Meta channels d(O1-C5) d(C3-C4)  d(O1-C5) d(C3-C4) 

 TS                P TS                  P  TS                P TS             P 

1n-SS-t 
0.2487      0.8967 0.4784   0.9712 

1n-SS-t 
0.2207           0.8944 0.5028           0.9716 

27.74 49.26 24. 68 51.75 

1n-RR-t 
0.2488      0.8967 0.4784   0.9712 

1n-RR-t 
0.2207           0.8944 0.5028           0.9716 

27.75 49.26 24. 68 51.75 

1x-SR-t 
0.2833      0.9142 0.5098   0.9726 

1x-SR-t 
0.2732           0.9088 0.5407           0.9725 

30.99 52.42 36.44 56.82 

1x-RS-t 
0.2833      0.9142 0.5097    0.9726 

1x-RS-t 
0.2732            0.9088 0.5407            0.9725 

30.99 52.41 36.44 56.82 

ortho channels d(O1-C4) d(C3-C5)  d(O1-C4) d(C3-C5) 

2n-SS-t 
0.5749      0.9240 0.2802    0.9302 

2n-SS-t 
0.6267            0.9171 0.2542            0.9296 

65.09 35 70.96 32.46 

2n-RR-t 
0.5749      0.9239 0.2802   0.9303 

2n-RR-t 
0.6266            0.9171 0.2742            0.9296 

65.10 34.99 70.95 32.46 

2x-SR-t 
0.5545      0.9266 0.3060   0.9337 

2x-SR-t 
0.6096            0.9257 0.2814            0.9321 

62.79 37.23 68.39 34.93 

2x-RS-t 
0.5545      0.9266 0.3060   0.9337 

2x-RS-t 
0.6096            0.9257 0.2814            0.9321 

62.79 37.23 68.39 34.93 

 

3.2.3. Study of Charge Transfer in TSs 

Natural bond orbital (NBO) analysis allows us to 

evaluate the charge transfer (CT) along with the cycload-

dition processes. For 32CA reactions between nucleo-

philic and the electrophilic structures for the precedent 

reactions, the evaluation of the electronic nature showed 

that the atomic charges in the TSs were shared between 

the α-aryl nitrone (1) and methacrolein (2) cis/trans. 

Positive values in the gas and solvent phases are 
indicative of an electron flow from the α-aryl nitrone (1) 
and methacrolein (2) cis for all the eight TSs for CM-A, 
ranges from 0.04 to 0.128e, indicating the polar nature of 
the 32CA reactions as it can be seen in Tables 2 and 7.  

The global electronic density transfer (GEDT) val-
ues are found to be lower for all TSs under study for CM-B, 
ranges from 0.04 to 0.09 e, which reveals that these 32CA 
reactions have a moderate polar character as a consequence 
of the moderate nucleophilic character of dipoles. 
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Table 7. The charge transfer (CT) in TSs at B3LYP/6-31G(d) 
 

Cyclization mode A 
CT 

Cyclization mode B 
CT 

Gas phase DCM Gas phase DCM 

TS1n-SS-c 0.080 0.104 TS1n-SS-t 0.049 0.092 

TS1n-RR-c 0.080 0.104 TS1n-RR-t 0.049 0.092 

TS1x-SR-c 0.043 0.091 TS1x-SR-t 0.047 0.093 

TS1x-RS-c 0.043 0.091 TS1x-RS-t 0.047 0.093 

TS2n-SS-c 0.092 0.127 TS2n-SS-t 0.045 0.093 

TS2n-RR-c 0.093 0.128 TS2n-RR-t 0.045 0.093 

TS2x-SR-c 0.084 0.128 TS2x-SR-t 0.046 0.090 

TS2x-RS-c 0.085 0.128 TS2x-RS-t 0.046 0.090 
 

4. Conclusions 

In this computational study, the mechanism and the 

regio- and diastereo-selectivity of the 32CA reactions 

between N-tert-butyl,α-(4-trifluoromethyl)-phenylnitrone 

(1) and methacrolein (2) cis/trans have been studied in 

detail using the density functional theory (DFT) calcula-

tions at B3LYP/6-31G(d) level in gas and DCM media. In 

the light of the above discussions, it was concluded that: 

 The global and local indices of reactants re-

vealed that N-tert-butyl,α-(4-trifluoromethyl)-phenylnit-

rone (1) acts as a nucleophile and methacrolein (2) is con-

sidered as an electrophile in the studied reaction.  

 The analysis of electronic chemical potentials 

indicates a normal electron demand character for the in-

vestigated reaction.  

 DFT results show that the meta-endo reaction 

channel via CM-A, yielding the (3R,5R) and (3S,5S) endo 

cycloadducts are the preferred pathway in the studied 

process.  

 The geometrical parameters and Wiberg bond 

indices indicate that the examined cycloaddition reaction 

follows a one-step non-concerted mechanism and is asyn-

chronous in the formation of the two new sigma bonds.  
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[3+2] ЦИКЛОПРИЄДНАННЯ  

N-трет-БУТИЛ,α-(4-ТРИФЛУОРОМЕТИЛ)-

ФЕНІЛНІТРОНУ З МЕТАКРОЛЕЇНОМ: 

ТЕОРЕТИЧНЕ ДОСЛІДЖЕННЯ 
 

Анотація. У цій роботі досліджено регіо- та діасте-

реоселективність [3+2] циклоприєднання (32CA) N-трет-

бутил,α-(4-трифлуорометил)-фенілнітрону (1) і метакролеїну 

(2) за допомогою методу DFT на B3LYP/6-31(d) обчислю-

вальному рівні у газовій фазі та в розчиннику дихлорометані. 

Для виявлення найактивніших центрів у досліджуваних моле-

кулах використовували молекулярний електростатичний по-

тенціал MESP. Було розраховано глобальні і локальні показники 

реакційної здатності та термодинамічні параметри з метою 

пояснення регіоселективності та стереоселективності для 

обраної N-трет реакції. Досліджено можливу хемоселективну 

орто/мета регіоселективність та стерео- (ендо/екзо) ізомерні 

канали. Наші теоретичні результати дають важливе пояс-

нення можливих шляхів, пов’язаних з досліджуваною реакцією 

32CA. 
 

Ключові слова: [3+2] циклоприєднання, N-трет-

бутил,α-(4-трифлуорометил)-феніл, метакролеїн, DFT, 

регіоселективність, стереоселективність. 
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