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Abstract

A theoretical study of the regio- and stereoselectivities of the 1,3-dipolar
cycloaddition reaction between methyl crotonate and 2,3,4,5-tetrahydropyridine-
I-oxide has been carried out using density functional theory (DFT) calculations at
B3LYP/6-31G(d) level of theory. Analysis of the global reactivity and local
electrophilicity indices has been used to explaining the regioselectivity of the
titled reaction. Overall, our results show that the studied 1, 3-dipolar
cycloaddition reactions favor the formation of the meta-endo cycloadduct in both
cases. The bond order and charge transfer at the transition states and activation
energies indicate that these reactions proceed via an asynchronous concerted
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1. Introduction

Cycloaddition reactions are among the most powerful tools for synthesis and mechanistic interest in organic chemistry
area because of their capacity to construct in region- and /or stereoselectively method[1]. The current understanding of
the underlying principles of 1,3- dipolar cycloaddition (1,3-DC) reactions has grown from the interplay between
theory and experiment[2]. The 1,3-DC are a versatile manner for obtaining five-membered heterocycles[3]. Several
experimental and theoretical studies continued to populate the literature over different manners of the 1,3 dipolar
cycloaddition[4]. Reactions between nitrones and alkenes to obtaining isoxazolidines are well-known due to their
great importance in construction processes[2-5]. Substituted isoxazolidines are interesting biological active
compounds[6] that could be used as enzyme inhibitors[7-8], and applied as synthetic intermediates of a variety of
compounds[9]. Many theoretical investigations have been devoted to the study of regio- and stereoselectivities of
13DC reactions of nitrone with alkenes[10]. Recently, reactivity descriptors based on the density functional theory
(DFT) have been widely used for the prediction of the regioselectivity[11]. Kumar Das et al[4]. have studied the 1,3-
dipolar cycloadditions of both 1-phenylethyl-trans-2-metyl nitrone with styrene and 1-phenylethyl nitrone with allyl
alcohol. An analysis of frontier orbitals interaction, electrophilicity difference, Pauling’s bond order and Wiberg bond
index in the transition state was found to be in good agreement with the experimental data. A few years ago, Cosso et
al[12]. have used B3LYP/6-31G(d) level of theory to study the 1,3-dipolar cycloaddition reaction of unsubstituted
nitrone with nitroethene. Asynchronicity in the bond formation process for the two regioisomeric approaches was
found to be electron-deficient dipolarophile controlled. Liu et al[13]. have performed DFT calculations at B3LYP/6-
31G(d) on the 1,3-dipolar cycloaddition reaction of the simplest nitrone to dipolarophiles containing electron-releasing
substituents. Another time again, the endo approach is kinetically favoured because of the stabilising secondary orbital
interactions. Moreover, Nacerddine et al[14]. have studied the region and stereoselectivities of the 1,3- dipolar
cycloaddition of C-diethoxyphophoryl-N- methylnitrone with substituted alkenes. The given analysis of potential
energy surface shows that these 1,3-dipolar cycloaddition reactions favour the formation of the ortho-trans
cycloadduct in both cases to be in good agreement with experimental findings. Very recently, Marakchi et al[15].
have studied the mechanism of the 1,3-dipolar cycloaddition reaction between nitrone and sulfonylethene chloride
using ab initio and DFT methods. HF and DFT calculations predict meta path, in agreement with the experimental
results, while MP2 calculations provided the ortho regioselectivity. In another work, Khorief et al[16]. have studied
the region and stereoselectivities of the 1,3-dipolar cycloaddition reaction between C-phenyl-N-methylInitrone and
Ethylvinylether. The ortho/ endo were produced to be more favorable kinetically and thermodynamically. Later,
Chafaa et al[17]. have reported a DFT calculations at B3LYP/6-31+G(d) level of the 1,3-dipolar cycloaddition of C-
diethoxyphosphoryl-N-methlnitrone and N-(2-florophenyl)acrylamide. Analysis of the bond order and charge transfer
at the transition states indicates a one —step asynchronous mechanism. Experimentally, Asrof et al[18]. have
determined the 1,3-DC reaction between 2,3,4,5-tetrahydropyridine-1-oxide 1 and methyl crotonate 2b to giving a
mixture of substituted isoxazolidines ( see Scheme 1) 3b and 4b with a ratio of 90:10, respectively. The
stereochemistry of the major adduct is depicted in 4b having endo oriented carbomethoxy group which is known to
manifest favourable secondary orbital interaction. Our interest in this study is focused on the investigation and
interpretation of the regio- and stereoselectivities of the 1,3-DC reactions of 2,3,4,5 tetrahydropyridinel-oxide(dipole)
with methyl crotonate (dipolarophile) by using several theoretical frontier molecular orbital (FMO) interactions,
conceptual DFT, and the analysis of stationary points.
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Scheme 1: 1,3-Dipolar cycloaddition of 2,3,4,5-tetrahydropyridine-l-oxide with methylcrotonate

2/Theory and computational details
The reported quantum chemical calculations were performed at the B3LYP/6-31G(d) level of theory using
GAUSSIAN 09 suite of programs[19]. Full geometry optimizations followed by frequency calculations at the same
level of theory were carried out for all stationary points. The intrinsic reactions coordinate (IRC)[20] path was
calculated in order to check that each TS connects well to the two corresponding minima in the energy profiles of the
proposed mechanism. Atomic electronic populations were computed using the natural bond orbital (NBO)
method[21]. Bulk solvent effects of Dichloromethane were considered implicitly by performing single point energy
calculations on the gas phase stationary structures using the polarisable continuum model (PCM) as developed by
Tomasi’s group[22] on the basis of the self-consistent reaction field (SCRF) background[23-24]. Values of enthalpy
and free energy were obtained by frequency calculations over B3LYP/6-31G(d) geometries.
The global electrophilicity index @ [25], is given by
@ = (u¥/2n) (1)
where “p” is the electronic chemical potential and “n” is the chemical hardness[26]. These quantities could be
expressed as a function of the frontier molecular orbitals HOMO and LUMO, g, and ¢, as:
B % (2pomo T ELumo)/2 (2)
N~ (eLumo ~ EHomo) 3
A new empirical (relative) nucleophilicity index N[27] has been recently introduced on the basis of the HOMO
energies[28]:
N = Enomo(nucteophiley~ ErHomo(rce) (4)
The tetracyanoethylene (TCE) is taken as a reference because of its lower HOMO energy in a large series of
molecules [29].

The local electrophilicity index, my[30] condensed to atom K is easily obtained by projecting the global quantity
onto any atomic center k in the molecule by using the electrophilic Fukui index (i.e. the Fukui function for the
nucleophilic attack £,)). This gives the following equation:

Wk = fk+ )
The local nucleophilicity condensed to atom k (N,)[31] was then calculated as:
Nk = ka_ (6)
For an atom k in a molecule, three different types of condensed Fukui function could be considered,[32]
f'=[pc(N+1)—pc (N)] (for nucleophilic attack), (7a)
f =[pkN) —px N —1)] (for electrophilic attack), (7b)
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where px (N), px (N - 1) and px (N + 1) are the gross electronic populations of the site k in neutral, cationic, and anionic
systems, respectively.

3/Results and discussion

3.1 Regioselectivity study based on DFT reactivity indices

The determination of NED/IED reaction character is necessary for the prediction of regioselectivity. This
characterization can be performed by using electronic chemical potential (), global electrophilicity (), global
nucleophilicity N and HOMO-LUMO gap. This latter is calculated by considering the directly involved orbitals in the
reaction. Frontier molecular orbitals Fig.1 analysis shows that HOMO and LUMO of the nitrone are = molecular

orbitals (MOs).
Dipole
2 9
h 9
HOMO HOMO-1
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Figl. Optimized geometries and visualized FMOs for the reactants

On one hand, the HOMO of the methyl crotonate is a nonbonding MO localized essentially on the carbonyl group’s
oxygen. Consequently, it will not be directly involved in the 1, 3-DC process. On the other hand, the dipolarophile’s
HOMO™ is a bonding = molecular orbital showing an important contribution of the active sites’ atoms Fig.1 The
HOMO-1 density (dipolarophile) is more pronounced than the HOMO ones. Thus, the cycloaddition reaction will take
place between the LUMO of the dipole and the HOMO-1 of the dipolarophile. In the light of FMO theory,
Sustmann[33] classified various types. Type () is the FMO interaction between the highest occupied molecular orbital
of the 1, 3-dipole (HOMOyg;ip.e) and the lowest unoccupied molecular orbital of the dipolarophile (LUMOgipoaropnite) that
is corresponding the normal-electron demand (NED) AE(I)= HOMOgipole — LUMOgipotaropnite ~ (4.406 €V) a large
number of 1,3-DC reactions is classified in. Type (Il) interaction between the LUMO of dipole and the HOMO_; of
dipolarophile. This type is named as the inverse-electron demand (IED) AE (1) = HOMO.; gipolarophite-LUMOyipole
(7.072 eV). These types of interactions are illustrated in Fig 2.
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Fig 2. The interactions between HOMO and LUMO orbitals of a 1, 3-dipole/dipolarophile

According to the Houk rule[34], the regioselectivity of 1,3-DC reactions can be explained on the basis of large- large
and small- small FMO interactions that are more favoured than large- small and small- large ones. The coefficients of
frontier molecular orbitals (FMOs) of the reactants, given in Table 1, show that the most favoured interactions are
between O; of the dipole and C; of the dipolarophile and C; of dipole interact with C, of dipolarophile leading to the
formation of meta regioisomer as the major product. This fact is in agreement with the study of K. Marakchi et al[15]
of 1,3-DC between pyrraline -1-oxide and methyl crotonate.

Table 1. FMOs Molecular Coefficients of the dipole and dipolarophile

Dipole Dipolarophile
HOMO LUMO HOMO-1 LUMO
Cl o7 Cl o7 Cl C2 Cl C2

-0.3898 0.4677 0.3877 0.3021  0.3449  0.3850 0.4025  -0.2447

In Table 2 are displayed the HOMO and LUMO energies, electronic chemical potential 1, chemical hardness #, global
electrophilicity w, and global nucleophilicity N of the dipole and dipolarophile.

Table 2. FMO energies (a.u), electronic chemical potential (a.u), chemical hardness (a.u), electrophilicity index (eV)
and nucleophilicity index (eV)

HOMO LUMO u n ® N®
Dipole -0.201 -0.006 -0.103 0.195 0.740 3.649
Dipolarophile -0.266 -0.039 -0.152 0.227 1.384 1.881

HOMO energy of tetracyanoethylene is —0.3351 a.u at the same level of theory. Chemical potential, hardness,
electrophilicity and nucleophilicity values are associated to the HOMO-1 of dipolarophile.
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The electronic chemical potential («) of dipole (-0.103 eV) is greater than that of dipolarophile (-0.152 eV).
Consequently, the charge transfer will take place from the 1, 3-dipole to dipolarophile. The Values of electrophilicity
indices (w) of reactants are 1.384 and 0.740 eV for methyl crotonate (dipolarophile) and nitrone (dipole), respectively.
As it can be seen, the values of AE (HOMO-LUMO gap) for NED character are predicted to be lower than that
corresponding to IED. Many studies dealing with cycloaddition reactions are based on the electrophilic ( fz ) and
nucleophilic (f;7), Parr functions attacks. Negative values of Fukui functions can be obtained from various population
analyses. However, Hirshfeld’s  population [35] guarantees positive Fukui functions values, thus it is a good means
to predict the right regioselectivity[36,37]. Therefore, Fukui functions based on the Hirshfeld’s population were
calculated for the studied reactants and the corresponding results are given in Table 3. Prediction of regioselectivity
can also be performed by using the Chattaraj’s polar model where local philicity indices are used[38]. Values of local
electrophilicity wy and local nucleophilicity Ny are listed in Table 3 and the corresponding most favourable two-centre
interaction is shown in Fig 3. In dipolar cycloaddition, the most favourable attack takes place between C1 atom of the
dipolarophile (the preferred position for a nucleophilic attack) and O7 of the dipole, leading to the formation of the
meta-regioisomer.

Table 3. Local properties of dipole and dipolarophiles calculated at B3LYP/6-31G (d) level of theory

Reactant Site NPA Chelpg
f f 1) N f f 1) N
Dipole O, 0189 0423 0.140 1543 0.211 0355 0.156 1.295
C, 0298 0312 0220 1138 0435 0.268 0.180 0.977
Dipolarophile C; 0225 0.246 0300 0469 0234 0268 0311 0511
C, 0.116 0392 0.154 0.747 0114 0397 0.151 0.288

Fig 3. Prediction of the favoured interactions between dipole and dipolarophile using DFT based indices

3.2. Mechanistic study of the cycloaddition reaction based on activation energy

3.2.1. Energies of the Transition Structures

The 1-3 DC reactions of nitrone with dipolarophile can happen along four possible reactive channels corresponding to
the endo and exo approach modes in two different regioisomeric channels; the meta and ortho reactions (see Scheme
2). The right pathway corresponds to the O7-C2 and C1-C1 forming bond processes, while the left pathway
corresponds to the O7-C1 and C1-C2 ones. Four transition states designated as: TS-men, TS-mex, TS-oen, and TS-oex
have been confirmed by frequency calculations. The geometries of the four TSs are represented in Fig 4. The studied
energies and relative energies of reactants in both the gas phase and DCM solvent are given in Table 4. The PES
schemes, corresponding to the four reactive channels, are given in Fig 5 and 6.
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Fig 4. Optimized transition structures of the 1-3 DC reaction between tetrahydropyridine-1-oxide and methyl
crotonate

The calculated activation energies and relative electronic energies of the stationary points involved in the 13DC of
2,3,4,5-tetrahydropyridine-l-oxide with methylcrotonate in both cases the gas-phase and dichloromethane solvent are
shown in Table 4. The activation energy TS-men (6.45 kcal/mol) is lower compared to that of the TS- mex (10.91
kcal/mol), TS-oen (11.25 kcal/mol) and TS-oex (15.47 kcal /mol), In dichloromethane, the reactants are slightly more
stabilized than the TSs and this results the activation energies increase respectively TS-men (10.45), TS-mex (13.80) ,
TS-o0en (14.73) and TS-oex (17.43) kcal/mol, that is to say, the formation of pathways P-men in the gas phase is
easier than that in the solvent. We have to note that these 1,3-DC reactions are strongly exothermic. In addition,
solvent effects decreased their exothermicity while their corresponding activation energies increased as a consequence
of the greater solvation of polar nitrone[39]. The comparison of relative energies with relative free energies given in
Table 4 shows that the trends in region- and stereoselectivity are essentially coincident. Finally, we can conclude that
the energy results indicate that the P-men shows a very high reactivity, both kinetically and thermodynamically.
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Table 4. Total energies (a.u), Relative energies AE (in kcal/mol), relative free energies AG (in kcal/mol) and
enthalpies AH (in kcal/mol) in gas phase and in DCM, of the stationary points involved in the 1, 3-DC reaction
between 2,3,4,5-tetrahydropyridine-1-oxide and methyl crotonate

Gas phase Dichloromethane solvent
Stationary point
AG AH AE* Er AG AH AE* Er
Dipole -325.8570278 -325.8656038
Dipolarophile -345.7852858 -345.7903845
TS-men 21.75 8.05 6. 45 -671.6320213 24.98 11.88 10.45 -671.6393249
TS-mex 25.71 12.38 10.91 -671.6249129 28.56 15.27 13.80 -671.6339965
P-men -6.16 -20.20 -23.62 -671.6742828 -1.80 -15.70 -19.04 -671.6813970
P-mex -2.72 -16.07 -19.56 -671.6734902 1.17 -12.20 -15.75 -671.6810906
TS-o0ex 30.52 16.97 15.47 -671.6176606 32.56 19.00 17.43 -671.6282077
TS-oen 26.25 12.76 11.25 -671.6243785 29.81 16.28 14.73 -671.6325104
P-oen -3.87 -17.80 -15.56 -671.6671208 0.47 -13.70 -12.07 -671.6752383
P-oex -2.69 -16.60 -13.77 -671.6642700 1.10 -12.70 -10.90 -671.6733701
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Fig 6. Energy profiles, in kcal/mol, for the 1,3-DC reactions of stationary point in solvent phase
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3.2.2. Geometry analysis
Table 5. Values of |Ad| in TS-men, TS-mex, TS-oen and TS-oex of the 1, 3-DC reaction of dipolarophile with dipole
in the gas phase and solvent DCM

Gas phase DCM

Meta channels Meta channels

d(0,~C;) d(C;-C;) Ad d(OC;) d(C;-C,) Ad
TS-men 1.82 2.31 0.48 1.79 2.31 0.52
TS-mex 1.88 2.26 0.37 1.84 2.28 0.44

Ortho channels Ortho channels

d(0s-C;) d(Ci-Cy) Ad d(0;-C,) d(Ci-Cy) Ad
TS-oen 2.19 1.99 0.20 2.22 1.96 0.26
TS-0oex 2.16 2.02 0.14 2.19 1.97 0.40

Comparison of the most relevant geometrical parameters of the four TSs involved in gas phase and in solvent 13DCs
of the 2,3,4,5-tetrahydropyridine-1-oxide with methyl crotonate is presented in Figure 4. The corresponding selected
geometric parameters are given in Table 5. The lengths of the bonds of the C1-C2 are: (2.31 — 2.62) A and O7-C1
(1.82 — 1.88) A at the TS-men and TS-mex, respectively, while at the TS- men and TS-mex involved in the DCM
are: C1-C2 (2.31-2.28) A and O7-C1 (1.79 — 1.84) A. These values indicate that they correspond to asynchronous
bond formation processes where the lengths of the O-C are shorter than the C-C bonds. However, in the TS- oen and
TS-0ex, O—C forming bonds (2.19 and 2.16 A) are longer than C—C forming bonds (1.99 and 2.02 A); the lengths of
the bonds in the solvent are the same as in the gas phase i.e. O-C is longer than C-C. This shows a change of the
dissymmetry on the bond formation process for the two regioisomeric pathways.

The degree of asynchronicity of bond formation at the TSs is determined by considering the difference between the
lengths of the two new ¢ forming bonds such as Ad = [d] - d2] for four pathways. Values of Ad for the TS-men are
high asynchronous and more favorable stereoisomeric with respect to the other channels.

Conclusion:

In this work, the 13DC reaction of 2,3,4,5-tetrahydropyridine-l-oxide with methyl crotonate, the regio- and
stereoselectivities have been thoroughly probed using DFT methods at the B3LYP/6-31G(d) theoretical level. The
ortho/meta regioisomeric pathways along with the endo and exo stereoisomeric channels have been studied on the
basis of both kinetic and thermodynamic controls. The regioselectivity has been analyzed and confirmed through DFT
based indices. The calculated electrophilic, f,:f, and nucleophilic, f; , indices prove clearly that the meta channels are
the major and most favourable regioisomeric paths. In all the studied cases, the reaction pathways leading to the
endo/meta are the most favourable. These 13DCs have basically asynchronous concerted mechanisms and not one
presents a stepwise mechanism as a consequence there was no intermediate localization along the present study. The
solvent slightly affects the activation energies due to the better solvation of the reactants. All in all, the obtained
results using the present theoretical approaches are in good agreement with experimental data.
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Supplementary material

The Cartesian coordinates of the important optimized stationary geometries (reactants, intermediates, TSs and
products) along the 13DC reaction of 2,3,4,5-tetrahydropyridine-l-oxide with methyl crotonate at B3LYP/6-31 G(d)
level of theory are given in supplementary material.
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