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Abstract The regiochemistry of 1,3-dipolar cycloaddi-

tion reactions of C-phenyl carbamoyl-N-phenyl nitrone

with some dialkyl-substituted 2-benzylidenecyclopropane-

1,1-dicarboxylates as dipolarophile was investigated using

density functional theory-based reactivity indexes and

activation energy calculations at B3LYP/6-31G(d) level of

theory. Analysis of the geometries and bond orders at the

TS structures associated with the different reaction path-

ways shows that these 1,3-dipolar cycloaddition reactions

occur via an asynchronous concerted mechanism. Analysis

of the local electrophilicity and nucleophilicity indexes

based on Parr functions only for reaction between 1 ? 2a

and based on Fukui functions only for 1 ? 2b gives correct

regioselectivity. The theoretical results obtained in the

work clearly predict the regiochemistry of the isolated

cycloadducts and agree to experimental results.

Keywords Regioselectivity � Cycloaddition � Density

functional calculations

Introduction

The 1,3-dipolar cycloaddition is a chemical reaction

between a 1,3-dipole and a dipolarophile to form a five-

membered ring [1]. These reactions are ones of the most

important processes with both synthetic and mechanistic

interest in organic chemistry. Current understanding of the

underlying principle in the Diels–Alder reactions and the 1,

3-dipolar cycloadditions (1,3-DC) has grown from worth-

while interaction between theory and experiment [2–4].

The 1,3-DC reactions possess several interesting char-

acteristics, in particular, regioselectivity. Although transi-

tion state theory remains the most widely used and the most

exact approach for the study of the mechanism and the

regiochemistry of these reactions, the localization of tran-

sition states is not always easier. Furthermore, transition-

state calculations are often much time consuming when

bulky substituents are present in reactive systems.

Recently, reactivity descriptors based on the density

functional theory (DFT), such as Fukui indexes, local

softness and local electrophilicity, have been extensively

used for the prediction of the regiochemistry. For instance,

several treatments of 1, 3-DC reactions of nitrones with

various dipolarophiles can be found in the literature [5, 6].

The 1,3-DC reactions of nitrones with alkenes is an

important method for preparing isoxazolidines in a regio-

selective and stereoselective manner [1]. Isoxazolidines

have been successfully transformed into alkaloids, some

important natural products and other bioactive molecules

[7]. Experimentally, it has been found that the cycloaddition

reaction of C-phenyl carbamoyl-N-phenyl nitrone 1 with

dimethyl 2-(4-methylbenzylidene)cyclopropane-1,1-dicar-

boxylate 2a and dimethyl 2-(4-chlorobenzylidene)cyclo-

propane-1,1-dicarboxylate 2b gives preferentially the

cycloadduct 3a and 3b, respectively, shown in Fig. 1 [8].

Computational details

All calculations were carried out with GAUSSIAN03

program suite [9]. Geometry optimization of the reactants
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was carried out using DFT methods at the B3LYP/6-31G

(d) level of theory [10]. The transition states (TSs) for the

1,3-DC reactions have been localized at the B3LYP/6-

31G(d) level of theory. Frequency calculations character-

ized the stationary points to verify that the TSs had one and

only one imaginary frequency. In a stable molecule, the

potential energy curve for all the vibrational modes slopes

upward, meaning that the energy increases as the atoms

vibrate away from their equilibrium positions. The upward

potential energy curve means that the force constant is

positive, so the vibrational frequency obtained is real. This

is true for all the vibrational frequencies in the transition

state, except for the one and only one vibrational normal

mode that corresponds to the reaction coordinate. As we

can see when we look at a reaction coordinate diagram, the

potential energy curve for the reaction coordinate slopes

downward. The downward slope causes the force constant

for the reaction coordinate to be negative, which in turn

gives an imaginary vibrational frequency [11]. The intrin-

sic reaction coordinate (IRC) [12] calculation was per-

formed in forward and backward path to identify that each

saddle point connects to the two associated minima using

the second-order González–Schlegel integration method

[13, 14]. The atomic electronic populations were evaluated

according to Merz–Kollman scheme (MK option) [15, 16].

The electronic chemical potential l was evaluated in terms

of the one electron energies of the HOMO and LUMO,

using Eq. (1) [17]:

l ¼ eHOMO þ eLUMO=2 ð1Þ

The global electrophilicity x for dipoles and dipolaro-

phile was evaluated using Eq. (2) [18]:

x ¼ l2
�

2ðeLUMO � eHOMOÞ ð2Þ

As usual, local indexes are computed in atomic condensed

form [19]. The well-known Fukui function [20, 21] for

electrophilic f�k and nucleophilic attack fþk can be written as

f�k ¼ ½qkðNÞ � qkðN � 1Þ� ð3Þ

fþk ¼ ½qkðN þ 1Þ � qkðNÞ� ð4Þ

where qk (N), qk (N - 1) and qk (N ? 1) are the electronic

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

systems, respectively. The local electrophilicity index, xk,

condensed to atom k is easily obtained by projecting the

global quantity onto any atomic center k in the molecule

using the electrophilic Fukui function (e.g. the Fukui

function for nucleophilic attack, fþk [22] )

xk ¼ xfþk ð5Þ

Domingo et al. has introduced an empirical (relative)

nucleophilicity index, N, [23] based on the HOMO energies

obtained within the Kohn–Sham scheme [17], and defined as:

eHOMOðNuÞ � eLOMOðTCEÞ ð6Þ

This nucleophilicity scale is referred to tetracyanoeth-

ylene (TCE) taken as a reference. Local nucleophilicity

index, Nk, [24] was evaluated using the following equation:

Nk ¼ Nf�k ð7Þ

where, f�k is the Fukui function for an electrophilic attack

[20, 21].

Very recently, Domingo proposed two new electro-

philic, Pþk , and nucleophilic, P�k , Parr functions based on

the atomic spin density distribution at the radical anion and

at the radical cation of a neutral molecule [25]. The elec-

trophilic, Pþk , and nucleophilic, P�k , Parr functions, were

obtained through the analysis of the Mulliken atomic spin

density of the radical anion and the radical cation by sin-

gle-point energy calculations over the optimized neutral

geometries using the unrestricted UB3LYP formalism for

radical species.

Results and discussion

The polar cycloaddition of nitrones can take place through

high asynchronous TSs associated with two-center inter-

actions. In these cases, analysis of the most electrophilic

center of the electrophile and the most nucleophilic center

of the nucleophile accounts for the regioselectivity in these
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Fig. 1 The regioisomeric pathways for 1,3-dipolar cycloadditions
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polar processes [26]. To put in evidence the preferential

cyclization mode and consequently the major cycloadducts

of 1, 3-dipolar cycloaddition reactions under investigation,

we will consider two-center reaction mechanism. Our

theoretical predictions of the regiochemistry will be based

on the activation energy calculations and DFT-based

reactivity indexes.

Activation energy calculations

The transition states have been localized for both cycliza-

tion modes. The corresponding activation energies and TS

structures are given in Table 1 and Fig. 2, respectively. An

analysis of the geometries at the TS structures given in

Fig. 2 shows that they correspond to an asynchronous bond

formation processes. The extent of bond formation along a

reaction pathway is provided by the concept of bond order

(BO) [27]. The BO (Wiberg indexes) values of the O–C

and C–C forming bonds at TSs are shown in brackets in

Fig. 2. These values are within the range of 0.24–0.36. The

BO analysis shows that these TSs correspond to asyn-

chronous concerted processes. The BO values of the O–C

and C–C forming r bonds at the TS structures are 0.24

(O1–C3) and 0.36 (C2–C4) at TS3a, 0.33 (O1–C4) and

0.36 (C2–C3) at TS4a, 0.36 (O1–C3) and 0.24 (C2–C4) at

TS3b, 0.34 (O1–C4) and 0.36 (C2–C3) at TS4b. These

results show that the TS3a is more asynchronous than the

TS4a and the TS3b is more asynchronous than the TS4b.

In general, the asynchronicity shown by the geometrical

data is accounted for by the BO values. All the reactions

progressed exothermically with large DEr (relative energies

between products and reactants) energy values. According

to Hammond’s postulate, the TSs should then be closer to

the reactants. Hammond’s postulate can also be interpreted

in terms of the position of the transition state along the

reaction coordinate, nT, as defined by Agmon [28]:

nT ¼
1

2� ðDGr=DG6¼Þ
ð8Þ

where DG= and DGr are the relative Gibbs free energy

change between the reactants and their corresponding

transition states and relative Gibbs free energy change

between products and reactants, respectively.

The extent of nT shows the degree of similarity between

the transition state and the product. According to this

equation, the situation of the transition state along the

reaction coordinate is determined exclusively by DGr (a

thermodynamic quantity) and DG= (a kinetic quantity). If

nT \ 0.5 the transition state is similar to reactants (early

TS) and if nT [ 0.5 the transition state is similar to pro-

ducts (late TS) [28]. The values of nT for these 1,3-DCs are

0.3296 (for 1 ? 2a?3a), 0.5321 (for 1 ? 2a?4a), 0.3271

(for 1 ? 2b?3b) and 0.5318 (for 1 ? 2b?4b). Therefore,

we can conclude that TSs should then be closer to the

reactants. The activation energy values, DEa, also favor the

formation of the cycloadducts 3a and 3b against their re-

gioisomers 4a and 4b, respectively. The presence of the

chloro group in dipolarophile 2b reduces the barrier.

A comparison of the results presented in Table 1 with

above-mentioned BO values shows a relationship between

the activation energy of the TS structures and the asyn-

chronicity of the reactions. In the reaction between 1 and

2a, the less energetic TS3a is more asynchronous than the

TS4a. In the reaction between 1 and 2b, the less energetic

TS3b is more asynchronous than the TS4b. These findings

state the empirical rule that holds for a variety of [4 ? 2]

Table 1 Energies of reactants, transition states and cycloadducts 3a,

4a, 3b and 4b, E (a.u.), relative activation energies, DEa (kcal mol-1),

relative Gibbs free energy change between the reactants and their

corresponding transition states, DG= (kcal mol-1), relative energies

between products and reactants, DEr (kcal mol-1), and relative Gibbs

free energy change between products and reactants DGr (kcal mol-1)

Reaction System E DEa
a DG= a DEr

a DGr
a

1 ? 2a 1 -800.61597

2a -882.05427

TS3a -1,682.66856 1.03 16.87

TS4a -1,682.62948 25.57 41.61

3a -1,682.72781 -36.15 -17.45

4a -1,682.69198 -13.64 5.02

1 1 2b 1 -800.61597

2b -1,302.33144

TS3b -2,102.94653 0.55 16.66

TS4b -2,102.90711 25.29 41.27

3b -2,103.00568 -36.57 -17.62

4b -2,102.96882 -13.43 4.93

a To reactants
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cycloaddition reactions that ‘‘for asymmetrically substi-

tuted dienophiles, the more asynchronous TS has the lower

energy’’ [29–31].

The polar nature of the two cyclization modes can be

estimated by a charge transfer (CT) analysis at the TSs.

The CT from dipolarophile 2a to dipole 1 is 0.09 e at TS3a

and 0.03 e at TS4a. Therefore, the CT calculations show an

IED (inverse electron demand) character for this reaction.

For 1 ? 2b, The CT from dipole 1 to dipolarophile 2b is

0.1 e at TS3b and 0.03 e at TS4b. Thus, the CT calculations

show a normal electron demand (NED) character for this

process.

IRC calculations were carried out for all studied

reactions, and presented only for the reaction between 1

and 2a at the pathway due to 3a (Fig. 3). This figure

shows saddle point clearly and demonstrates that the TS

connect to the associated minima of the concerted

mechanism.

DFT-based reactivity indexes

The HOMO and LUMO energies, electronic chemical

potential l, chemical hardness g, global electrophilicity x
and global nucleophilicity N of the nitrone and dipolaro-

philes are given in Table 2.

As it can be seen in Table 2, the electronic chemical

potential (l) of dipolarophile 2a (-0.1383) is greater than

that of dipole 1 (-0.1477) which shows that the charge

transfer is taking place from dipolarophile 2a to dipole 1.

The electronic chemical potential (l) of dipole 1 is greater

than that of dipolarophile 2b which indicates that the

charge transfer is taking place from dipole 1 to dipolaro-

phile 2b. It is important to note here that even though

dipole 1 shows a larger electrophilicity value than dipol-

arophile 2b, the latter has a lower chemical potential,

which is the index that determines the direction of electron

flux along the cycloaddition [32]. Consequently, the dipole

Fig. 2 Optimized geometries

for transition state structures at

the B3LYP/6-31G(d) level of

theory. Hydrogen atoms have

been omitted for clarity.

Distances of forming bonds are

given in angstroms. The bond

orders are given in brackets
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1 can act as electrophile in reaction between 1 and 2a and

in reaction between 1 and 2b acts as nucleophile. These

results are in agreement with CT calculations at the TSs.

The difference in electrophilicity for the dipole/dipol-

arophile pair, Dx, was found to be a measure of the high-

or low-polar character of the cycloaddition [33]. The small

Dx between 1 and 2a, 0.82 eV, and 0.57 eV for 1 ? 2b,

shows a low-polar character for these 1,3-DC reactions.

The Fukui and Parr indexes for the atoms O1 and C2 of

the dipole (nitrone 1) and for the atoms C3 and C4 of the

dipolarophiles (2a and 2b) are given in Table 3 (see Fig. 5

for atom numbering). Fukui and Parr functions were

computed based on the MK and the Mulliken atomic spin

density analysis, respectively.

In Fig. 4, we have reported the values of local elec-

trophilicities xk for atoms O1 and C2 of the dipole 1

(nitrone) and the local electrophilicities Nk for atoms C3

and C4 of dipolarophile 2a in (3). For (4) the values of Nk

for atoms O1 and C2 of the dipole 1 and xk for atoms C3

and C4 of dipolarophile 2b were reported. According to the

Domingo’s model [22, 23], in a polar cycloaddition reac-

tion between unsymmetrical reagents, the more favorable

two-center interaction will take place between the more

electrophile center characterized by the highest value of the

local electrophilicity index xk at the electrophile, and the

more nucleophile center characterized by the highest value

of the local nucleophilicity index Nk at the nucleophile. For

better visualization we have illustrated these interactions in

Fig. 4. According to Parr functions prediction, in the

reaction between 1 and 2a, the most favorable two-center

interaction takes place between C2 of dipole 1 and C4 of

the dipolarophile 2a leading to the formation of the 3a

regioisomer. However, according to Fukui functions pre-

diction in this reaction, the most favorable two-center

interaction takes place between C2 of the dipole 1 and C3

of the dipolarophile 2b leading to the formation of the 4a

regioisomer which is in disagreement with experimental

observations [8]. In (4) based on Parr functions the most

favorable two-center interaction takes place between C2 of

the dipole and C4 of the dipolarophile leading to the for-

mation of the 4b regioisomer which is in disagreement with

experimental findings. Based on Fukui functions, the most

favorable two-center interaction takes place between O1 of

the dipole and C3 of the dipolarophile leading to the for-

mation of the 3b regioisomer which agrees to experimental

outcomes.

These results show that, in (3), the two-center polar

model based on Fukui functions failed to predict experi-

mental regiochemistry. On the other hand, in (4), the two-

center polar model based on Parr functions failed to predict

experimental regiochemistry.

Conclusion

Mechanism and regiochemistry for the 1, 3-dipolar cyclo-

addition reactions of nitrone 1 with dipolarophiles 2a and

Fig. 3 B3LYP/6-31G(d) IRC

plot for the pathway of 1,3-DC

reaction between 1 and 2a due

to 3a

Table 3 Fukui and Parr indexes (for the O1 and C2 atoms of the

dipole 1 and for atoms C3 and C4 of the dipolarophiles 2a and 2b)

Reactants Atom number f�k fþk P�k Pþk

1 O1 0.0653 0.1389 0.0605 0.1319

C2 0.0391 0.2551 0.0497 0.2090

2a C3 0.0288 0.0362

C4 -0.0942 0.3104

2b C3 0.1046 0.1525

C4 0.0701 0.2854

Table 2 HOMO and LUMO energies in a.u., electronic chemical

potential (l in a.u.), chemical hardness (g in a.u.), global electro-

philicity (x, in eV) and global nucleophilicity (N, in eV) for reactants

1, 2a and 2b

Reactants eHOMO eLUMO l g x Na

1 -0.2119 -0.0834 -0.1477 0.1285 2.31 3.35

2a -0.2259 -0.0507 -0.1383 0.1752 1.49 2.97

2b -0.2356 -0.0624 -0.1490 0.1732 1.74 2.71

a The HOMO energy of tetracyanoethylene is -0.3351 a.u. at the

same level of theory
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2b have been investigated using activation energy calcu-

lations and DFT-based reactivity indexes at the B3LYP/6-

31G (d) level of theory. The results obtained in this work

allow us to conclude that activation energy calculations

clearly predict the regiochemistry of the isolated cycload-

ducts, but DFT-based reactivity indexes based on Parr

functions for reaction between 1 ? 2a and based on Fukui

functions for 1 ? 2b give correct regioselectivity.
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