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Abstract The mechanism (regio- and stereoselectivity) of

1,3-dipolar cycloaddition (1,3-DC) of 2-ethylthio-4-phenyl-

1-azetin 1 with benzonitrile oxide 2a, 2-aminobenzonitrile

oxide 2b and 2-azidobenzonitrile oxide 2c has been inves-

tigated by density functional theory-based reactivity indices

and activation energy calculations at B3LYP/6-31G(d,p)

level of theory in the gas and solvent phase. Thermodynamic

and kinetic parameters of the possible ortho/meta regioiso-

meric and endo/exo stereoisomeric pathways have been

determined. In order to rationalize complete endo selective

fashion provided by these 1,3-DC cycloadditions, a natural

steric analysis between NLMOs i,j for TS1ox and TS1on

and also a second-order interaction energy, E2, analysis

between the donor–acceptor orbitals in these TSs were

carried out. In all cases, the ortho pathways are more

favorable compared to the meta alternatives and it is found

that the endo pathway is preferred. Our results show that

these cycloadditions follow an asynchronous one-step

mechanism with a nonpolar character. Theoretical data are

in good agreement with the experimental results.

Keywords Regioselectivity � Stereoselectivity � 1,3-

Dipolar cycloaddition � 2-ethylthio-4-phenyl-1-azetin �
DFT reactivity indices

Introduction

The cycloaddition reactions play a fundamental role in

organic synthesis and mechanistic studies [1]. The 1,3-DC

reaction, which is the joining of a 1,3-dipole with a dipo-

larophile, is an efficient way for the synthesis of five-

membered heterocyclic structures [2–4]. In particular, the

nitrile oxides are the important dipoles which react with

double carbon–nitrogen bonds and afforded the 1,2,4-oxa-

diazole [5, 6]. These aromatic rings have various biological

and medical applications [7, 8] and have been introduced

into drug discovery programs for several different purposes.

In some cases, they have been used as potent EthR inhibitors

that boost ethionamide activity in the treatment of multi-

drug-resistant tuberculosis [9]. In other cases, oxadiazoles

have been displayed to act as a flat, aromatic linker to put

substituents in the suitable position [10] and also regulating

molecular properties by positioning them in the periphery of

the molecule [11]. They have also been used as replace-

ments for carbonyl including compounds like esters, amides,

carbamates and hydroxamic esters [12, 13].

The 1,3-DC reactions have customarily been studied by

the frontier molecular orbital (FMO) theory and transition

state theory (TST). Although TST remains the most greatly

used and the most rigorous approach for the investigation

of the mechanism of these reactions, the transition state

locating is not always more comfortable. Furthermore,

transition state calculations often require a lot of time when

big substituents are existent in reactive systems. The

reactivity indexes, as described by the density functional
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theory (DFT) [14], such as Fukui indices, local softnesses and

local electrophilicity, have been used to rationalize the reac-

tivity and regiochemistry of cycloaddition reactions [15–17].

For instance, several treatments of 1,3-DC reactions of nitrile

oxide with various dipolarophiles can be found in the litera-

ture [18–20]. In continuation of our previous works on the

theoretical investigation of 1,3-DC reactions [21–28], we

present the results of an extended investigation on the reac-

tivity, regio- and stereoselectivity of 1,3-DC reaction between

2-ethylthio-4-phenyl-1-azetin 1 with benzonitrile oxide 2a,

2-aminobenzonitrile oxide 2b and 2-azidobenzonitrile oxide

2c based on activation energy calculations and DFT-based

reactivity indices. Experimentally, it has been found that the

cycloaddition reactions of 1 with 2a, 2b and 2c give only

(5R,7R)-5-(ethylthio)-2-aryl-7-phenyl-4-oxa-1,3 diazabicy-

clo[3.2.0]hept-2-ene P1on as shown in Scheme 1. These

results showed that the ortho and endo pathways are domi-

nant [29].

Computational methods

All calculations were done with GAUSSIAN03 program

package [30]. Geometric optimization of the reactants was

done by DFT methods at the B3LYP/6-31G (d,p) level of

theory [31]. The transition states (TSs) for the 1,3-DC

reactions have been localized at the B3LYP/6-31G(d,p)

level of theory. Frequency calculations described the sta-

tionary points to confirm that the TSs had one and only one

imaginary frequency. The intrinsic reaction coordinates

(IRC) [32] calculation was done in forward and backward

path to determine that each saddle point joints to the two

related minima by the second-order González–Schlegel

integration method [33, 34]. Solvent effects were consid-

ered at the B3LYP/6-31G (d,p) level of theory by geometry

optimization of the gas-phase structures using a self-con-

sistent reaction field (SCRF) [35] on the basis of the

polarizable continuum model (PCM) of Tomasi’s group

[36]. Because the studied cycloaddition reactions were

carried out in diethyl ether, we selected its dielectric con-

stant at 298.0 K, e = 4.3. The electronic chemical potential

l was assessed in terms of the one electron energy of the

HOMO and LUMO, using Eq. (1) [37]:

l ¼ ðeH þ eLÞ=2 ð1Þ

The global electrophilicity x for dipoles and dipolarophile

was determined using Eq. (2) [38]:

x ¼ l2=2ðeL � eHÞ ð2Þ

The global nucleophilicity index M [39], based on the

HOMO energies obtained within the Kohn–Sham

scheme [40], is defined as M = eHOMO (Nu) - eHOMO

(TCE) in which (Nu) denotes nucleophile. This relative

nucleophilicity index refers to tetracyanoethylene (TCE).

Results and discussion

Theoretical studies of the regio- and stereochemistry of

these 1,3-DC reactions will be based on two sections.

Firstly, we focus our attention on the energetic aspects of

the 1,3-DC reactions. In the second section, we investigate

the bond lengths, bond orders, steric analysis and charge

transfers in the TS structures.

Activation energy calculations

In this present study, the transition states are located through

vibrational frequency analysis. Each such transition state is

distinguished by a single imaginary frequency. There are

two regioisomeric pathways—ortho and meta—and two

stereoisomeric pathways—endo and exo—as shown in

Scheme 1. For the different structures of the nearing reac-

tants, transition states and the products, a useful naming

Scheme 1 Regio- and stereoisomeric pathways for the investigated 1,3-dipolar cycloadditions
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system has been utilized according to our previous theoret-

ical investigations [21, 22, 26, 27]. Abbreviated structural

symbols for the products (Pyon, Pyox, Pymn, Pymx), the

transition states (TSyon, TSyox, TSymn, TSymx) and the

oriented reactants (1, 2a, 2b, 2c) have been followed

throughout this discussion. In these reactions, cycloadditions

of dipolarophile 1 with nitrile oxides (2a, 2b, 2c) in ortho

channel and endo/exo stereoselectivity approach lead to

products Pyon and Pyox. Similarly, cycloaddition reactions

of dipolarophile 1 with nitrile oxides (2a, 2b, 2c) with meta

channel and endo/exo stereoselectivity approach lead to

products Pymn and Pymx. The transition states TSyon,

TSyox, TSymn and TSymx are related to products Pyon,

Pyox, Pymn and Pymx, respectively, and also, y = 1, 2 and

3 are used for (2a, 2b and 2c) nitrile oxide derivatives,

respectively (Scheme 1).

The corresponding activation barriers, structures and

energy profile are given in Table 1, Figs. 1 and 2, respec-

tively. All the reactions progressed exothermically with

large DH values (Table 1). In accord with Hammond’s

postulate, the TSs should then be more adjacent to the

reactants. As shown in Table 1, for the all these reactions,

the ortho cyclization modes are more favorable than the

meta ones by about 17 kcal mol-1, leading to the formation

of the ortho cycloadducts Pyon and Pyox, while the endo

approach modes giving P1on, P2on and P3on are more

favorable, by ca. 2 kcal mol-1, than the exo ones. Moreover,

in order to confirm our calculations, we calculated above

activation energies for reaction between 1 and 2a with larger

basis set (6 - 311 ? G(2d,p)), we obtained same results.

Therefore, 1,3-DC reactions show complete ortho regiose-

lectivity and high endo stereoselectivity. These results are in

agreement with the experimental data [29].

In order to rationalize complete endo selectivity along

ortho regioisomeric pathway, a natural steric analysis was

carried out on the B3LYP/6-31G (d,p)-generated wave

function of both optimized TS1on and TS1ox (as a model)

using Gen NBO5.0 W software [41]. Important pairwise

steric exchange energies, DEi,j, between NLMOs i,j for

TS1on and TS1ox in 1,3-DC reaction of 1 toward 2a

including optimized structures of TS1on and TS1ox together

with corresponding atoms numbering are given in Table S1

from supplementary information. As shown, the sum of

important pairwise steric exchange energies is 288.99 and

299.11 kcal mol-1 for TS1on and TS1ox, respectively,

indicating that TS1ox suffers from a larger destabilizing

steric interaction than TS1on about 10.12 kcal mol-1. The

greatest value of pairwise steric exchange energy in both

TS1ox and TS1on is associated with the interaction between

r C1–C5/r C8-N14 and r C1–C5/r C8-N13, respectively

(see Table S1 from supplementary information). In order to

complete the study of endo selectivity provided by the 1,3-

DC reaction of 1 toward 2a, stabilizing electron density

delocalization effects were also examined.

Table 1 Relative Gibbs free

energies (DG, in kcal mol-1)

and enthalpies (DH, in

kcal mol-1) computed at

298.15 K and 1 atm in the gas

phase and diethyl ether for the

transition states (TSs) and

cycloadducts (CAs) involved in

the 1,3-DC reactions of 1 with

2a, 2b and 2c

Gas phase Solvent Gas phase Solvent

DH DG DH DG DH DG DH DG

TS1ona 12.51 26.21 13.63 27.16 CA1ona -43.79 -41.88 -43.35 -41.52

TS1oxa 13.57 27.87 14.16 28.40 CA1oxa -42.72 -40.68 -42.10 -40.21

TS1mna 29.87 43.32 30.85 44.16 CA1mna -33.32 -31.28 -32.75 -30.52

TS1mxa 32.03 46.51 33.20 47.21 CA1mxa -30.70 -29.14 -30.69 -28.81

TS1onb 16.53 29.88 17.65 30.81 CA1onb -40.39 -38.37 -39.97 -38.02

TS1oxb 17.74 31.45 18.36 32.03 CA1oxb -39.36 -36.95 -38.72 -36.46

TS1mnb 35.52 49.28 36.57 50.15 CA1mnb -31.44 -29.87 -30.87 -29.11

TS1mxb 38.17 52.34 39.32 53.05 CA1mxb -29.37 -27.64 -29.11 -27.29

TS2onc 12.19 26.03 13.77 27.11 CA2onc -45.60 -43.35 -44.63 -42.02

TS2oxc 13.29 27.89 14.43 28.40 CA2oxc -44.36 -42.30 -43.41 -41.25

TS2mnc 30.15 43.66 31.15 44.87 CA2mnc -35.370 -32.97 -33.97 -31.82

TS2mxc 31.53 46.75 33.12 49.00 CA2mxc -30.96 -30.82 -31.48 -30.99

TS3ond 13.47 27.10 14.54 27.67 CA3ond -41.68 -39.44 -41.60 -39.09

TS3oxd 14.84 29.07 15.33 29.77 CA3oxd -41.17 -39.05 -40.71 -38.84

TS3mnd 30.14 43.41 31.67 45.60 CA3mnd -29.85 -27.53 -30.27 -28.70

TS3mxd 32.77 47.34 33.94 48.39 CA3mxd -27.73 -26.31 -28.23 -26.68

a Relative to 1 ? 2a at 6-31G (d,p)
b Relative to 1 ? 2a at 6-311G? (2d,p)
c Relative to 1 ? 2b
d Relative to 1 ? 2c
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Delocalization of electron density between occupied

Lewis-type (bond or lone pair) NBO orbitals and formally

unoccupied (anti-bond or Rydberg) non-Lewis NBO orbi-

tals corresponds to a stabilizing donor–acceptor interaction.

The energy of this interaction can be estimated by the

second-order perturbation theory [42]. The calculated

important second-order interaction energies (E2) between

the donor–acceptor orbitals in TS1ox and TS1on as well as

Fig. 1 Optimized geometries for the transition state structures at the B3LYP/6-31G (d,p) 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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optimized structures of these TSs together with corre-

sponding atoms numbering are listed in Table S2 from

supplementary information. As presented in this table, the

sum of important second-order interaction energies is

485.02 and 477.74 kcal mol-1 for TS1on and TS1ox,

respectively. These values obviously show that TS1on is

stabilized than TS1ox by 7.28 kcal mol-1 explaining the

preferable endo selectivity displayed by the studied 1,3-DC

reaction. It is interesting to note that the greatest value of

the second-order interaction energy in TS1ox and TS1on is

related to the delocalization of donor LP (3) O4 to the

acceptor p* C2–N3 and donor LP (2) S9 to the acceptor p*

C1–N13, respectively.

As the 1,3-DC reactions between dipolarophile 1 and

dipoles 2a, 2b and 2c were carried out in diethyl ether,

which can have some prevalence on the energies and

geometries, solvent effects in these 1,3-DC reactions were

evaluated by full optimization of the solvent phase

geometries by utilizing the PCM model of Tomasi’s group

[36]. The relative energies are summarized in Table 1.

With the incorporation of solvent effects, reactants are

more stabilized than TSs and Ps [43]. As a result, in diethyl

ether, the relative Gibbs free energies associated with ortho

and meta TSs are moderately increased between 0.5–1.1

and 0.7–2.2 kcal mol-1, respectively (Table 1).

The geometries of the TSs, the lengths of the C–O, C–N,

C–C and N–O forming bonds and their Wiberg bond order

values involved in these 1,3-DC reactions are shown in

Fig. 1. Analysis of the lengths of the two forming bonds in

the TSs shows that they are not formed to the same extent.

It is of note that the C–N bond length is shorter than the C–

O bond length (in TS1on, TS2on and TS3on) and C–C

bond is shorter than N–O bond (in TS1mn, TS2mn and

TS3mn). The degree of bond formation on a reaction path

is given by the bond order conception [44]. The bond order

(Wiberg indices) values of the C–O, C–N, C–C and N–O

forming bonds at TSs are shown in square brackets in

Fig. 1. These values are within the range of 0.09–0.36 for

favorable pathway (TS1on, TS2on and TS3on) and

0.26–0.42 for unfavorable pathway (TS1mn, TS2mn and

TS3mn). The differences of bond order for forming bonds

at the TSs indicate asynchronous one-step mechanism

processes. These results also show that the most favorable

TSs (TS1on, TS2on and TS3on) are consistently more

asynchronous than the unfavorable ones (TS1mn, TS2mn

and TS3mn).

Recently, an interesting and helpful classification for

Diels–Alder (DA) reactions based on the polar character,

global electron density transfer (GEDT) computed at the

TS, of DA reaction between cyclopentadiene and twelve

substituted ethylenes has been provided by Domingo et al.

[45]. According to this classification, there are three dif-

ferent types of DA reactions: (a) nonpolar DA (N-DA)

reactions for which GEDT and activation energy are less

than 0.15e and higher than 18 kcal mol-1, respectively;

(b) polar DA (P-DA) reactions which are characterized by

0.15e\GEDT\ 0.40e and an activation energy ranging

from 17 to 5 kcal mol-1; (c) and finally, ionic DA (I-DA)

reactions show a GEDT higher than 0.40e and negative

activation energy. Therefore, the electronic nature of these

1,3-DC reactions is evaluated by analyzing the global

electron density transfer at the TSs along the cycloaddition

process. In the gas phase, the GEDTs at the TSs, which

passes from the dipolarophile to the dipole moiety, are

0.123 e, 0.130 e and 0.122 e for the favorable TSs TS1on,

TS2on and TS3on, respectively, indicating nonpolar

character for these 1,3-DC reactions. This low electron

density transfer can be related to the electron-rich character

of the dipolarophile 1.

IRC calculations were carried out for all studied reac-

tions and presented only for the reaction pathway leading

to P1on (Figure S1 from supplementary information). This

figure shows saddle point clearly and illustrates that the

TSs connect to the associated minima of the concerted

mechanism.

DFT-based reactivity indices

HOMO and LUMO energies, electronic chemical potential

l, chemical hardness g, global electrophilicity x and global

nucleophilicity N of the dipolarophile 1 and nitrile oxides

2a, 2b and 2c are given in Table 2.

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

potential (l) of dipolarophile 1 (-0.1165) is greater than

those of dipoles 2a (-0.1409), 2b (-0.1248) and 2c
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(-0.1453), which shows that the charge transfer takes place

from dipolarophile 1 to dipoles 2a, 2b and 2c. Consequently,

the dipoles 2a, 2b and 2c can act as electrophile in these 1,3-

DC reactions. These results are in agreement with GEDT

calculations at the TSs. The electrophilicity difference for

the dipole/dipolarophile pair, Dx, is a useful criterion to

describe the high- or low-polar nature of the cycloaddition

[46]. The small Dx between 1 and 2a, 2b and 2c is 0.66, 0.42

and 0.87 eV, respectively, which shows a nonpolar character

for these 1,3-DC reactions.

A useful classification of 1,3-DC reactions into pseu-

dodiradical-type (pr-type) and zwitterionic-type (zw-type)

reactions has been proposed [47]. Pr-type reactions occur

easily via an earlier TS with nonpolar nature, and zw-type

reactions occur via polar TSs. It can be concluded that our

investigated reactions participate in pr-type reactions.

Recently, Domingo proposed the new local reactivity, Parr

functions, in polar organic reactions [48]. In the present

study, dipolarophile 1 is not electrophilically motivated;

consequently, these 1,3-DC reactions are nonpolar.

Therefore, Parr functions cannot give correct information

about the regioselectivity in these nonpolar 1,3-DC reac-

tions. He declared that due to the electrophilic/nucleophilic

manner of these reactions, the Fukui functions on the basis

of finite charge differentiations cause some serious errors

and are not match to exchange in charge distribution, as

suggested by these Fukui functions. Therefore, the Fukui

functions also could not be used.

Conclusion

The 1,3-DC reaction of 2-ethylthio-4-phenyl-1-azetin and

nitrile oxide derivatives has been investigated at DFT/

B3LYP/6-31G(d,p) level of the theory in the gas and diethyl

ether phases. The computed energies, enthalpies and free

energies of activation of the transition states indicated

experimentally formed products from ortho regioisomeric

channels and endo stereoisomeric approaches along the

ortho pathways are more favorable cycloadducts. Wiberg

bond index and GEDT indicated an asynchronous one-step

mechanism over the regioisomeric reaction channels. In

order to rationalize complete endo selective fashion pro-

vided by these 1,3-DC cycloadditions, a natural steric

analysis between NLMOs i,j for TS1ox and TS1on and also

a second-order interaction energy, E2, analysis between the

donor–acceptor orbitals in these TSs were carried out. The

results evidently showed that the complete endo selectivity

explained TS1on leads the endo stereoisomeric approach

preferred over the exo one.
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