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Abstract
The [3 + 2] cycloaddition reaction of N-(p-methylphenacyl)benzothiazolium ylide (NBY) and 1-nitro-2-(p-methoxyphenyl) 
ethane (NME), experimentally investigated by Yan et al., was studied theoretically. They reported that the reaction pro-
ceeds via a stepwise mechanism and produces two diastereomeric adducts in a 4:1 ratio. For the study of the reaction, two 
regioselective attacks were considered between the reagents and their theoretical parameters were calculated. In excellent 
agreement with the experimental outcomes, the Fukui and Parr functions reactivity indices analysis as well as the energetic 
results indicated that among the two studied regioselective attacks, one which leads to the formation of two experimentally 
reported adducts, is more favorable than the other. The molecular mechanism of the studied reactions was characterized using 
the IRC, QTAIM and Wiberg bond indices analyses and the results suggested that two diastereomeric adducts are generated 
via two different mechanisms. The major adduct is produced via a two-stage one-step mechanism without the formation 
of any stable intermediate, whereas the minor one is generated through a stepwise mechanism along with the formation of 
a stable zwitterionic intermediate. The analysis of global electron density transfer showed that the reactions are polar and 
electron density fluxes from NBY toward NME. It was found from molecular electrostatic potential map that at the more 
favorable transition state, approach of reactants locates the oppositely charged regions over each other resulting in attractive 
forces between the two fragments. Analysis of the frontier molecular orbitals indicated that the HOMO orbital of NBY is 
also a frontier effective-for-reaction molecular orbital.

Keywords Tetrahydrobenzo[d]pyrrolo[2,1-b]thiazoles · Stepwise mechanism · Two-stage one-step mechanism · DFT · 
FERMO · Molecular mechanism

1 Introduction

One of the most useful reactions for the synthesis of homo-
cyclic as well as heterocyclic compounds is cycloaddition 
reactions [1]. Many of the heterocyclic compounds can be 
easily synthesized by using [3 + 2] cycloaddition reaction 

(which is also called 1,3-dipolar cycloaddition) between 
a three-atom component (or 1,3-dipole) and an ethylene 
derivative (or dipolarophile). This reaction, which often 
takes place in a highly regio- and stereoselective fashion, 
can be used as a powerful method for the synthesis of vari-
ous five-membered nitrogen-, oxygen- and sulfur-containing 
cyclic compounds [2].

The mechanistic aspects of the cycloaddition reactions 
have been the subject of the most interesting controversies. 
Woodward and Hoffmann believed that a pericyclic reac-
tion is a concerted reaction in which all bonds are formed 
or broken through a cyclic transition state [3]. In 1986, 
Dewar et al. introduced the two-stage mechanisms as asyn-
chronous concerted, in which the changes in bonding take 
place in two stages. In other words, some of the bonding 
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changes occur in the first half of the reaction pathway while 
the other changes occur in the second one [4]. After that in 
1995, Houk and his coworker believed that an asynchronous 
concerted process takes place via two-stage mechanism, in 
which two new bonds are formed in separate but overlapping 
processes [5]. Further studies on those cycloaddition pro-
cesses, which occur in a high asynchronous transition state 
but in a single kinetic step, revealed that two new σ bonds 
are formed between two fragments in a nonconcerted fashion 
[6]. According to the Domingo’s definition, when a reaction 
takes place through a one-step nonconcerted process, the 
reaction can be considered as a two-stage process. In this 
mechanism, the formation of two new bonds between two 
fragments is not concerted, and the formation of the second 
σ bond begins after much progress in the formation of the 
first one [7].

Among the fused five-membered heterocycles, 
pyrrolo[2,1-b]thiazoles are one of the nitrogen and sulfur-
containing compounds, possessing remarkable biological 
activities. These heterocyclic compounds are well known 
as structural building blocks of many biologically active 
molecules and can be used as anti-breast cancer, antitumor, 
anti-inflammatory, antibiotic, anticonvulsant, hepatoprotec-
tive and antidiabetic agents [8, 9]. Owing to the importance 
of pyrrolo[2,1-b]thiazoles, the development of efficient syn-
thetic procedures to build such heterocyclic structures is of 
interest [8, 10, 11].

One of the well-known methods for the synthesis of 
five-membered nitrogen-containing heterocycles is [3 + 2] 
cycloaddition of azomethine ylides and various dipolaro-
philes. In this way, in 2017, Yan et al. reported an inter-
molecular [3 + 2] cycloaddition reaction between N-phen-
acylbenzothiazolium bromidese and nitroalkenes under 
basic conditions for the synthesis of tetrahydrobenzo[d]
pyrrolo[2,1-b]thiazoles (Scheme 1) [10].

Based on the proposed mechanism by Yan et al., initial 
deprotonation of N-phenacylbenzothiazolium bromidese (A) 
by triethylamine generates a benzothiazolium ylide (B) or 
its resonance form (B′). By nucleophilic attack of ylide (B) 
on nitroalkene, a zwitterionic intermediate (C) is generated, 

which undergoes a ring closure to produce two diastere-
omeric tetrahydrobenzo[d]pyrrolo[2,1-b]thiazoles (D) and 
(D′) (Scheme 2).

Herein, in continuation of our previous theoretical studies 
on various organic compounds [12, 13], the [3 + 2] cycload-
dition of N-(p-methylphenacyl)benzothiazolium ylide (NBY, 
which generates from deprotonation of N-(4-methylphen-
acyl)benzothiazolium bromide) and 1-nitro-2-(p-methoxy-
phenyl) ethene (NME), experimentally explored by Yan and 
co-workers [10] (see Scheme 3), is theoretically analyzed at 
the density functional theory (DFT) levels to elucidate the 
regioselectivities and molecular mechanism of the reaction.

The important aims of the present research are:

• Analysis of the global and local reactivity indices at 
the ground state of the reagents involved in the [3 + 2] 
cycloaddition of NBY and NME.

• Potential energy surface exploration of reaction paths 
involved in the studied reaction.

• To study the regioselectivity and stereoselectivity of the 
reaction.

• To elucidate the global electron density transfer (GEDT) 
at transition states.

• To study the molecular mechanism and investigation of 
the reaction synchronicity.

2  Computational details

The geometry of the reactants and products was optimized 
using wB97XD/6-311G** and M062X/6-311G methods 
[14, 15]. Solvent effects of ethanol in the optimizations were 
considered using the conductor-like polarizable continuum 
model (CPCM) [16]. The transition states were determined 
by using the Berny algorithm or the synchronous transit-
guided quasi-Newton (STQN) procedure [17, 18]. The 
frequency calculations were carried out on the optimized 
structures to verify that all transition states have one imagi-
nary frequency and all reactants and products have only real 
frequency values. The optimized geometries of the transition 

Scheme 1  Synthesis of tetrahydrobenzo[d]pyrrolo[2,1-b]thiazoles using a [3 + 2] cycloaddition [10]
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states were verified by using intrinsic reaction coordinates 
(IRC) calculations [19, 20].

NBO population analysis was applied to compute the 
atomic charges and the Wiberg bond indices of the reactants, 

Scheme 2  The proposed 
mechanism for the synthesis of 
tetrahydrobenzo[d]pyrrolo[2,1-
b]thiazoles (D) and (D′) via a 
[3 + 2] cycloaddition reaction 
between N-phenacylbenzothia-
zolium bromidese and nitroalk-
enes under basic conditions

Scheme 3  Reaction paths involved in the [3 + 2] cycloaddition reaction of NBY toward NME 
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transition states and products [21, 22].
QTAIM analysis was carried out using the AIM2000 pro-

gram [23].
The global nucleophilicity index N was computed using 

the following equation:

where EHOMO(TCE), the HOMO energy of tetracyanoethyl-
ene (TCE), is considered as the reference and EHOMO(Nu) 
denotes the HOMO energy of nucleophile [24]:

The global electrophilicity index ω was calculated using 
the following equation from the chemical hardness η and 
electronic chemical potential μ [25].

Both η and μ quantities were computed from the frontier 
molecular orbitals energies using the following equations 
[26, 27]:

All calculations were performed using the Gaussian 09 
software [28].

3  Results and discussion

3.1  Analysis of the global reactivity indices 
of the reagents

Conceptual density functional theory (CDFT) is one of the 
powerful tools to study the reactivity as well as regioselec-
tivity in organic transformations [29, 30]. This theory can 
also predict satisfactorily the polar character of a reaction. 
Thus, at the first step of the work, the CDFT global reactivity 
indices were computed to assess the reactivity of the reac-
tants as well as the polar character of the reaction. Table 1 
illustrates the wB97XD/6-311G** and M062X/6-311G** 
computed CDFT global reactivity indices, i.e., the chemical 
potential (μ), chemical hardness (η), global nucleophilicity 

N = EHOMO(Nu) − EHOMO(TCE)

� =
�
2

2�

� =
ELUMO + EHOMO

2

� =
ELUMO − EHOMO

2

(N) and global electrophilicity (ω) of NBY, NME in both 
gas and ethanol phases.

An analysis of the results given in Table 1 indicates that 
the electronic chemical potential of NME is more negative 
than that of NBY. Therefore, along a polar [3 + 2] cycload-
dition reaction between NME and NBY electron density is 
expected to flow from NBY, as nucleophile, toward NME, 
as electrophile. Also, the values of nucleophilicity N and 
electrophilicity ω indices reveal that NBY is a stronger 
nucleophile than NME. On the other hand, NME shows an 
electrophilicity power more than NBY. Thus, we can expect 
that the relevant reaction is polar in character and probably 
exhibits a low activation barrier.

3.2  Study of the regioselectivity of the reaction

Both electronic and steric effects can control regioselectiv-
ity in a reaction. Electronic effects are considered when the 
reactants are separated from each other and can be analyzed 
at the reactive sites while steric effects become impor-
tant when the reactants approach to each other. To study 
the regioselectivity in the reaction, four possible reactive 
channels were considered between the reactants, NME and 
NBY, to form four possible cycloadducts P-I through P-IV 
(Scheme 3). As portrayed in scheme 3, all reactive chan-
nels can take place through one of the two possible Cγ–Cε 
and Cγ–Cδ regioisomeric routs, which are characterized by 
Cγ–Cε and Cγ–Cδ attacks, respectively. Within the Cγ–Cε 
attack, two diastereomeric adducts, namely P-I and P-II, are 
formed, while Cγ–Cδ attack leads to the formation of two 
different diastereomeric adducts P-III and P-IV. As men-
tioned in Sect. 1, Yan et al. reported experimentally that the 
reaction proceeds through Cγ–Cε regioisomeric attack to 
form P-I and P-II adducts in a 4:1 ratio [10].

In polar reactions between non-symmetrical reactants, 
when electrophile and nucleophile approach to each other, 
the most favorable interaction occurs between the most 
nucleophilic center of nucleophile and the most electro-
philic center of electrophile. Thus, the calculation of local 
reactivity associated with the reactants can help us to predict 
the best interaction between two species. Fukui functions 
reactivity indices are one of the powerful tools to elucidate 
the local reactivity of the reactants. According to a model 
established by Yang and Mortier, the Fukui functions can 

Table 1  The wB97XD/6-
311G** and M062X/6-311G** 
computed electronic chemical 
potential (μ), chemical hardness 
(η), global nucleophilicity (N) 
and global electrophilicity (ω), 
in eV, for NBY and NME in 
both gas and ethanol phases

Species WB97XD/6-311G** M062X/6-311G**

μ η N ω μ η N ω

NBY (gas) − 3.61 3.25 4.54 2.01 − 3.70 2.49 4.63 2.76
NBY (EtOH) − 3.74 3.41 3.87 2.05 − 3.85 2.65 3.94 2.79
NME (gas) − 4.55 3.83 3.01 2.71 − 4.68 3.13 3.02 3.50
NME (EtOH) − 4.59 3.66 2.76 2.88 − 4.71 2.97 2.77 3.74



Theoretical Chemistry Accounts (2019) 138:87 

1 3

Page 5 of 14 87

be obtained using Mulliken population analysis of an atom, 
k, in a molecule [31]:

The local electrophilicity �k and nucleophilicity Nk , 
which are widely used to predict the reactivity and regi-
oselectivity in various polar processes are computed using 
following equations [32, 33]:

Herein, the local electrophilicity �k and nucleophilicity 
Nk indices at the reactive sites of the reagents involved in the 
cycloaddition reaction were computed using NBO, Hirshfeld 
and Mulliken population analyses. Since, in the studied reac-
tion, NBY and NME act as nucleophile and electrophile, 
respectively, the local nucleophilicity ( Nk ) of the former and 
the local electrophilicity ( �k ) of the later were computed. 
The results are presented in Table 2.

As given in Table 2, the Cε atom of NME possessing 
higher value of local electrophilicity than the Cδ atom, 
which indicates NME is more electrophilically activated at 
the Cε atom. On the other hand, all three population analy-
ses clearly indicate that NBY is more nucleophilically acti-
vated at the Cγ atom than the Cα one. According to the 
Fukui function analysis, it can be concluded that along the 
nucleophilic attack of NBY on NME, the most favorable 
nucleophile–electrophile interaction will occur between 

f −
k
= qk(n) − qk(n − 1) for electrophilic attacks

f +
k
= qk(n + 1) − qk(n) for nucleophilic attacks

�k = �f +
k

Nk = Nf −
k

the most electrophilic center of NME, Cε atom, and the 
most nucleophilic center of NBY, Cγ atom, to proceed the 
reaction within the Cε–Cγ regioselectivity (paths 1 and 2 in 
Scheme 3). This regioselectivity prediction which leads to 
the formation of P-I and P-II cycloadducts is in excellent 
agreement with the experimental results [10].

Another approach to investigate the local reactivity and 
regioselectivity in polar reactions is based on nucleophilic 
P−
k
 and electrophilic P+

k
 Parr functions, which are obtained 

from the excess of spin electron density reached via the 
electron transfer process between two reagents involved in 
polar reactions [34, 35]. Since NME and NBY act as electro-
phile and nucleophile, respectively, the electrophilic P+

k
 Parr 

functions of NME and the nucleophilic P−
k
 Parr functions 

of NBY were computed. Table 3 summarizes the computed 
Parr functions for the reagents.

As given in Table 3, the Cε atom of NME with higher 
value of P+

k
 is more electrophilic than the Cδ atom. On the 

other hand, the Cγ atom of NBY is more nucleophilic than 
the Cα and Nβ atoms. So again, it is clear that the most 
nucleophilic/electrophilic interaction occurs between the Cε 
atom of NME as the most reactive site of the electrophile, 
and the Cγ atom of NBY as the most reactive site of the 
nucleophile. Accordingly, the reaction proceeds through the 
Cε–Cγ regioselective attack to produce either P-I or P-II 
adducts, which is in complete agreement with the experi-
mental outcomes [10].

3.3  Potential energy surface (PES) analysis 
of the reactive channels

To examine the aforementioned local reactivity indices, 
the transition states associated with the four reactive chan-
nels between NME and NBY were computed by using 

Table 2  The wB97XD/6-311G** and M062X/6-311G** computed 
local electrophilicity ( �

k
 ) and nucleophilicity ( N

k
 ) at the active sites 

of NME and NBY. The results corresponding to the gas phase are 
given in parentheses

a Obtained from wB97XD/6-311G** method
b Obtained from M062X/6-311G** method

Analysis Local electrophilicity 
(NME)

Local nucleophilicity (NBY)

ωε ωδ Nα Nβ Nγ

Mullikena 0.427
(0.287)

0.181
(0.168)

0.187
(0.208)

− 0.263
(− 0.268)

1.229
(1.091)

NBOa 0.662
(0.476)

− 0.185
(0.037)

0.271
(0.596)

0.372
(0.333)

2.980
(3.342)

Hirshfelda 0.376
(0.317)

0.192
(0.193)

0.193
(0.283)

0.039
(0.011)

0.935
(0.948)

Mullikenb 0.586
(0.405)

0.246
(0.220)

0.213
(0.237)

− 0.277
(− 0.296)

1.316
(1.212)

NBOb 0.789
(0.561)

− 0.212
(0.069)

0.278
(0.568)

0.387
(0.358)

3.071
(3.497)

Hirshfeldb 0.477
(0.397)

0.244
(0.247)

0.197
(0.279)

0.039
(0.007)

0.968
(0.997)

Table 3  The wB97XD/6-311G** and M062X/6-311G** computed 
electrophilic P+

k
 Parr function at the Cε and Cδ atoms of NME and 

nucleophilic P−
k
 Parr functions at the Cα, Nβ and Cγ atoms of NBY. 

The results corresponding to the gas phase are given in parentheses

a Obtained from wB97XD/6-311G** method
b Obtained from M062X/6-311G** method

Analysis Electrophilic Parr 
functions (NME)

Nucleophilic Parr functions 
(NBY)

P
+

P
+

P
−

P
−

P
−

Mullikena 0.372
(0.297)

− 0.041
(0.087)

0.063
(0.106)

− 0.053
(− 0.076)

0.781
(0.784)

Hirshfelda 0.234
(0.208)

0.031
(0.099)

0.052
(0.082)

0.028
(0.019)

0.539
(0.537)

Mullikenb 0.370
(0.300)

− 0.032
(0.095)

0.060
(0.095)

− 0.072
(− 0.093)

0.839
(0.849)

Hirshfeldb 0.217
(0.196)

0.040
(0.103)

0.048
(0.071)

0.026
(0.020)

0.544
(0.548)
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wB97XD/6-311G** method. Also, analysis of the IRC 
profiles relevant to the transition states TS-I, TS-III and 
TS-IV involved in the three reactive channels in ethanol 
clearly revealed that the corresponding cycloaddition reac-
tions proceed via a one-step mechanism without the forma-
tion of any stable intermediate. On the other hand, the IRC 
analysis of TS-II (which from now on is called TS-II-1) in 

ethanol indicated that the relevant reactive channel (path 
2) proceeds through a stepwise mechanism along with the 
formation of a stable zwitterionic intermediate, which from 
now on is called Int-II. This intermediate then experiences a 
rapid intramolecular ring-closure reaction to yield the corre-
sponding cycloadduct P-II through transition state TS-II-2. 
As mentioned in Sect. 1, Yan et al. proposed that the reaction 
proceeds via a stepwise mechanism with the formation of a 
zwitterionic intermediate (Scheme 2) [10]. As mentioned 
above, the IRC analyses showed that only the reactive chan-
nels 2 in ethanol involves the formation of a stable interme-
diate. It should be here noted that all reactive channels in 
the gas phase proceed via a one-step mechanism without the 
formation of any stable intermediate.

To have more details about the PES of the reaction, the 
free energies of the reactants, transition states, intermedi-
ate and products and also the relative free energies associ-
ated with the transition states, intermediate and products 
(ΔG) involved in the four reactive channels were computed. 
Table 4 summarizes the calculated free energies in both gas 
and ethanol phases. Also, the relative free energies were 
plotted to evaluate the reactive channels in a more compa-
rable manner. The results are depicted in Fig. 1.

An overview of Fig. 1 indicates that all reactive channels 
are energetically possible because the corresponding prod-
ucts are more stable than the reactants. It is clear that the 
Cγ–Cε regioselective attack is more favorable both kineti-
cally and thermodynamically than the Cγ–Cδ one, which 
is in excellent agreement with the experimental outcomes 
[10]. In addition, P-II, generated in a pathway releasing a 

Table 4  The wB97XD/6-311G** computed free energies (G, in au) 
and relative free  energiesa (ΔG, in kJ mol−1) for all species involved 
in four reactive channels between NME and NBY in both gas and 
ethanol  phasesb

a With respect to the reactants NBY and NME
b The products (P-I to P-IV) have an R configuration at Cγ

Solution (ethanol) Gas phase

G ΔG G ΔG

NBY − 1145.3889 – − 1145.3698
NME − 628.5012 – − 628.4902
TS-I − 1773.8825 19.99 − 1773.8565 9.21
P-I − 1773.9414 − 134.74 − 1773.9212 − 160.70
TS-II-1 − 1773.8798 27.14 − 1773.8531 18.12
Int-II − 1773.8988 − 22.84 – –
TS-II-2 − 1773.8960 − 15.49 – –
P-II − 1773.9431 − 139.08 − 1773.9246 − 169.66
TS-III − 1773.8713 49.28 − 1773.8531 18.12
P-III − 1773.9407 − 132.98 − 1773.9231 − 165.67
TS-IV − 1773.8715 48.73 − 1773.8469 34.39
P-IV − 1773.9370 − 123.26 − 1773.9164 − 148.08

Fig. 1  Relative free energy dia-
gram in the presence of ethanol 
at 25 °C for the species involved 
in the four reactive channels 
between NME and NBY 
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greater amount of energy, ~ 140 kJ mol−1, is the most stable 
cycloadduct. On the other hand, P-I, which is generated in a 
pathway that has a low activation barrier, ~ 20 kJ mol−1, can 
be considered as a product under kinetically controlled con-
ditions. As mentioned in Sect. 1, Yan et al. experimentally 
reported the formation of P-I and P-II in a 4:1 ratio [10]. In 
accordance with the kinetic principles, the formation rate of 
each product, P, can be calculated as k[NBY][NME], where 
k denotes the second-order rate constant. The rate constant 
can be calculated from Eyring equation:

where KB denotes the Boltzmann constant, T is the Kelvin 
temperature, h is the  Plank’s constant, ΔG‡ is the activation 
free energy, and R is the universal constant of the gases [36].

Using kI to kIV, the reaction rate constants associated with 
the four reactive channels, the Cγ–Cε to Cγ–Cδ regioselec-
tivity can be estimated as:

where kII is the rate constant for the first step (the rate-deter-
mining step) of the reactive channel 2.

Such a very high Cγ–Cε regioselectivity, in complete 
agreement with the experimental outcomes [10], indicates 
that only both P-I and P-II adducts are produced over the 
course of a Cγ–Cε regiospecific reaction between NME and 
NBY. These results are completely consistent with those 
obtained from Fukui and Parr function analyses (see Fukui 
and Parr functions analyses section).

Similarly, the calculated concentration ratio of I-P to II-P 
in the reaction mixture can be estimated as:

This computed stereoselectivity for the formation of I-P 
rather than II-P is not in complete agreement with the exper-
imental outcomes (I-P:II-P = 4:1) [10].

The dielectric constant of the medium influences the rate 
of the polar reactions. If the transition state is more polar 
than the reactants, the reaction accelerates when the dielec-
tric constant of the medium is increased. On the other hand, 
if the polarity of the reactants is more than the transition 
state, the reaction rate is reduced by increasing the dielectric 
constant of the medium. Since, in the studied reaction, the 
polarity of the reactants (especially of NBY as 1,3-dipole) 
is more than that of the transition state, the rate of all reac-
tive channels in ethanol is smaller than that in the gas phase 
(Table 4, compare the activation barriers associated with 
the transition states). Ethanol as a polar solvent with die-
lectric constant of 24.5 lowers the energy of the reagents 

k =

(

KBT

h

)

exp

(

−ΔG‡

RT

)

[P − I] + [P − II]

[P − III] + [P − IV]
=

kI + kII

kIII + kIV
= 63,600

[� − �]

[�� − �]
=

kI

kII
= 18

more than the transition states and increases the activation 
barriers. In addition, the zwitterionic intermediate Int-II is 
only detected in the presence of ethanol and not in the gas 
phase, which can be attributed to the stabilizing effects of 
the solvent molecules.

3.4  Thermodynamic and kinetic studies of four 
other alternative reactive channels

As mentioned in Sect. 1, Yan et al. reported the synthesis 
of two tetrahydrobenzo[d]pyrrolo[2,1-b]thiazoles using a 
[3 + 2] cycloaddition [10]. They prepared the single crystal 
of two major (D, Ar = p-MeC6H4, Ar′ = C6H5) and minor (D′, 
Ar = p-FC6H4, Ar′ = p-MeC6H4) cycloadducts (Scheme 2), 
and successfully determined the molecular structures using 
X-ray diffraction method. The results indicated that the 
both cycloadducts have an R configuration at the Cγ center, 
which correlate with the P-I and P-II geometries. Thus, 
it appears that these geometries are more stable than the 
alternative geometries possessing opposite configuration at 
the Cγ center. However, four alternative reactive channels 
can be considered between NBY and NME in which the 
Cγ center has an opposite configuration (S) in the generated 
cycloadducts (P-I′ to P-IV′). Scheme 4 depicts these reac-
tive channels.

At the next step, the geometries of the corresponding 
transition states (TS-I′ to TS-IV′) and products (P-I′ to 
P-IV′) were optimized in both gas and ethanol phases and 
their free energies were extracted. The results are presented 
Table 5.

Also, the relative free energies for all original and alterna-
tive reactive channels (paths 1 to 4 and 1′ to 4′, respectively) 
were plotted to evaluate the reactive channels in a more com-
parable manner. The results are depicted in Fig. 2.

According to the results presented in Table 5 and Fig. 2, 
it is clear that all alternative reactive channels (paths 1′ to 
4′) are both thermodynamically and kinetically more unfa-
vorable than the original reactive channels (paths 1 to 4). In 
facts, all cycloadducts obtained from the reactive channels 
1′ to 4′ have higher energy than those obtained from reac-
tive channels 1 to 4. In addition, all transition states corre-
sponding to the reactive channels 1′ to 4′ are more unstable 
relative to those of 1′ to 4′ paths. Among the eight transi-
tion states, TS-I which leads to the P-I adduct, is the most 
favorable transition state. This is in complete agreement with 
the experimental outcomes. The IRC analyses on TS-II-1′ 
show that the reactive channel 2′ in ethanol proceeds through 
a stepwise mechanism along with the formation of a stable 
zwitterionic intermediate Int-II′. This intermediate then 
experiences a rapid intramolecular ring-closure reaction to 
generate the corresponding cycloadduct P-II′ through transi-
tion state TS-II-2′. This sequence is completely identical to 
that of the reactive channel 2.
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In the continuation of the present work, the reactive chan-
nels 1 to 4 are studied because such pathways are energeti-
cally more favorable than 1′ to 4′ ones and also produce the 
experimentally reported products (P-I and P-II).

3.5  Study of charge transfer in the transition states

The polar character of a cycloaddition reaction can be evalu-
ated using analysis of the magnitude of global electron den-
sity transfer (GEDT) between two interacting fragments in 
the corresponding transition state [37]. The magnitude of 

the GEDT can be considered as a relative criterion to deter-
mine the polarity of a reaction. To investigate the charge 
transfer, numerical amounts of the GEDT were computed 
for the intermediate and transition states associated with the 
Cγ–Cε regioselective attack (TS-I, TS-II-1, Int-II and TS-
II-2). The molecular electrostatic potential (MESP) map of 
the reactants, intermediate and transition states were also 
computed in order to display the charge transfer in a com-
parable manner. Figure 3 illustrates the computed values of 
the GEDTs along with the MESP maps. In the MESP map, 
the red and blue colors indicate the region with higher and 
lower electron density, respectively.

As given in Fig. 3, a very large value of GEDT found at 
the transition states, which fluxes from the NBY fragment 
toward the NME one, 0384 e (for TS-I), 0.398 e (for TS-II-
1) and 0.674 e (for TS-II-2), shows a high polar character for 
the Cγ–Cε regioselective attack. A comparison between the 
intensity of the red color around the oxygen atom of NBY 
(which has been specified by H abbreviation in Fig. 3) and 
that in TS-I and TS-II clearly indicates that the electron 
density fluxes from NBY fragment toward the NME one. 
In addition, the magnitude of GEDT, and consequently the 
polarity of the reactions, is slightly more in ethanol than in 
the gas phase.

The high value of GEDT for Int-II, 0.804 e, clearly sug-
gests a high degree of charge separation as well as the zwit-
terionic character of this intermediate. According to the 
MESP of Int-II, it is clear that the negative charge obtained 
from nucleophilic attack of NBY on NME is delocalized 
over the nitro group. On the other hand, the obtained posi-
tive charge on the NBY fragment is delocalized over the 
benzothiazol moiety.

It is clear from Fig.  3 that at the energetically more 
favorable transition state, TS-I, approach of reactants locates 

Scheme 4  Four alternative reaction paths between NBY and NME 

Table 5  The wB97XD/6-311G** computed free energies (G, in au) 
and relative free  energiesa (ΔG, in kJ mol−1) for all species involved 
in four alternative reactive channels between NME and NBY in both 
gas and ethanol  phasesb

a With respect to the reactants NBY and NME
b The products (P-I′ to P-IV′) have an S configuration at Cγ

Solution (ethanol) Gas phase

G ΔG G ΔG

NBY − 1145.3889 – − 1145.3698
NME − 628.5012 – − 628.4902
TS-I′ − 1773.8668 61.17 − 1773.8435 43.32
P-I′ − 1773.9354 − 118.94 − 1773.9148 − 143.88
TS-II-1′ − 1773.8718 48.13 − 1773.8488 29.41
Int-II′ − 1773.8956 − 14.36 – –
TS-II-2′ − 1773.8916 − 3.86 – –
P-II′ − 1773.9257 − 93.47 − 1773.9104 − 132.33
TS-III′ − 1773.8573 86.17 − 1773.8358 63.62
P-III′ − 1773.9289 − 101.87 − 1773.9060 − 120.77
TS-IV′ − 1773.8661 63.20 − 1773.8459 36.97
P-IV′ − 1773.9347 − 117.10 − 1773.9166 − 148.60
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Fig. 2  Relative free energy dia-
gram in the presence of ethanol 
at 25 °C for the species involved 
in the eight reactive channels 
between NME and NBY 

Fig. 3  The molecular electro-
static potential MESP maps 
of the reactants, intermedi-
ate and transition states, and 
the computed values of the 
global electron density transfer 
(GEDT) for the intermediate 
and transition states associated 
with the Cγ–Cε regioselective 
attack. The H and L abbrevia-
tions refer to the regions with 
high and low electron density, 
respectively. The GEDT values 
corresponding to the gas phase 
are given in parentheses
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the oppositely charged regions over each other resulting in 
attractive forces between two fragments. On the other hand, 
at the energetically less favorable transition state, TS-II-1, 
regions with the same charge are forced to be located over 
each other leading to repulsive forces between two frag-
ments. Therefore, due to the electrostatic attractive forces 
between two interacting fragments, formation of TS-I is 
more favorable than formation of TS-II-1, which is in com-
plete agreement with the experimental outcomes [10].

3.6  Study of the interaction between the frontier 
molecular orbitals of the reactants

When a cycloaddition reaction takes place between two 
species, the interaction between those frontier molecular 
orbitals, namely the HOMO of one (donor) and the LUMO 
of the other (acceptor), is a determining factor and often 
controls the total orbital interaction between two species. 
In the studied reaction, NBY and NME act as electron 
donor and acceptor, respectively. Thus, it can be concluded 
that the HOMO of NBY can interact with the LUMO of 
NME. However, recently it was found that sometimes the 
HOMO–LUMO interactions fail to describe the bond forma-
tion correctly, because two factors can determine the inter-
action between the frontier orbitals: the HOMO–LUMO 
energy difference of the reagents and the relative con-
tribution of the active sites in the molecular orbital. The 
HOMO–LUMO interaction considers only the first factor. 
Thus, a new concept called frontier effective-for-reaction 
molecular orbital (FERMO) has emerged to describe the 
interaction of the frontier molecular orbitals. This concept 
considers one of the highest occupied molecular orbitals 
with a large contribution in the reactive atoms. For many 

reactions, the FERMO can work better than HOMO [38]. 
To determine the FERMO orbital of NBY as electron donor, 
the relative contribution of its active sites, Cα, Nβ and Cγ 
atoms, was computed in the three highest occupied MOs, 
namely HOMO, HOMO-1 and HOMO-2. The results are 
depicted in Fig. 4.

An analysis of the relative contribution of the active sites 
in the three highest occupied MOs presented in Fig. 4 clearly 
indicates that the HOMO of NBY is also a FERMO orbital, 
because the relative contributions corresponding to the 
active sites in HOMO, 8.90%, 5.03% and 38.64%, respec-
tively, for Cα, Nβ and Cγ atoms, are more than those in the 
other occupied MOs. The high contribution of the Cγ atom 
in the FERMO orbital, 38.64%, relative to the other sites, 
Cα and Nβ, clearly confirms that NBY is nucleophilically 
activated at the Cγ atom. This is in complete agreement with 
the local reactivity indices obtained from Fukui and Parr 
function analysis.

3.7  Study of the synchronicity and the molecular 
mechanism of the reactions

A one-step cycloaddition reaction may take place in a 
synchronous or asynchronous fashion, in which the bond 
changes occur, respectively, in one or two stages but through 
one transition state. Since, in the studied reaction, the IRC 
analysis ruled out the formation of any stable intermediate 
for the reactive channels 1, 3 and 4, it can be concluded 
that these reactive channels should take place via a synchro-
nous or asynchronous mechanism. On the other hand, it was 
found from IRC analysis that the reactive channel 2 proceeds 
through a stepwise mechanism yielding a stable zwitteri-
onic intermediate, Int-II. To study the synchronicity of the 

Fig. 4  The LUMO of NME and the three highest occupied MOs of NBY along with the relative contribution of the active sites
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transition states, the Wiberg bond indices, corresponding 
to those bonds that participate directly in the reaction, were 
calculated using NBO analysis. For this purpose, the Wiberg 
bond indices, Bi, associated with the reagents, intermedi-
ate and transition states were calculated and then, relative 
change in each bond index, ΔBi, was calculated using the 
following equation:

Figure 5 depicts the wB97XD/6-311G** optimized struc-
ture of the transition states and intermediate involved in the 
studied reaction in the presence of ethanol along with the 
values of ΔBi. Also, the imaginary frequency of TSs and the 
corresponding displacement vectors are shown in Fig. 5. The 
optimized structures of the reactants and products and their 

ΔBi = Bi(TS or Int) − Bi(Reagent)

Wiberg bond indices are given in Fig. A1 of supplementary 
materials.

As given in Fig. 5, it is apparent that there is an imagi-
nary frequency for each transition state with a displacement 
vector in the direction of bond formation between the two 
fragments, which indicates that all TSs have been computed 
correctly. In addition, analysis of the ΔBi values indicates 
that the one-step reactive channels (paths 1, 3 and 4) are 
asynchronous. It is clear that the degree of progress of two 
new σ bonds between the two reactants is not equivalent 
in the corresponding transition states. For instance, the 
value of ΔBi for the Cγ–Cε and Cα–Cδ bonds in TS-I is 
+ 0.38 and + 0.08, respectively, which reveals that on going 
from the reactants to the TS, the reaction progresses mainly 
through the formation of the Cγ–Cε bond. On the other hand, 

Fig. 5  The wB97XD/6-311G** optimized structure of the intermediate and transition states at the presence of ethanol along with the TS imagi-
nary frequencies as well as the changes in the Wiberg bond indices ΔBi 
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when the formation of the Cγ–Cε bond is very advanced, 
the Cα–Cδ bond begins to form. This trend is in complete 
agreement with the results of the local Fukui and Parr func-
tion analysis, because the most favorable interaction was 
found to be between the Cγ and Cε atoms of two fragments. 
This behavior reveals that this [3 + 2] cycloaddition reactive 
channel takes place via a two-stage one-step mechanism in 
which the formation of the second σ bond, Cα–Cδ, begins 
when the first one, Cγ–Cε, is mainly formed. For the transi-
tion state associated with Cγ–Cε regioisomeric attack, the 
order of Cγ–Cε bond is 0.38 at TS-I and 0.40 at TS-II-1, 
while the order of Cα–Cδ bond is 0.08 (TS-I) and 0.06 (TS-
II-1). This is indicative of a higher degree of asynchronicity 
for TS-II-1 compared to TS-I. However, this high degree 
of asynchronicity leads to a stepwise mechanism with the 
formation of a stable zwitterionic intermediate, Int-II. 
A comparison between the absolute value of ΔBi for the 
Cγ–Cε and Cε–Cδ bonds, 0.91 and 0.71, implies that these 
bonds experience significant changes during the conversion 
of TS-II-1 to Int-II. In addition, it is clear that on going 
from Int-II toward TS-II-2, the Cα–Cδ bond begins to form 
and its ΔBi value increases from + 0.04 to + 0.18, whereas 
the Cγ–Cε and Cε–Cδ bonds do not experience any signifi-
cant variation. During the conversion of TS-II-2 to the P-II 
adduct, this trend continues and the ΔBi value of the Cα–Cδ 
bond increases from + 0.18 to + 0.97. Among the studied 
transition states, TS-III and TS-IV are more synchronous 

compared to the others in which the two new bonds are 
formed in overlapping processes. In these transition states, 
the Cγ–Cδ bond begins to form when the Cα–Cε bond has 
formed partially.

The IRC profiles associated with the first reactive chan-
nel (paths 1) is shown in part A of Fig. 6. It is clear that 
the reaction proceeds via a one-step mechanism without the 
formation of any stable intermediate. However, there is a 
shoulder-like region on the pathway from TS-I to P-I, but we 
were unable to locate any minimum energy geometry on this 
region of the potential energy surface. This indicates that the 
probable intermediate is very unstable in ethanol, in which 
quickly experiences a ring closure without any activation 
barrier to afford the corresponding adduct, P-II.

To evaluate the bond formation during the Cγ–Cε regi-
oselective attack, the Wiberg bond index corresponding to 
the two new Cγ–Cε and Cα–Cδ bonds between two frag-
ments was calculated for a series of points on the IRC pro-
file. The results are given in Table 6. Also, the correspond-
ing diagram is depicted in part B of Fig. 6. An overview 
over the results clearly indicates that the formation of two 
new bonds is asynchronous. Actually, the Cγ–Cε bond is 
formed faster than the Cα–Cδ one. For instance, at point 
P7, where the formation of Cγ–Cε bond is very advanced, 
Bi = 0.867, the second bond, Cα–Cδ, is slightly formed, 
Bi = 0.141. Thus, it can be concluded that the reaction 
takes place via a two-stage one-step mechanism, in which 

Fig. 6  The IRC profile (A), the variations of the Wiberg bond indices Bi (B) and the variations of the BCP electron densities ρi (C) during the 
reactive channel 1 at the presence of ethanol
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two new bonds are formed in separate but overlapping 
processes. In other words, the reaction proceeds through 
an asynchronous one-step mechanism and the formation of 
the Cα–Cδ bond begins after much progress in the forma-
tion of the Cγ–Cε one.

An appropriate criterion to evaluate various interactions 
has been established by Espinoza in terms of the ratio 
of potential to kinetic electron energy density, ∣V∣

G
 , at the 

corresponding bond critical point (BCP) [39]. According 
to this method, pure closed-shell interactions, including 
non-covalent, ionic, and hydrogen bonding, suggest ∣V∣

G
 < 1, 

while pure shared-shell interactions (covalent) indicate 
∣V∣

G
 > 2. A borderline interaction can be characterized using 

a ∣V∣
G

 value between 1 and 2. The calculated values of ρ and 
∣V∣

G
 for the Cγ–Cε and Cα–Cδ BCPs obtained from QTAIM 

analysis, corresponding to a series of points on the IRC 
profile, are given in Table 6. The diagrams of changes 
in the electron density (ρ) along the IRC profile are also 
depicted in part C of Fig. 6.

Analysis of the topological QTAIM descriptors pre-
sented in Table 6 and part C of Fig. 6 indicates that, simi-
lar to the Wiberg bond indices, during the first half of 
the reaction, the electron density along the Cγ–Cε bond 
increases faster than it does along the Cα–Cδ bond. Once 
again, it is clear that the former bond is formed faster than 
the latter. Also, the values of ∣V∣

G
 are increased during the 

reaction coordinate and this increasing trend is in paral-
lel with the electron densities. Also, most of the BCPs 
between the interacting atoms show ∣V∣

G
≥ 1 along the reac-

tion coordinate which is indicative of the covalent nature 
of the interactions.

4  Conclusion

By using the computational methods at the wB97XD/6-
311G** and M062X/6-311G** levels of theory a [3 + 2] 
cycloaddition reaction between N-(p-methylphenacyl)ben-
zothiazolium ylide (NBY) and 1-nitro-2-(p-methoxyphe-
nyl) ethene (NME) experimentally studied by Yan et al., 
has been investigated. They reported that the studied reac-
tion is regioselective and stereoselective with the forma-
tion of two cycloadducts in a 4:1 ratio.

In this study, two Cγ–Cε and Cγ–Cδ regioselective 
attacks were considered between NBY and NME, and 
studied theoretically. Analysis of the global CDFT reac-
tivity indices indicated that NBY and NME act as donor 
(nucleophile) and acceptor (electrophile), respectively. 
The Fukui and Parr functions reactivity indices analysis 
of the reactants confirmed the experimentally observed 
regioselectivity. Also, the energetic results indicated that 
in complete agreement with the experimental outcomes, 
the Cγ–Cε regioselective attack is kinetically more favora-
ble than the Cγ–Cδ one.

The IRC, QTAIM and Wiberg bond indices analyses 
clearly indicated that the studied reactions occur via two 
different mechanisms. The major cycloadduct is gener-
ated through a two-stage one-step mechanism without the 
formation of any stable intermediate, whereas the minor 
one is generated through a stepwise mechanism along with 
the formation of a stable zwitterionic intermediate. In the 
two-stage one-step mechanism two new bonds (Cγ–Cε and 
Cγ–Cδ) are formed in separate but overlapping processes.

Table 6  The wB97XD/6-
311G** computed bond indices 
Bi and topological QTAIM 
descriptors ρ and ∣V∣

G
 at the 

BCPs along the IRC profiles 
associated with the reactive 
channel 1 ethanol

a All of the points are relevant to the IRC profiles depicted in Fig. 6

Pointsa Cγ–Cε bond Cα–Cδ bond

Bi ρ ∣V∣

G

Bi ρ ∣V∣

G

P1 0.024 0.010 0.836 0.011 0.008 0.827
P2 0.046 0.015 0.894 0.019 0.011 0.851
P3 0.131 0.029 1.102 0.042 0.016 0.918
P4 0.384 0.063 1.630 0.080 0.020 0.981
P5 0.627 0.103 2.347 0.098 0.022 1.013
P6 0.790 0.150 3.112 0.102 0.024 1.033
P7 0.867 0.193 3.660 0.141 0.031 1.136
P8 0.876 0.198 3.727 0.297 0.050 1.452
P9 0.896 0.206 3.851 0.580 0.091 2.184
P10 0.914 0.213 3.957 0.768 0.138 2.994
P11 0.931 0.222 4.060 0.898 0.201 3.882
P12 0.933 0.223 4.079 0.927 0.220 4.093
P13 0.933 0.222 4.078 0.934 0.224 4.149
P14 0.933 0.222 4.079 0.939 0.227 4.182
P15 0.933 0.221 4.077 0.941 0.228 4.197
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The global electron density transfer (GEDT) analysis sug-
gested that the reactions are polar and electron density fluxes 
from NBY toward NME. It was found from MESP map that 
at the more favorable transition state, approach of reactants 
locates the oppositely charged regions over each other result-
ing in attractive forces between two reactants.

Analysis of the frontier molecular orbitals suggested that 
the HOMO orbital of NBY also can be considered as a fron-
tier effective-for-reaction molecular orbital (FERMO).
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