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A B S T R A C T

An efficient procedure for the synthesis of novel thiazolidinone triazoles through 32 cycloaddition reactions in the
presence of copper(I) species was described, and the molecular mechanism of this 32CA was investigated
computationally. Different possible pathways for CA process have been studied to achieve this goal, including one-
step pathways for both regioisomers 1,4- and 1,5-triazoles (uncatalyzed, mono-copper, di-copper) and also mono-
and di-copper stepwise pathways for 1,4-disubstituted triazole. It was exhibited that the most convenient route in
terms of energy barriers includes two copper ions. Based on the calculation, the reaction follows a di-copper
stepwise mechanism involving the formation of a six-membered ring and then undergoes a ring contraction to
a five-membered ring. The regiochemistry of the reaction was investigated based on local and global reactivity
indices of reactants, the transition state stabilities calculation. The electron reorganization along the uncatalyzed
one-step mechanism has been investigated by the ELF topological analysis of the bonding changes along with the
CA reaction.
1. Introduction

One of the most efficient synthetic tools for triazole derivatives'
convenient preparation in a regioselective manner is the click reaction
[1, 2]. Click reaction proceeds with regioselectivity and has an optimal
atom economy, which is influential and crucial in synthetic chemistry
[3, 4]. 1,2,3–Triazole scaffolds are utilized for treatment of HIV [5],
tumors [6, 7] allergy [8], fungal infection [9, 10] and microbial dis-
eases [11, 12, 13, 14, 15]. Huisgen, introduced uncatalyzed cycload-
dition (CA) of alkynes and azides through thermal click reaction, with
usually a mixture of 1,4- and 1,5- triazoles products in variable yields
[16]. As shown in Scheme 1, Sharpless [17] and Meldal [18] reported
the regioselective synthesis of 1,4-disubstituted triazoles through cop-
per catalyzed azide-alkyne CA (CuAAC) reaction, in short time re-
actions and under mild conditions [19, 20, 21, 22]. The essential Cu(I)
species for CuAAC reactions have been added as a cuprous salt with
stabilizing ligands [18, 23, 24, 25], or were produced from copper (II)
salts by using reducing agents [26]. Recently, several computational
studies were presented on the mechanism of click reaction in the
presence of different catalyst including Ru, Cu, Mg which results
different regioselectivity [19, 27, 28, 29, 30, 31, 32, 33]. On the other
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hand, thiazolidinone derivatives have been the subject to considerable
studies, because of important biological applications such as antibac-
terial [34, 35, 36, 37, 38], antiviral [39, 40, 41], antifungal [42, 43,
44] and antituberculosis properties [35, 45, 46].

To extend bioactive structures and overwhelm the inherent defects,
merging scaffolds and introducing the various functional groups onto the
backbone of heterocycles have been considered [47]. Based on the
pharmacological properties associated with thiazolidinone and triazole
derivatives [19, 48, 49], we were interested in the combine these het-
erocyclic moieties through click reaction [50, 51, 52]. Therefore, the
alkyne fragment was generated through the Knoevenagel condensation
of 4-thiazolidinones derivatives with propargylated salicylaldehyde. In
the following, the triazole derivatives have been prepared through
CuAAC reactions in aqueous/DMSO solution (Scheme 1). Besides, the
regioselectivity and mechanism of this CA reaction were studied at
B3LYP and wB97XD levels of theory [53]. Accordingly, a theoretical
study on the five possible pathways involving the one-step mechanism
with uncatalyzed, mono-copper and di-copper catalyzed processes. Also,
the stepwise di-copper and mono-copper catalyzed mechanism were
carried out.
ry 2021
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Scheme 1. CuAAC reaction between alkyne and benzyl azide.
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1.1. Experimental

Initially, 5-arylidene-4-thiazolidinone 3 was prepared as the tauto-
meric mixtures under the literature procedure [54, 55]. Then, compound
5 was synthesized from the propargyl bromide and 2-hydroxy benzal-
dehyde 4 in the presence of K2CO3 [56]. The organic azides preparation
procedure is shown in Scheme 2 [57].

The dipolarophiles 8 were synthesized by the reaction of thiazolidi-
none 3 with propargylated salicylaldehyde 5 and malononitrile as a
catalyst under reflux in good yield. Then, dipolarophile 8 was formed
through a Michael addition reaction between the active CH2 group of the
Scheme 2. Preparation o
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4-thiazolidinones 3 with the C¼C bond of malononitrile arylidene
(Scheme 3) [58,59].

1.2. Computational details

All calculation investigations were performed by DFT theory with
wB97XD [61] and B3LYP [60]functionals as implemented in the
Gaussian 09 program package [62]. The geometries of all transition
states (TSs) and ground states (GSs) were optimized utilizing the
LANL2DZ pseudopotential basis set for Cu element and 6-311þG(d,p)
basis set for the C, N, H, O elements [60]. Solvent effects were studied
f starting materials.



Scheme 3. Synthesis of the alkyne derivatives 8.
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using CPCM calculations in the mixed solvents (Water: DMSO) [63, 64,
65, 66, 67, 68, 69]. Based on optimized geometries, single-point (SP)
calculations were performed with the full basis set (6-311þG(2d, 2p)) for
all elements. Selected reaction pathway for the uncatalyzed scenario was
subjected to IRC calculations with the intention of tracing their pathways
and confirming that the optimized TS structure connects the accurate
reactants and products [70, 71]. The 1H chemical shift was also inves-
tigated through the GIAO method using the TMS as 1H reference at the
B3LYP/6-311þG(2d,2p) level [72]. The Gibbs free energies (G) reported,
which include zero-point vibrational corrections (E), entropy (S), and
thermal (H) corrections, and solvation energies at 353 K are considered
in ΔG. All energies were amended with the SP dispersion effect through
the DFT-D2 method [73]. It has revealed that the inclusion of these ef-
fects could improve the accuracy of the B3LYP method [74]. The ELF's
topological analysis was accomplished with the TopMod program for the
uncatalyzed cycloaddition step [75].

2. Results and discussion

2.1. Experiment

In the first endeavor, (Z)-5-(2-((1-benzyl-1H-1,2,3-triazole-4-yl)
methoxy)benzylidene)-2-(phenylamino) thiazol-4(5H)-one 9a was pre-
pared from CuAAC reaction of benzyl azide 7a and (Z)-2-(phenylamino)-
5-(2-(prop-2-yn-1-yloxy)benzylidene)thiazol-4(5H)-one 8a. The syn-
thetic route is outlined in Scheme 1.

To find optimum conditions to maximize the yields of the 1,2,3-tria-
zoles 9a-h, various solvents were investigated for the CA reaction be-
tween 8a and benzyl azide 7a, using CuSO4 as copper source and sodium
ascorbate as reductant (Scheme 1). According to Table 1, the most
effective solvent system is the water-DMSO (3:1) system, which is
consistent with the previous report by Candelon [25]. This procedure
was applied to benzyl azide derivatives and a series of terminal alkynes
8b-h under the same conditions to form triazole products in acceptable
yields (Scheme 1).

The active Cu (I) is produced in situ through the reduction of the
Cu(II) salt (0.5mol %) with sodium ascorbate. Furthermore, a small extra
of sodium ascorbate prevents the coupling reaction that can be observed
when a copper (I) source is used directly (Table 1 and 2) [18].
Table 1. Optimizing the CA reaction in order to generate 9a.

Entry catalyst Solvent Yield (%) Time (h)

1 CuSO4 DMSOa 70 24

2 CuSO4 DMSO-Watera 94 15

3 CuSO4 Waterb 65 20

a 1,4-triazole as a regioselective cycloadducts.
b a mixture of 1,5- and 1,4- triazole cycloadducts.
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As shown in Figure 1, a mixture of tautomeric cycloadducts 9a and
9a0 was shown by the cycloaddition reaction in DMSO-Water. Several
spectroscopic techniques assigned the structure of the cycloadduct 9a.
For the solid products 9a and 9a0, the demonstrated absorptions at 3354
cm�1, 1686 cm�1, and 1176 cm�1 are ascribed to NH, CO, and ether
groups. The NMR spectral data of isolated products were in good
agreement with the 9a and 9a0s assigned structure. The 1H NMR spec-
trum of 9a and 9a0 exhibited a singlet at δ ¼ 7.90 for Hd, and two singlet
peaks of –CH2 groups at 5.26 and 5.30 ppm for Ha belong to 9a and 9a0,
respectively. Two singlet peaks at 8.30 ppm and 8.34 ppm of CH are
referred to as methine groups (Hc). Also, two signals at 11.54 and 12.34
ppm for NH protons are evidence for forming a mixture of tautomer's 9a
and 9a'. The 13C NMR of 9a displayed two peaks at 53.32 and 62.13
ppm because of the CH2 group and the attached CH2 to the oxygen
group. The preparation of the cycloadduct 9 was also confirmed by mass
spectral data, which exhibited a molecular ion peak at 467.1 (Mþ). This
procedure was applied to a series of organic azides and terminal alkynes
under similar conditions to form the corresponding triazole products in
good yields.

In 2009, Khoshkholg and coworkers [76] described a one-pot reac-
tion to form 6H-Indeno[20,1':5,6]pyrano [3,4-c]chromen-13(13bH)-one
under a CA reaction to give the corresponding pyran. In 2012, Pałasz
also reported a multi-component, one-pot reaction for pyrano[2,3-d]
pyrimidine derivative synthesis through domino
Knoevenagel/Diels-Alder reactions [59]. Accordingly, we had planned
the synthesis of N-phenyl-6H,11bH-chromeno [40,3':4,5] pyrano[2,3-d]
thiazol-2-amine 12 from an intramolecular hetero Diels-Alder (HAD)
reaction of α,β-unsaturated carbonyl compound 8a (Scheme 4). This re-
action was investigated under various conditions and solvents, and un-
fortunately, all attempts to isolate the desired product failed.

The regioselectivity and mechanism of this CuAAC from a computa-
tional point of view are investigated utilizing DFT.
2.2. Computational

2.2.1. Catalyzed vs. uncatalyzed one-step 32CA
Two regioisomeric cycloadducts could be formed in the 32CA re-

actions of 7a and 8a owing to the asymmetry of reagents. Analysis of the
stationary points found in this cycloaddition reaction indicates that it
occurs through a one-step mechanism. Consequently, two transition
states, Ts-U1 and Ts-U2, and corresponding triazoles 9a and F were
characterized. As represented in Figure 2, both regioisomeric paths have
high activation free-energy barriers (Ea) in the absence of the copper
catalyst. The 32CA reaction path U1 in the cycloadduct 9a that is exer-
gonic by 35.7 kcal/mol has a 39.9 kcal/mol barrier. However, the
pathway U2, which leads to cycloadduct D with a more barrier (40.8
kcal/mol), is exergonic by 36.8 kcal/mol. The optimized geometries of
the uncatalyzed TSs are shown in Figure 2.



Table 2. Cu-catalyzed 32CA reaction of azide and alkyne.

Entry X Y Z Yield (%)

9a H H H 95

9b H H 3,4-Cl 75

9c H H 4-Br 71

9d Py H 4-Br 82

9e Py H 2-Cl 81

9f Py 5-Br H 85

9g Py H 3,4-Cl 86

9h 4-Cl H 2-Cl 58

Figure 1. The structures of 9a and 9a0.
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The CA reaction of azide 7a toward alkyne B in water as ligand for
Cu(L), was investigated utilizing DFT calculations (Figure 3). Study on
the stationary points found along the two 1,4- and 1,5-triazole prepara-
tion reveals that the proposed cycloaddition reaction through a one-step
Scheme 4. Possible hetero Diels-Alde
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mechanism takes place through two transition states Ts-C1 and Ts-C2
and the corresponding metallated triazoles E and F, along with the 1,4-
and 1,5-regioisomeric reaction pathways were placed and characterized.
As forecast in the absence of the catalyst, the calculated Ea for both
r alder and click reactions of 8a.
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regioisomers is more than of that the presence of Cu catalyst (ΔΔGǂ ¼
11.3 and 7.8 kcal/mol for Pathways C1 and C2, respectively). Both paths
are exergonic, respectively by 4.1 and 5.8 kcal/mol (Scheme 1). The
calculations exhibited that the Ea for Pathway C1 is nearly similar to
pathway C2 (35.5 and 38.5 kcal/mol, respectively). The intermediate F
has a lower barrier, and it is more endergonic (1.7 kcal/mol), which is in
agreement with the experimental observations. The optimized geome-
tries of TSs TS-C1 and Ts-C2 are displayed in Figure 3.

In the namely reaction conditions, by coordinating of Cu(L)þalkyne
8a is considerably acidified. The calculations show that the coordination
process is exergonic by 3.1 kcal/mol. The deprotonation process of
complex A to acetylide C, using a base in the solvent, is also exergonic by
3.4 kcal/mol, shown in Scheme 5. On the other hand, the overall
deprotonation process with two copper ions is exergonic by 6.5 kcal/mol.
In intermediate C, one copper ion coordinates the π system, while the
other copper is bound to the σ bound of the alkynyl ligand.

The reaction of azide 7a with alkyne C in the presence of two Cu(L)
was also calculated through DFT calculations to explain the total
regioselectivity experimentally observed (Figure 4). Analysis of the
stationary structures found along the two 1,4- and 1,5-regioisomeric
reaction pathways indicates that this di-copper one-step cycloaddition
reaction takes place through two transition states, Ts-D1 and Ts-D2
and also the corresponding metallated-triazoles I and L, along with the
1,4- and 1,5-regioisomeric reaction pathways were characterized.
Accordingly, in the presence of two copper ions, both of calculated Eas
Figure 2. The uncatalyzed CA pathways. Distances
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for two different regioisomeric pathways are lower than that of mono-
copper and without Cu catalyst pathways, Ts-D1 (23.5 kcal/mol) and
Ts-D2 (28.3 kcal/mol) <Ts-C1 (35.5 kcal/mol) <Ts-C2 (38.5 kcal/
mol) <Ts-U1 (39.9 kcal/mol) <Ts-U2 (40.8 kcal/mol). In contrast, the
pathway DC1, which afford triazole 9a, has a much lower energy
barrier than the second pathway DC2 by 20.4 kcal/mol vs. 25.2 kcal/
mol. As well, the intermediate L formation is exergonic by 9.8 kcal/
mol. These results are along with the experimentally observed regio-
selectivity of reaction. The optimized geometries of TSs TS-D1 and Ts-
D2 are shown in reaction of azide 7a with alkyne C in the presence of
two Cu(L) was also calculated through DFT calculations (Figure 4).
These results indicated that the di-copper catalyzed reaction's overall
barriers are lower than the mono-copper catalyzed, and that of the
mono-copper catalyzed reaction is lower than the uncatalyzed. In the
presence of a two-copper, Ea for the formation of the 1,4-triazoles
decreases more than the 1,5-triazoles.

For the di-copper case, it is estimated that the favorable product is
1,4-triazole in line with experimental results. In the di-copper pathway,
considering weak interactions such as the π/π interactions, Ts-D1 and Ts-
D2 have the lower energy, and pathway DC1 is more preferred than DC2,
which is in accordance with the experimental result (calculation in
wB97XD functional). It is worth revealing that more theoretical studies
about CA reactions will be efficient to understand the accuracy of
wB97XD and B3LYP functionals in the prediction of regioselectivity
(Supporting information Table 1).
in angstroms (Å). Energies are in (kcal/mol).



Figure 3. The mono-copper catalyzed CA pathways. Distances in angstroms (Å). Energies are in (kcal/mol).

Scheme 5. The proposed mechanism for alkyne deprotonation.
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2.2.2. Copper-catalyzed stepwise cycloaddition
In continuation of previous works [77, 78], the analysis of plausible

reaction paths between both metallated alkynes (B and C) and azide 7a
also displayed that the 32CA could occur through a stepwise mechanism
(Figures 3 and 4, Scheme 6). Therefore, we investigated the stepwise
mono- and di-copper catalyzed mechanisms of 32CA reaction of azide 7a
and alkynes (B and C), and the reactants, TSs, and intermediates were
optimized and characterized by frequency calculations (SI).

The reaction starts with coordinating the Nitrogen atom N15 of azide
7a with one Cu ion of C to result in intermediate J. However, the Cu–N
coordination is weak because of low amount of the gained energy (2.2
kcal/mol). The following formal CA reaction happens in a stepwise
manner, which the first step includes a C–N bond construction (Ts-DC1).
This Ts is directed to the six-membered ring intermediate K, in which one
of the Cu species is formally Cu(III) with a barrier of 8.2 kcal/mol. This
intermediate is endergonic by 8.5 kcal/mol compared with J. Afterward,
6

the five-membered ring intermediate L formation happens through TS
Ts-DC2, which can be considered as a proper reductive elimination
leding to a Cu(I) species again. The method is exergonic by 49.8 kcal/mol
relative to C, and the overall barrier leading to cycloadduct 9a is 4.3
kcal/mol. As shown in Figure 4, our calculations demonstrate that the
rate-determining step of this reaction is the formation of six-membered
ring K with an uncommon Cu(III) species, which has a lower energy
barrier than a one-step manner (14.7 vs. 20.4 kcal/mol). Then, the five-
membered metallated triazole L is prepared by ring contraction of tran-
sition states Ts-DC2. The activation energy barrier accompanying the
coordination of azide 7a to the di-copper acetylide C via J is 14.7 kcal/
mol. The corresponding intermediate K formation is endergonic, 7.3
kcal/mol. The energy barrier for ring formation of intermediate L is 8.2
kcal/mol via Ts-DC2, and this step is exergonic by 9.8 kcal/mol. The Ea
for the preparation of cycloadduct 9a through M is 4.3 kcal/mol; also,
this step is exergonic (43.4 kcal/mol). This di-copper stepwise CA



Figure 4. The di-copper catalyzed CA pathways. Distances in angstroms (Å). Energies are in (kcal/mol).
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pathway's computed energies predict an exergonic overall reaction (ΔG
¼ �53.2 kcal/mol).

The proposed mechanism, including two Cu ions, is shown in Scheme
6. The Cu-catalyst is contained in each step of the reaction, which effi-
ciently lowers all of them' energy barriers. Primary, Cu coordination
raises the alkyne's acidity, facilitating a relatively weak base's deproto-
nation process. As discussed above, a second Cu ion's involvement in this
step makes the deprotonation more comfortable. Second, Cu species al-
lows the CA to occur in a stepwise manner, with much lower energy
barriers than those found for the uncatalyzed CA reaction.

Also, a probable mechanism involving one Cu ion was studied in
Figure 3. The energy profile for this scenario is considered in a stepwise
manner, which is analogous to the one found for the reaction involving
two Cu species. This manner was started by C–N bond formation
affording a six-membered ring intermediate H, tailed by a ring contrac-
tion leading to metallated triazole E. In the mono-copper stepwise
pathway SC, intermediate E is formed through Ts-Sc1, an asynchronous
transition state with a shorter distance for the C–N bond forming. We also
could locate a transition state Ts-Sc2 for the ring contraction of metal-
lated triazole, which would lead to the formation of 1,4-disubstituted
triazole 9a. However, all these possibilities have high barriers to be
7

viable under the experimental reaction conditions. The stepwise mech-
anism has a 17.4 kcal/mol barrier for Ts-Sc1, while the one-step mech-
anism C1 has barriers of 30.0, or 36.0 kcal/mol, depending on the
regiochemistry of the cycloaddition reaction.

2.2.3. Local and global properties analysis
The regioselectivity of CA could be studied through the global and

local indices defined in the DFT context. Global electrophilicity index,
which measured the total electron attraction abilities from the environ-
ment, is defined as ω ¼ μ2/(2η). Chemical hardness (η) is the differences
between LUMO (εL) and HOMO (εH) energies, and the global softness
computed as S ¼ 1/2η. Electronic chemical potential μ is a relative
measure of the molecular capacity to donate electron density, defined the
mean value of εL and εH as μ � ðεH þεLÞ=2 and the relative global
nucleophilicity index N, based on εH well-defined as N ¼ εHðNucÞ�εHðTCEÞ
where TCE is tetracyanoethylene [79, 80, 81, 82]. As presented in
Table 3, the static global properties, namely global nucleophilicity N,
global electrophilicity ω, chemical hardness η, and electronic chemical
potential μ indices of di-copper acetylide C, copper acetylide B, alkyne
8a, and azide 7a are reported. The electrophilicity of alkyne 8a is more
significant than azide 7a. The electronic chemical potential of azide 7a is



Scheme 6. The plausible mechanism of di-copper catalyzed stepwise CA.
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more significant than alkyne 8a, representing charge transfer (CT) flux
from azide 7a toward alkyne 8a. The mono-copper acetylide B and
dicopper acetylide C have higher electronic chemical potential and
nucleophilicity than azide 7a in Table 4, suggesting that along with a
polar 32CA reaction, the GEDT can occur from alkynes B and C to azide
7a. More to say, in the nucleophilicity scale, the di-copper acetylide C
being classified as a strong nucleophile because of the high value of
nucleophilicity, N ¼ 4.21 eV [83].

Overall, the polar character of 32CA was assessed by calculating the
GEDT at TSs. In this study, the GEDT [84] was calculated for all the
optimized TSs using Natural Population Analysis (NPA) [85, 86], which
are given in Figures 2, 3, and 4. Accordingly, the GEDT for Pathways U1
and U2 of the azide 7a with alkyne B reaction is 0.05e and 0.03e,
respectively. On the other hand, the GEDT that fluxes from alkynes B and
C towards azide 7a for Ts-C1, Ts-C2, Ts-DC1, and Ts-DC2 are 0.11e,
0.06e, 0.43e, and 0.21e, respectively. These GEDT values show no po-
larity character for pathways U1, U2, and C2, whereas pathways C1, DC1,
and DC2 are involved in polar 32CAs [85, 86].

By approaching asymmetric nucleophilic/electrophilic pair and a
polar process, the most favorable pathway is related to the initial inter-
action between the most nucleophilic centers of the nucleophile and the
most electrophilic centers of the electrophile. Lately, the nucleophilic
Parr function Pk� and electrophilic function Pkþ are proposed by Dom-
ingo et al. as powerful tools to study the local interaction in ionic and
polar processes. Pkþ and Pk� functions are gained from the atomic spin
8

density maps (ASD) at the radical cations and the radical anions of the
reagents [87, 88], which are powerful tools to study the local interaction
in ionic and polar processes [89, 90, 91, 92, 93, 94].

The ASD maps of the radical anions of azide 7a, alkynes B, and C and
that of the radical cations of azide 7a and alkyne 8a are shown in
Figure 5. As shown in Table 3, analysis of the nucleophilic and electro-
philic functions at the reactive sites of azide 7a indicates that the N15
(Pk� ¼ 0.47 vs. 0.25) and N17 (Pkþ ¼ 0.57 vs. 0.21) are the most
nucleophilic and electrophilic centers, respectively. Alkyne 8a, without
any copper catalyst, has the highest electrophilic activation at the C17
atom. Therefore, it is predictable that the C17 of alkyne 8a will be the
most favored position for a nucleophilic attack of the N15 atom of azide
7a. The analysis of the ASD maps of mono- and di-copper acetylide B and
C indicate that the C17 has the more extensive nucleophilic activation
than C18, so it is predictable that the C17 of alkynes B and C will be the
favored position for a nucleophilic attack to the N17 of azide 7a which
these interactions are in good agreement with the experimental
regioselectivity.

2.2.4. 1H NMR spectral analysis
The use of 1H-NMR spectroscopy enhanced the characterization of the

arylaminothiazol-4-one 3a and triazole 9a. The arylaminothiazol-4-one
compounds exist as a mixture of tautomeric equilibrium 3a and 3a′ in
DMSO solution; thus, the CA reaction products also include both of the
tautomeric cycloadducts 9a and 9a'. The evaluation between the



Table 3. Electronics Chemical Potential, μ, Global Electrophilicity, ω, Chemical Hardness, η, and Nucleophilicity index, N in eV, Values of azide 7a, alkyne 8a, B and C.

Structure Atoms μ η ω N S P�K PþK
7a 15 �3.31 5.01 0.96 3.15 0.09 0.47 0.21

17 0.25 0.57

8a 17 �3.73 7.20 0.98 1.85 0.06 0.20 0.45

18 0.28 0.23

B 17 �3.42 5.63 1.05 2.88 0.08 0.19 0.10

18 0.14 0.27

C 17 �2.89 4.01 1.1 4.21 0.12 0.30 0.22

18 0.19 0.06
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calculated chemical shifts and possible products' experimental data could
be useful due to a similar splitting pattern for the two tautomeric
cycloadducts. Thus, the 1H-NMR chemical shifts of compounds 3a, 3a′,
9a, and 9a′were calculated using the GIAOmethod, and the results were
summarized in Table 4. The theoretical values of Ha, Hb, Hc, and He of
compounds 3a and 3a′, as well as 9a and 9a0 for 32CA reaction, are close
to the experimental values.

2.2.5. ELF topological analysis of the mechanism of the uncatalyzed
cycloaddition pathway U1

A well-known powerful tool for studying the bonding changes along
the organic reactions is ELF [95]. Recent ELF studies revealed that
non-polar [96] and polar [97] 32CA reactions occur through the
pseudo radical center. Here, the uncatalyzed one-step pathway has
been studied by the ELF topological analysis of the bonding changes
along with the reaction. The ELF attractors and calculated valence
basin populations of selected points of the IRC pathway of U1 are
shown in Figure 6. The ELF topological analysis of the attractors at
transition state Ts-U1 demonstrates a monosynaptic basin at C17 of
azide fragment, at a C17–N17 distance of 2.23 Å, with a population of
0.01e. Then, at C18–N15 distance of 1.98 Å, two monosynaptic basins
emerge with the populations of 0.20 e for V(C18) and 1.13 e for
V(N15), while the population of V(C17) increased to 0.58e. Conse-
quently, after passing the TS two pseudoradical centers, which are
necessary for the formation of the C18–N15 single bond, have been
Figure 5. (a) ASD map of the azide radical anion 7a⋅-, (b) the azide radical cation 7a⋅

B⋅- and (e) the di-copper acetylide radical anion C⋅-.
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emerged. Then, the first new C–N single bond is formed through the
combination of two monosynaptic basins V(C18) and V(N15) at a
C18–N15 distance of 1.70 Å and a disynaptic basin with the integration
of 1.81e is created. Along with this point, two monosynaptic basins
V(C17) and V(N17) are also observed with populations of 0.72e and
0.66 e, respectively. Finally, at a C17–N17 distance 1.63 Å, a disy-
naptic V(C17,N17) basin is observed and the triazole ring is formed. A
two-stage one-step mechanism characterized this reaction because of
the two new single bonds' formations at two differentiated phases of
IRC (Figure 6) [84].

3. Discussion

In summary, novel thiazolidinone 1,4-triazole analogs were synthe-
sized through azide-alkyne cycloaddition reaction using click chemistry
with a 63–95% yield. The alkynes were synthesized via the Knoevenagel
condensation of propargylated salicylaldehyde with 4-thiazolidinones
derivatives. The regiochemistry and mechanism of the reaction have
been studied in terms of local and global reactivity indices at the B3LYP
level of theory. FMO analysis are along with the experimental results. The
stepwise mono-copper and di-copper catalyzed cycloaddition mecha-
nisms are also studied. As expected, the di-copper catalyzed stepwise
cycloaddition step exhibits a lower Ea than the mono-copper catalyzed
stepwise cycloaddition, catalyzed and uncatalyzed one step mechanisms.
The DFT-D results have the lowest energy as a result of the π/π interaction
þ (c) the alkyne radical cation 8a⋅þ, (d) the mono-copper acetylide radical anion



Table 4. Comparison of the theoretical and experimental 1H-NMR chemical shifts data (δ/ppm) of Ha, Hb, Hc and He of each tautomeric cycloadducts.

Atom number 3a 3a0 9a 9a0 Experimental

He 11.40 11.57 11.83

11.28

Ha 4.07 4.26 4.01

3.97

He 11.80 12.25 12.34

11.54

Hb 5.06 5.23 5.26

5.30

Hc 8.70 8.49 8.34

8.30

Figure 6. The calculated ELF valence basins populations of the IRC path of the U1 pathway.
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in accordance with the experiment. The calculations show that the in-
clusion of these effects can significantly upgrade the accuracy of the re-
sults. The ELF analysis, performed on the uncatalyzed 32CA reaction,
showed the two-stage one-step mechanism in which the formation of the
second single bond, C17–N17, takes place when the first single bond,
C18–N15, was almost entirely formed, along with the local and global
analysis.
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