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Abstract
A three-component approach was conducted to adeptly prepare a new series of (Z)-bis(N-phenylthiazol-2(3H)-imines. 
The newly synthesized compounds were prepared by refluxing a ternary mixture of phenyl isothiocyanate, the suitable 
α-bromoketones, and alkane-linked diamines in ethanol. Reaction conditions were optimized by comparing the yield of the 
final product under various bases, solvents, temperatures, and base-to-starting-materials molar ratios. The intended hybrids 
were produced with 85–96% yields while using ethanol at 80 °C for 3–5 h in the presence of anhydrous sodium acetate. The 
ascribed configuration of new products as well as the regioselectivity of the one-pot reaction were confirmed using both 
spectral data (1D and 2D NMR) and DFT-calculation techniques.
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Introduction

In a multicomponent reaction (MCR), at a minimum, three 
reactants are necessary, and most of the components from 
the beginning materials are incorporated into the final struc-
tures [1, 2]. The approach differs from multistep synthesis 
due to its high efficiency, simplicity, and cost-effectiveness 
in terms of the atoms and steps needed [3]. Mannich [4], 
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Gewald [5], Povarov [6], Ugi [7], and Petasis [8] are only a 
few of the many multicomponent reactions with names of 
persons. Lately, similar procedures have been used to create 
molecular scaffolds with a variety of biological traits [9, 10].

Nitrogen-containing heterocycles showed a broad range 
of biological and pharmaceutical applications [11–14]. In 
particular, thiazol-2(3H)-imines demonstrate antibacte-
rial [15], antifungal [16], fungicidal [17], analgesic [18], 
anti-inflammatory [19], anti-HIV [20], anticancer [21], and 
anti-proliferative activity [22]. Moreover, these hybrids 
have demonstrated potential as melanin-reducing (skin-
whitening) agents [23], platelet GPIIb/IIIa receptor antago-
nists [19], antagonists of platelet GPIIb/IIIa receptors [18], 
inhibitors of acetylcholinesterase [24], inhibitors of GSK3 
kinase, and inhibitors of MurB [11]. Figure 1 illustrates 
several chemicals with biological activity that contains an 
iminothiazole unit.

The 2-aminothiazole unit was first synthesized using the 
Hantzsch condensation reaction, which involved thiourea 
and α-haloketones [25–28]. Later, using 1-substituted or 
1,3-disubstituted thiourea derivatives, the method was used 
to synthesise N-substituted thiazol-2(3H)-imines [29–33]. 
Ionic liquids were used to facilitate the reaction by Shah-
velayati et al. [34]. Kumar et al. also reported the synthesis 
of thiazol-2(3H)-imines in a one-pot reaction of amines and 
isothiocyanates with β-nitroacrylate [35] or (iodoethynyl)
arene [36], which was generated in situ by arylacetylene 
oxy-iodination. N-alkylation of aminothiazoles [37], reaction 
of potassium thiocyanate with α-bromoketimines [38], treat-
ment of N-substituted thiourea derivatives with 3-bromome-
thyl-2-cyanocinnamonitrile [39, 40], and the cycloaddition-
elimination reaction of 5-imino-1,2,4-thiadiazolidin-3-ones 
with dipolarophiles [41]. Other methods for efficiently pre-
paring these hybrids have also been developed, such as the 
ring transformation of 1-arylmethyl-2-(thiocyanomethyl)
aziridines [42], and the reaction of N-propargylaniline with 
acylisothiocyanates [43].

We present herein a three-component procedure for the 
synthesis of various regioisomeric alkane-linked bis(thiazol-
2(3H)-imine) hybrids 1 that are attached to arene or 
chromene units as part of our ongoing efforts to produce 
azoles (see Fig. 2) [44–50]. 1D and 2D NMR spectros-
copy were used to determine the structures of the resulting 

products. DFT has proven to be an effective tool for deter-
mining chemical reactivity and reaction mechanisms in both 
organic and inorganic chemistry [51, 52]. DFT calculations 
were also carried out to gain insight into the structures of 
the target thiazoles and the mechanism of their formation.

Results and discussion

Chemistry

The synthon propane-linked bis(3-phenylthiourea) 4a was 
formed by reacting propane-1,3-diamine 2a in a 1:2 ratio 
with phenyl isothiocyanate 3. The resulting mixture was 
stirred in ethanol for 10 min at room temperature (rt) to 
yield 4a with a 97% yield (see Scheme 1) [53].

The synthetic potential of bis(3-phenylthiourea) 4a was 
then investigated and evaluated through its reaction with an 
ethanolic solution of 2-bromo-1-(4-methoxypheny)ethan-1-
one 5c in the presence of triethylamine (TEA) at 80 °C. TLC 
analysis revealed that after 3 h of heating, the reaction pro-
duced a single product, which was then isolated with an 80% 
yield. The previous product could be assigned to one of two 
regioisomeric structures, bis(N-phenylthiazol-2(3H)-imine) 
derivative 1c or bis(3-phenylthiazol-2(3H)-imine) derivative 
6c (see Scheme 2).

Fig. 1  Some biologically active iminothiazole-based scaffolds

Fig. 2  Structure of the target regioisomeric alkane-linked bis(thiazol-
2(3H)-imine) hybrids 1 
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Elemental analysis and spectral data were used to deduce 
the structure of the previous product. The 1H-NMR spec-
trum of such a product revealed two broad singlet signals at 
δ 1.85 and 3.67 corresponding to propane spacer protons, as 
well as two singlet signals at δ 3.78 and 6.02 corresponding 
to OMe and thiazole-H protons. It also revealed a multiplet 
signal at δ 6.93–7.32, which was attributed to 18 aromatic 
protons. The isolated product's 1H–1H NOESY spectrum 
provided additional evidence for its structure (see Fig. 3).

Due to the absence of cross-peaks between NPh-H2 and 
aryl-H2 protons, the structure of the isolated product was 
assigned as bis(N-phenylthiazol-2(3H)-imine) derivative 1c 
and the alternative regioisomeric product bis(3-phenylthia-
zol-2(3H)-imine) derivative 6c was ruled out (see Fig. 4).

Compound 1c's 1H–1H NOESY spectrum provided addi-
tional evidence for its presence in a (Z)-configuration (see 
Fig. 5). The presence of 1c in an (E)-configuration is ruled 
out because there are no cross-peaks between NPh-H2 and 
the propane spacer. This finding is consistent with the previ-
ous X-ray single crystal study on (Z)-4-methyl-N,3-diphe-
nylthiazol-2(3H)-imine reported by Murru et al. [54].

We continued our efforts, inspired by the findings, to pre-
pare the target bis(N-phenylthiazol-2-(3H)-imines) 1 using a 
one-pot protocol. The synthesis of 1c was taken as a model. 
A ternary mixture of propane-1,3-diamine 2a, phenyl isothi-
ocyanate 3, and 2-bromo-1-(4-methoxyphenyl)ethan-1-one 
5c was reacted in various solvents and bases (see Scheme 3 

and Table 1). All reactions were monitored by TLC analyses. 
The potential of TEA or diethylamine (DEA) was investi-
gated. As a result, using two equivalents of each base, TEA 
and DEA were tested in various solvents, such as ethanol 
at 80 °C, dioxane at 100 °C, and toluene at 80 °C (Table 1, 
Entries 1–6). The previous conditions produced the target 
1c in 52–80% yields.

It is worth of mention that our first attempt to start the 
one-pot synthesis of 1c in the presence of DEA resulted in 
the formation of a mixture of several products, as detected 
by TLC analysis. This could be due to the side reaction of 
DEA with phenyl isothiocyanate 3, which interferes with 
the formation of the bis(3-phenylthiourea) 4a. To avoid 
this, propane-1,3-diamine 2a was reacted first with two 
equivalents of phenyl isothiocyanate 3 at rt in the respective 
solvent. After 10 min of stirring, the intermediate 4a was 
completely formed, and then two equivalents of both 5c and 
DEA were added to the reaction mixture to complete the 
formation of target 1c.

Moreover, the use of two equivalents of sodium bicar-
bonate, sodium carbonate, potassium carbonate, or cesium 
carbonate to mediate such three-component reactions in 
ethanol at 80 °C or dioxane at 100 °C was investigated. 
These inorganic bases produced 1c in yields ranging 
from 58 to 81% (Table 1, Entries 7–14). Furthermore, the 
use of two equivalents of anhydrous sodium acetate was 
examined. At temperatures ranging from 40 to 80 °C, an 

Scheme 1  Synthesis of propane-linked bis(3-phenylthiourea) 4a 

Scheme 2  Synthesis of 
the regioisomeric products 
bis(thiazol-2(3H)-imine) deriva-
tive 1c or 6c 
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ethanolic sodium acetate solution was used to mediate the 
one-pot reaction. The reaction yielded 1c in 60 and 79% 
yields at 40 and 60 °C, respectively (Table 1, Entries 15 
and 16). The best yield, 87% of 1c, was obtained using 
ethanol at 80 °C (Table 1, Entry 17). Also, the use of 
dioxane at 70 and 100 °C was investigated to give 1c in 71 
and 83% yields, respectively (Table 1, Entries 18 and 19).

Following that, the amount of anhydrous sodium acetate 
required to mediate the three-component synthesis of 1c was 
investigated (see Table 2). All reactions were carried out 
in ethanol for 2–4 h at 80 °C with sodium acetate amounts 
ranging from 2 to 2.5 equivalents. For the one-pot protocol, 
the best reaction conditions were 2.2 equivalents of sodium 
acetate for 3 h. It yielded 1c with a 95% yield (Table 2 and 
Entry 4).

Fig. 3  The 1H–1H NOESY spectrum of the regioisomeric products bis(thiazol-2(3H)-imine) 1c or 6c 

Fig. 4  The diagnostic correlation of the 1H–1H NOESY for the regio-
isomeric products 1c or 6c 

Fig. 5  The diagnostic correlation of the 1H–1H NOESY for the (E)-/
(Z)-configuration of 1c 
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The research was then expanded to produce a series of 
alkane-linked bis(N-phenylthiazol-2(3H)-imines) 1a–1f. The 
desired hybrids were created with minor modifications to 
the optimized one-pot protocol. After heating the respective 
reaction mixture at 80 °C for 3–4 h, the appropriate alkane-
linked diamines 2a,b, and p-substituted phenacyl bromides 
5a–5c were used to produce the target products 1a–1f in 
89–96% yields (see Scheme 4) [31].

The previous one-pot reaction was also investigated 
with the appropriate 3-(2-bromoacetyl)-2H-chromen-2-
ones 5d–5f. Additional six hybrids of bis(N-phenylthia-
zol-2(3H)-imines) 1g–1l linked to chromene units were 
obtained in 85–91% yields after 4–5 h of heating at 80 °C 
(see Scheme 5) [55].

Quantum chemical calculations

Frontier molecular orbitals (FMO) calculations

FMO computations for  the  α‑haloketone 5 
and  bis(carbamimidothioates) 7/8 The use of quantum 
chemical algorithms has made tracing reaction mechanisms 
easier. Theoretical calculations were used herein to deter-
mine the best reaction product for a three-component reaction 
involving alkane-linked diamines 2, phenyl isothiocyanate 
3, and α-bromoketones 5. As previously stated, bis(3-phe-
nylthiourea) derivatives 4 were prepared in the first step of 
this reaction. When exposed to sodium acetate, these inter-
mediates could potentially convert into one of four (Z/E)-
bis(carbamimidothioates) 7 or 8. (shown in Scheme  6). 
Following the reaction of (Z/E)-bis(carbamimidothioates) 
7 or 8 with α-bromoketones 5, the regioisomeric (Z/E)-
bis(thiazol-2(3H)-imines) 1 or 6 are formed.

The optimized structures of α-bromoketones 5 and (Z/E)-
bis(carbamimidothioates) 7/8 were generated using DFT 
(B3LYP/6–31 + G) computations with the Gaussian 09 
program and presented in Gauss view 6.0.16. [56–58] The 
energies of 5 and 7/8, along with the general characteris-
tics of each compound, are summarized in Tables 3 and 4, 
respectively.

Scheme 3  One pot synthesis 
of bis(N-phenylthiazol-2(3H)-
imine) derivative 1c 

Table 1  Optimizing the one-pot synthesis of bis(N-phenylthiazol-
2(3H)-imine) 1c using two equivalents of the respective base

Entry Base Solvent Temp. (°C) Time (h) Isolated 
yield 
(%)

1 TEA EtOH 80 4 80
2 TEA Dioxane 100 4 72
3 TEA Toluene 80 4 55
4 DEA EtOH 80 4 71
5 DEA Dioxane 100 4 65
6 DEA Toluene 80 4 52
7 NaHCO3 EtOH 80 4 69
8 NaHCO3 Dioxane 100 4 65
9 Na2CO3 EtOH 80 4 77
10 Na2CO3 Dioxane 100 4 72
11 K2CO3 EtOH 80 4 81
12 K2CO3 Dioxane 100 4 75
13 Cs2CO3 EtOH 80 4 62
14 Cs2CO3 Dioxane 100 4 58
15 NaOAc EtOH 40 8 60
16 NaOAc EtOH 60 6 79
17 NaOAc EtOH 80 4 87
18 NaOAc Dioxane 70 6 71
19 NaOAc Dioxane 100 4 83

Table 2  Optimizing the yield of sodium acetate-mediated synthesis 
of bis(N-phenylthiazol-2(3H)-imine) 1c 

Entry Equivalents Time (h) Yield (%)

1 2 4 87
2 2.1 4 90
3 2.2 2 93
4 2.2 3 95
5 2.2 4 94
6 2.3 3 94
7 2.3 4 92
8 2.4 4 92
9 2.5 4 91
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Scheme 4  One pot synthesis of 
alkane-linked bis(N-phenylthia-
zol-2(3H)-imines) 1a–1f 

Scheme 5  One pot synthesis 
of chromene-linked bis(N-phe-
nylthiazol-2(3H)-imines) 1g–1l 

Scheme 6  Formation of alkane-
linked bis(carbamimidothioates) 
7/8 
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Global descriptors of  the  α‑haloketone 5 
and  bis(carbamimidothioates) 7/8 Global descriptors for 
5 and 7/8 are listed in Table  5, including nucleophilicity, 
electrophilicity, and total energy. Table  5 demonstrates 
that bis(carbamimidothioates) 7 are more favored than 
regioisomeric 8. It was also discovered that the Z-forms 
were preferred over the E-forms [59]. Specifically, the 
total energy values of (Z/E)-7a were − 1,254,254.710 and 
− 1,254,249.402  kcal/mol, respectively, while those of 
(Z/E)-8a were − 1,254,230.28 and − 1,254,214.504  kcal/
mol, respectively. Similarly, (Z/E)-7b had total energy 
values of − 1,278,912.874 and − 1,278,911.847  kcal/mol, 
respectively, whereas those of (Z/E)-8b had values of 
− 1,278,900.831 and − 1,278,900.322  kcal/mol, respec-
tively. Based on these results, it can be concluded that 
the formation of (Z)-7a and (Z)-7b are the most probable 
intermediates for the one-pot reaction investigated in this 
study. These findings are supported by the data collected 
by 2D-NMR, which indicates the formation of the regioiso-
meric (Z)-bis(thiazol-2(3H)-imines) 1.

In addition, we conducted a screening of the nucleo-
philicity and electrophilicity of both reactants and found 
that intermediates 7 act as nucleophilic species, while 
α-bromoketones 5 act as electrophilic species. For instance, 
7a exhibits a nucleophilicity of 4.504, which is higher than 
5a's value of 2.034. In contrast, the electrophilicity of 7a is 
1.149, which is lower than 5a's value of 2.554. This indicates 
that 7a will attack 5a during the reaction, with electrons 
moving from 7a to 5a.

FMO calculations for  the  possible products (Z/E)‑1 DFT 
at (B3LYP/6-31G) level was used to shed more light on 
the correct configuration of the regioisomeric products 1 
[56–58]. Table 6 shows the visualized optimized structures, 
HOMO, and LUMO of products (Z/E)-1a, as well as their 
energies in three different media, namely gas, water, and 
ethanol. All findings are presented in Tables S1 and S2 in 
the electronic supplementary file.

Global reactivity indices of  regioisomeric products 
(Z/E)‑1 Theoretical calculations of the total energy (RB3LYP) 
[59] derived from conceptual DFT provide additional evidence 
for the superiority of (Z)-1 over (E)-1. Global reactivity indi-
ces of (Z/E)-1a as a typical example are presented in Table 7 
in three different media, namely gas, water, and ethanol. The 
findings of all products are presented in Tables S3–S5 in the 
electronic supplementary file.

As shown in Table 7, the total energies of (Z)-1a were 
lower than those of (E)-1a. Specifically, the values for (Z)-1a 
ranged from − 1,436,875.846 to − 1,436,866.015 kcal/mol, 
whereas the values for (E)-1a ranged from − 1,436,861.814 
to − 1,436,850.865 kcal/mol.

Theoretical energy differences calculations for  the  interac‑
tion of  α‑haloketone 5 and  (Z)‑bis(carbamimidothioates) 
7 FMO analysis was used as an important step in under-
standing the mechanism of the regioselective reaction 
between α-haloketones 5 and (Z)-bis(carbamimidothioates) 
7. Therefore, the calculation of the two possible relative 

Table 3  FMO of 
α-bromoketones 5 Reacta

nt 5a 5b 5c 5d 5e 5f

Optimi

zed 

structu

re

LUMO

ELUMO 

(eV)
–2.552 –2.645 –2.211 –3.113 –3.302 –3.309

HOMO

EHOMO 

(eV)
–7.374 –7.410 –6.708 –7.155 –7.181 –7.130
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Table 4  FMO of alkane-linked 
bis(carbamimidothioates) 7/8 Reacta

nt
(Z)-7a (E)-7a (Z)-7b (E)-7b

Optimi

zed 

structu

re

LUMO

ELUMO 

(eV)
–1.049 –1.342 –1.596 –1.608

HOMO

EHOMO 

(eV)
–4.904 –4.868 –4.788 – 4.937

Reacta

nt
(Z)-8a (E)-8a (Z)-8b (E)-8b

Optimi

zed 

structu

re

LUMO

ELUMO 

(eV)
–1.399 –1.557 –1.589 –1.592

HOMO

EHOMO 

(eV)
–4.802 –4.572 –4.996 –4.837
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energy interactions ΔE1 [(ELUMO-(Z)-7) −  (EHOMO-5)] and ΔE2 
[(ELUMO-5) −  (EHOMO-(Z)-7)] are shown in Table 8) [60].

Generally, we found that ΔE2 is smaller than ΔE1. This 
implies that HOMO of (Z)-7 interacts with LUMO of 5 to 
initiate the reaction. This result offers significant support for 
the hypothesis that electrons move from the more nucleo-
philic (Z)-bis(carbamimidothioates) 7 to the more electro-
philic α-haloketones 5. The FMO diagram for the interaction 
between α-haloketone 5a and (Z)-bis(carbamimidothioates) 
7a,b is shown in Fig. 6. The ΔE1 and ΔE2 of the 5a/7a inter-
action are 5.659 and 2.352 eV, respectively, whereas the ΔE1 
and ΔE2 of the 5a/7b interaction are 5.112 and 2.236 eV, 
respectively.

Theoretical calculations of Parr indexes and local 
nucleophilicity and electrophilicity

Using local reactivity indices [61–67], the next step involves 
determining which of the nucleophilic centers from (Z)-7 
will be the most effective in attacking the highly electro-
philic center in 5. Recent advancements have turned the 
Parr, local nucleophilic, and local electrophilic indices into 
powerful tools for site selectivity [63, 68]. To compute the 
Parr function, the atomic spin density was analyzed under 
unrestricted formalization (UB3LYP) using the Gaussian 09 
program and the 6–31 + G(d,p) basis set [64]. The preferred 
attack site can be identified by utilizing the Parr, local nucle-
ophilic, and local electrophilic indices [69]. Tables 9 and 10 
summarize the information obtained from these indices for 
both 5 and (Z)-7.

Based on data collected on Parr [64], and local nucleo-
philicity [65], as well as dual descriptors [63] for (Z)-7a,b, 
we have found that the sulfur site is more nucleophilic than 
the NH site. As an example, in 7a, the local nucleophilic-
ity (NP−) of the sulfur site is 0.721, which is higher than 
that of the NH site, which is only 0.027. Similarly, the Parr 
nucleophilicity (Pr

−) of the sulfur site is higher with a value 
of 0.160 compared to the NH site with a value of 0.006. 
Moreover, the dual descriptor (Δƒr) on the sulfur site is more 
negative than that on the NH site with values of − 0.012 
and + 0.028, respectively. Additionally, the local Fukui 
nucleophilicity (Nƒr

−) of the sulfur site is more positive, 
with a value of + 0.014, whereas the NH site has a value of 
− 0.140.

We have determined that, based on our analysis of Parr 
[64], local electrophilicity [65], and dual descriptors [63] 
of compounds 5a–5f, the  CH2-site adjacent to the bromine 
atom in the molecule is more electrophilic than the carbon-
site of the carbonyl group. For instance, in 5a, the local elec-
trophilicity of the  CH2-site (ωP+) is + 1.540, which is higher 
than that of the CO-site (− 0.158), and the Parr electrophilic-
ity (P+) of the  CH2-site (+ 0.603) is also higher than that of 
the CO-site (− 0.062). Additionally, the dual descriptor (Δƒr) 
value on the  CH2-site (+ 0.134) is more positive than that on 
the CO-site (− 0.144), while the local Fukui electrophilicity 
(ωƒ+) of the  CH2-site (+ 1.540) is more positive than that of 
the CO-site (− 0.158). These findings demonstrate that the 
attack of the more nucleophilic sulfur site in (Z)-7 on the 
more electrophilic  CH2-site in 5 will initiate the reaction 
(see Fig. 7).

Table 5  Global descriptors for α-bromoketones 5 and alkane-linked bis(carbamimidothioates) 7/8 

a Ionization potential (I) = −  EHOMO; bElectron affinity (A) = −  ELUMO; cGlobal hardness (η) = (I–A); dSoftness (S) = 1/η; eChemical potential 
(µ) =  (EHOMO +  ELUMO)/2; fElectrophilicity index (ω) = µ2/2η; gNucleophilicity index (N) =  (EHOMO (Nu) −  EHOMO (TCE))

Product HOMO
(eV)

LUMO
(eV)

I (eV)a A (eV)b η (eV)c Sd µ (eV)e ω (au/eV)f N
(eV)g

E (RB3LYP)
(Kcal/mol)

5a − 7.374 − 2.552 7.374 2.552 4.822 0.208 − 4.963 2.554 2.034 − 1,854,920.235
5b − 7.410 − 2.645 7.410 2.645 4.765 0.210 − 5.028 2.652 1.998 − 2,143,307.714
5c − 6.708 − 2.211 6.708 2.211 4.497 0.222 − 4.460 2.211 2.700 − 1,926,789.734
5d − 7.155 − 3.113 7.155 3.113 4.042 0.247 − 5.134 3.261 2.253 − 2,021,061.705
5e − 7.181 − 3.302 7.181 3.302 3.879 0.258 − 5.242 3.542 2.227 − 2,309,459.695
5f − 7.130 − 3.309 7.130 3.309 3.821 0.262 − 5.220 3.565 2.278 − 3,634,451.887
(Z)-7a − 4.904 − 1.049 4.904 1.049 3.855 0.259 − 2.977 1.149 4.504 − 1,254,254.710
(E)-7a − 4.868 − 1.342 4.868 1.342 3.526 0.284 − 3.105 1.367 4.540 − 1,254,249.402
(Z)-7b − 4.788 − 1.596 4.788 1.596 3.192 0.313 − 3.192 1.596 4.908 − 1,278,912.874
(E)-7b − 4.937 − 1.608 4.937 1.609 3.328 0.301 − 3.273 1.610 4.471 − 1,278,911.847
(Z)-8a − 4.802 − 1.399 4.802 1.399 3.403 0.294 − 3.101 1.413 4.606 − 1,254,230.28
(E)-8a − 4.572 − 1.557 4.572 1.557 3.015 0.332 − 3.065 1.557 4.836 − 1,254,214.504
(Z)-8b − 4.996 − 1.589 4.996 1.589 3.407 0.294 − 3.293 1.591 4.412 − 1,278,900.831
(E)-8b − 4.837 − 1.592 4.837 1.592 3.245 0.308 − 3.215 1.592 4.571 − 1,278,900.322
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Table 6  FMO of the 
regioisomeric products (Z/E)-1 

(Z)-1a Gas Water EtOH

Optimi

zed 

structu

re

LUMO

ELUMO 

(eV)
–0.831 – 0.810 – 0.804

HOMO

EHOMO 

(eV)
– 5.000 – 5.195 – 5.181

(E)-1a Gas Water EtOH

Optimi

zed 

structu

re

LUMO

ELUMO 

(eV)
– 0.999 – 0.883 – 0.881

HOMO

EHOMO 

(eV)
– 5.105 – 5.270 – 5.258
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Table 7  Theoretical calculations for regioisomeric products (Z/E)-1 

Medium HOMO (eV) LUMO (eV) I (eV)a A (eV)b η (eV)c Sd µ (eV)e ω (au/eV)f N
(eV)g

E (RB3LYP)
(Kcal/mol)

(Z)-1a Gas − 5.000 − 0.831 5.000 0.831 4.169 0.240 − 2.916 1.020 4.121 − 1,436,866.015
Ethanol − 5.181 − 0.804 5.181 0.804 4.377 0.229 − 2.993 1.023 3.940 − 1,436,875.324
Water − 5.195 − 0.81 5.195 0.810 4.385 0.228 − 3.003 1.028 3.926 − 1,436,875.846

(E)-1a Gas − 5.105 − 0.999 5.105 0.999 4.106 0.244 − 3.052 1.134 4.016 − 1,436,850.865
Ethanol − 5.258 − 0.881 5.258 0.881 4.377 0.229 − 3.070 1.076 3.863 − 1,436,861.202
Water − 5.270 − 0.883 5.270 0.883 4.387 0.228 − 3.077 1.079 3.851 − 1,436,861.814

Table 8  Theoretical calculations 
of energy differences (ΔE1 and 
ΔE2) for the interaction between 
α-haloketones 5 and (Z)-
bis(carbamimidothioates) 7 

Reactant 5a 5b 5c 5d 5e 5f

ΔE1 (5/7a) (eV) 5.659 6.361 6.325 6.081 6.132 6.106
ΔE2 (5/7a) (eV) 2.352 2.259 2.693 1.595 1.602 1.791
ΔE1 (5/7b) (eV) 5.112 5.814 5.778 5.534 5.585 5.559
ΔE2 (5/7b) (eV) 2.236 2.143 2.577 1.479 1.486 1.675

Fig. 6  FMO diagram for the interaction between α-haloketones 5 and (Z)-bis(carbamimidothioates) 7 

Table 9  Dual descriptor and 
Parr and local nucleophilicity 
indices of (Z)-7a, b 

Site P−

r
f +
r

f −
r

Δfr NP−

r
Nf −

r

(Z)-7a S-site 0.160 − 0.009 0.003 − 0.012 0.721 0.014
NH-site 0.006 − 0.003 − 0.031 0.028 0.027 − 0.140

(Z)-7b S-site 0.118 − 0.006 0.048 − 0.054 0.579 0.221
NH-site 0.022 0.007 − 0.057 0.064 0.108 − 0.263
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Theoretical calculations for the proposed intermediates 
9–11

Further study of the reaction between 5 and (Z)-7 was per-
formed by computing global descriptors of the proposed 
intermediates [56–58, 70, 71]. The previous calculations 
were used to predict the plausible mechanism of the forma-
tion of the target hybrids 1. As previously discussed, the 
reaction between 5 and (Z)-7 can be triggered by the nucleo-
philic substitution reaction between the sulfur-site in (Z)-7 
and the electrophilic  CH2 adjacent to the bromine atom in 5, 
resulting in the corresponding (Z)-bis(S-alkyl) derivative 9. 
This intermediate may then be converted into three possible 
intermediates: (Z,Z)-10, (Z,E)-10 or (Z)-11. The compound 
(Z)-9 can tautomerize to either (Z,Z)-10 or (Z,E)-10 in their 
enol-forms. Furthermore, (Z)-9 can undergo cyclization via 
the acyl nucleophilic addition of the two spacer-NH sites 
to the carbonyl functions, forming the adduct (Z)-11 (see 
Fig. 8).

Calculating the energy of compounds (Z,Z)-10, (Z,E)-
10, and (Z)-11 leads us to anticipate which route com-
pound (Z)-9 will take. Taking the reaction between 5a and 
(Z)-7a as a model, the theoretical parameters for the inter-
mediates 9–11 are listed in Table 11. All calculations are 
listed in Table S6 in the electronic supplementary file. It is 
evident from the data gathered for 10 and 11 that cycliza-
tion is preferable than tautomerization in all derivatives.

Based on the aforementioned findings, the mechanism 
for the current three-component reaction can be summa-
rized in Scheme 7. First, alkane-linked diamines 2 were 
reacted with phenyl isothiocyanate 3 to yield bis(3-phe-
nylthiourea) derivatives 4. The previous intermediate pro-
duces the most stable (Z)-bis(carbamimidothioates) 7 in 
the presence of sodium acetate, which then reacted with 
α-haloketones 5 via a nucleophilic substitution reaction to 
give the corresponding (Z)-bis(S-alkyl) derivative 9. The 
acyl nucleophilic additions of the two spacer-NH sites to 
the carbonyl functions produced the adduct (Z)-11. Next, 
two molecules of water were removed from (Z)-11 to yield 
the regioisomeric (Z)-1 as a final isolable product.

Table 10  Dual descriptor and 
Parr and local electrophilicity 
indices of 5 

Site P+

r
f +
r

f −
r

Δfr ω ωP+

r
ωf +

r

5a CH2-site 0.603 0.165 0.031 0.134 2.554 1.540 1.540
CO-site − 0.062 − 0.152 − 0.008 − 0.144 − 0.158 − 0.158

5b CH2-site 0.584 0.162 0.026 0.136 2.652 1.549 1.549
CO-site − 0.062 − 0.153 0.006 − 0.1159 − 0.164 − 0.164

5c CH2-site 0.628 0.166 0.016 0.150 2.211 1.389 1.389
CO-site − 0.074 − 0.142 0.008 − 0.150 − 0.164 − 0.164

5d CH2-site 0.504 0.018 0.01 0.008 3.261 1.644 0.059
CO-site − 0.065 − 0.055 − 0.02 − 0.035 − 0.212 − 0.179

5e CH2-site 0.476 0.017 0.012 0.005 3.541 1.686 0.060
CO-site − 0.064 − 0.052 − 0.028 − 0.025 − 0.227 − 0.184

5f CH2-site 0.477 0.016 0.011 0.005 3.565 1.701 0.057
CO-site − 0.064 − 0.051 − 0.029 − 0.022 − 0.228 − 0.182

Fig. 7  Favorable reaction path-
way between 5 and (Z)-7 
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Fig. 8  Structure of the proposed 
intermediates 9–11 

Table 11  Global descriptors for intermediates 9–11 

a Ionization potential (I) = −  EHOMO; bElectron affinity (A) = −  ELUMO; cGlobal hardness (η) = (I–A); dSoftness (S) = 1/η; eChemical potential 
(µ) =  (EHOMO +  ELUMO)/2; fElectrophilicity index ( ω) = µ2/2η; g Nucleophilicity index (N) =  (EHOMO (Nu) −  EHOMO (TCE))

HOMO (eV) LUMO (eV) I (eV)a A (eV)b η (eV)c Sd µ (eV)e
ω (au/eV)f N

(eV)g
E (RB3LYP)
(Kcal/mol)

(Z)-9 − 5.265 − 2.162 5.265 2.162 3.103 0.322 − 3.714 2.222 3.856 − 1,532,794.281
(Z,Z)-10 − 5.269 − 1.439 5.269 1.439 3.83 0.261 − 3.354 1.469 3.852 − 1,532,775.128
(Z,E)-10 − 5.267 − 1.212 5.267 1.212 4.055 0.247 − 3.240 1.294 3.854 − 1,532,768.004
(Z)-11 − 5.498 − 0.626 5.498 0.626 4.872 0.205 − 3.062 0.962 3.623 − 1,532,795.781

Scheme 7  Plausible mecha-
nism for the formation of the 
(Z)-bis(N-phenylthiazol-2(3H)-
imines) 1 
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Conclusion

A new series of (Z)-bis(N-phenylthiazol-2(3H)-imines) 
was efficiently prepared using a three-component proto-
col. For this purpose, a one-pot reaction was conducted 
between alkane-linked diamines, phenyl isothiocyanate, 
and the appropriate α-bromoketones in ethanol in the pres-
ence of anhydrous sodium acetate. Both 1D and 2D NMR 
techniques were used to investigate the regioselectivity 
of the one-pot reaction as well as the assigned structure 
of new products. Additional support for the aforemen-
tioned findings was obtained by DFT-based calculations 
at the computational level B3LYP/6–31 + G(d,p). The 
current study demonstrated that the favored mechanism 
and experimental regioselectivity of the applied reaction 
protocol, as well as the assigned configuration of new 
products, could be correctly predicted using previous 
computational tools.

Experimental

Materials

All solvents unless otherwise noted, were purchased from 
commercial sources and utilized directly as received. The 
other substances were purchased from Merck or Aldrich 
and utilized directly. The melting points are uncorrected 
and determined using Stuart's melting point equipment. IR 
spectra were recorded using the Nicolet iS10 FT-IR spec-
trometer's Smart iTR, Chemical shifts were represented as 
ppm units, and NMR spectra were captured on a Bruker 
Avance III 400 MHz spectrophotometer (400 MHz for 1H 
and 100 MHz for 13C) using TMS as an internal stand-
ard and DMSO-d6 as a solvent. Elemental analyses were 
performed on a EuroVector instrument C, H, N analyzer 
EA3000 Series. For detailed synthetic protocol and char-
acterization data of all newly synthesized products, see the 
Electronic supplementary file.

Typical procedure for tandem synthesis 
of alkane‑linked bis(N‑phenylthiazol‑2(3H)‑imine) 
hybrids 1

A mixture of alkane-linked diamine 2a,b (1  mmol), 
phenyl isothiocyanate 3 (2 mmol), and the appropriate 
α-bromoketones 5a–5f (2 mmol) was heated in ethanol 
(15 mL) in the presence of anhydrous sodium acetate 
(2.2 mmol) at 80 °C for 3–5 h. The reaction mixture was 
cooled and the obtained product was collected by filtra-
tion, washed with cold water, dried and recrystallized from 
the appropriate solvent.

Computational screening

The theoretical calculations were carried out using the 
Gaussian 09W software [56, 57]. Using the widely accepted 
6–31 + G(d,p) basis set, the molecular geometry of the inves-
tigated compounds was optimized using the density func-
tional theory B3LYP approach. The optimized structure was 
visualized with GaussView 6.0.1 [58, 70, 71].

Frontier molecular orbitals and global reactivity indices

The HOMO (highest-occupied molecular orbital) and 
LUMO (lowest-unoccupied molecular orbital) were esti-
mated at the same computational level. Measurements are 
performed to define a system's reactivity and stability using 
widely applied chemical principles generated from concep-
tual DFT (see Electronic supplementary file) [72–78].

Local reactivity indexes

To describe the regioselectivity of an atom ‘r’ in a mol-
ecule, several local reactivity indices are computed, includ-
ing the condensed Fukui functions ( f +

r
 and f −

r
 ) [61, 62], the 

dual descriptor ( Δfr ) [63], Parr functions (Pr) [64, 65], and 
Domingo-related work (see Electronic supplementary file) 
[66, 67].

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13738- 023- 02851-5.
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