
Page 1/22

Synthesis, characterization and computational studies of 2-
amino-4-substituted thiazoles, their divalent nickel and cobalt
complexes and molecular docking studies of their ligands as
potent μ-opioid receptor agonists
Nursabah Sarıkavaklı  (  nsarikavakli@adu.edu.tr )

Aydın Adnan Menderes University https://orcid.org/0000-0002-9359-7672
Hakan C. Söyleyici 

Aydın Adnan Menderes University https://orcid.org/0000-0001-6258-2577
Fatma Erol 

Gazi University https://orcid.org/0000-0002-4103-0148
Timothy Omara 

University of Natural Resources and Life Sciences https://orcid.org/0000-0002-0175-1055

Research Article

Keywords: Thiazole derivatives, mu-opioid receptor, ligand binding, metal complexes, Density Functional Theory, molecular
docking

Posted Date: March 16th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1451568/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.   Read Full License

https://doi.org/10.21203/rs.3.rs-1451568/v1
mailto:nsarikavakli@adu.edu.tr
https://orcid.org/0000-0002-9359-7672
https://orcid.org/0000-0001-6258-2577
https://orcid.org/0000-0002-4103-0148
https://orcid.org/0000-0002-0175-1055
https://doi.org/10.21203/rs.3.rs-1451568/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/22

Abstract
In this study, some 2-amino-4-substituted thiazole derivatives (TH1-TH5) and ligands (L1H and L2H) were synthesized from
the reaction of TH1 and TH3 with 2-hydroxybenzaldehyde which were complexed with divalent nickel and cobalt chloride salts
to yield complexes: Ni(L1H)2, Co(L1H)2, Ni(L2H)2 and Co(L2H)2. The structure of the compounds was established on the
basis of analytical and spectral (1H NMR, 13C NMR and FTIR) data. Computational studies of the derivatives and molecular
docking of the ligands were done to establish the potential of the ligands as µ-opioid receptor agonists. The derivatives were
successfully synthesized and the total and relative total energies of the tautomeric forms indicated that the enol-imine form
was the most stable, which was consistent with NMR results. Molecular docking showed that ligand L1H had the best binding
energy (-6.81 Kcal/mol) with an inhibition constant of 10.25. The molecular docking results offer an insight on the structural
basis for the comprehension of ligand-binding with µ-opioid receptor which can be harnessed for guiding analgesic drug
design based on these derivatives.

Introduction
Thiazoles are �ve-membered azole heterocycles with two hetero atoms (usually Sulphur and nitrogen) and a single C = N bond
(Gharamaleki et al., 2016; Ibrahim & Rizk, 2020). They are important and versatile scaffolds in heterocyclic compounds where
they act as ligands, giving rise to a variety of biological substrates that have diverse occurrence in pharmacologically active
organic compounds (Ali & Sayed, 2021). Along with their benzofused systems and thiazolidinone derivatives, thiazoles have
been reported to elicit intriguing biological activities including antiprotozoal, antimicrobial, antitumor (Borcea et al., 2021;
Cascioferro et al., 2020), antihistamine, antiparasitic (Kryshchyshyn et al., 2017), antihypertensive, anthelmintic, antioxidant,
antipyretic, anticancer, antiviral, antidiabetic, anti-in�ammatory, anti-Alzheimer and hepatoprotective activities (Ali & Sayed,
2021; Ibrahim & Rizk, 2020). The thiazole ring is a structural component of natural compounds such as Vitamin B1, penicillin
and carboxylase (Maupin-Furlow, 2018). In addition, drugs containing sulfathiazole, phthalylsulfatiazole and their derivatives
(such as famotidine, thiabendazole, epothilone and meloxicam) are frequently used in human medicine (Dawood et al., 2021;
Samuel et al., 2021; Yurttaş et al., 2021). An interesting use of thiazoles has been reported by Stangeland and Sammakia
(2004) in the halogen dance reaction for the total synthesis of WS75624 B.

There are various functional derivatives of thiazoles. Aminothiazole series are more privileged derivatives in this sense, as the
amino group increases the electron-donating and basic properties of the resultant substrates and makes them suitable ligands
for metal complexation. This transforms them into strikingly important molecules with therapeutic utility. For example,
Uchikawa et al. (1996) through extensive in vivo and in vitro assays indicated that condensed 5-aminothiazole derivatives are
potent inhibitors of lipid peroxidation. Similarly, Kim et al. (2002) synthesized and assessed the biological activities of an
aminothiazole inhibitor of cyclin-dependent kinase 2 (2-acetamido-thiazolylthio acetic ester) which due to its instability was
hydrolyzed to introduce a 5-ethyl-substituted oxazole moiety. Through combinatorial and parallel synthetic approaches, over
one hundred analogues were obtained and reported to elicit broad spectrum antitumor activity. Similarly, Khabnadideh et al.
(2012) has synthesized various benzimidazole, benzotriazole and aminothiazole derivatives that reportedly exhibited
antifungal activity against several species of Candida, Aspergillus and dermatophytes. De et al. (2008) reported higher
antioxidant activities of dendrodoine analogue: (4-amino-5-benzoyl-2-(4-methoxy phenylamino) thiazole, further unraveling the
mechanism of its antioxidant activity through various mechanistic studies.

As noted earlier, thiazole-derivatives are good ligands for complexation (Ali El-Remaily et al., 2021; Xun-Zhong et al., 2020).
Metal complexes are versatile species that have continued to play signi�cant roles in medical and other �elds. There are
multiple reports of aminothiazole-metal complexes. Boga et al. (2007) discussed evidence of the intermediacy of Wheland–
Meisenheimer complexes in aromatic electrophilic substitution reactions of aminothiazoles with 4,6-dinitrobenzofuroxan.
Prakash and Malhotra (2018) synthesized Copper (II), Nickel (II) and Zinc (II) complexes of aminothiazole-derived Schiff base
ligands and further reported that the complexes were antibacterial and cytotoxic. Metal complexes of Co(II), Ni(II), Cu(II), Zn(II),
Cd(II) and Hg(II) synthesized using 5-phenylazosalicylidene-4-phenyl-2-aminothiazole, 5-(p-chlorophenyl)-4-phenyl-2-
aminothiazole and 5-(p-tolulyl)-azosalicylidene-4-phenyl-2-aminothiazole have also been reported to be antibacterial against
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Escherichia coli, Bacillus subtilis, Klebsiella pneumoniae, Pseudomonas aerogenes, Staphylococcus aureus and Proteus
vulgaris (Hankare et al., 2012).

The foregoing literature is suggestive that not only are thiazoles and their derivatives biologically active, but their complexes
also play signi�cant roles in different �elds. Mu opioid or µ-opioid (MOR) agonists such as morphine and fentanyl are routinely
utilized for the treatment of moderate to severe post-operative and cancer pains owing to their high e�cacy. Unfortunately,
they possess adverse side effects such as nausea, sedation, constipation, development of tolerance and physical dependence
and respiratory depression (Dzimbova et al., 2020; Kotlińska-Lemieszek & Żylicz, 2022). This calls for the search for MOR
agonists with less side effects.

MOR receptor is a prominent member of the opioid neuromodulatory system and the large family of G protein-coupled
receptors (GPCRs) which is the pharmacological (molecular) target for opioid drugs. The same has been invariably utilized in
the search for novel analgesics (Dzimbova et al., 2020; Kaserer et al., 2016). It is now established that MORs are essentially
integral membrane proteins prevalent in the central nervous system and its propinquity, where they are the molecular targets of
various opioid drugs (Kaserer et al., 2016). Many sources of MOR agonists have been explored, including those from natural
sources (plants, animals, fungi, bacteria) and synthetic origin. Thus, this study was undertaken to synthesize and characterize
some 2-naphthyl-, 4-methylphenyl-, 4-nitrophenyl, 4-hydroxyphenyl- and 2-hydroxymethylbenzilidenamino derivatives of
aminothiazoles (TH1 to TH5) using NMR and FTIR. New ligands (L1H and L2H) were synthesized from the reaction of
derivatives TH1 and TH3 with 2-hydroxybenzaldehyde and then complexed with Ni (II) and Co (II) chloride salts. Computational
studies of the derivatives were done using Density Functional Theory method. Subsequently, molecular docking studies was
done to establish the potential of the ligands as µ-opioid receptor agonists.

Experimental

Materials
Starting materials, chemicals and reagents used in this study (including acetophenone derivatives, thiourea, ammonia, iodine,
2-hydroxybenzaldehyde, nickel chloride, cobalt chloride, acetone, diethyl ether, chloroform, benzene) were supplied by Merck.
Commercial ethyl alcohol was supplied by Ak Kimya, Aydın Adnan Menderes University, Turkey. Characterization of the
synthesized compounds was done using an NMR spectrometer (Bruker GmbH DpX-400MHz Hing Performance Digital FT-
NMR), FTIR spectrometer (Perkin Elmer 1600) and a melting point (m.p.) analyzer. The NMR chemical shifts (δ values) and
coupling constants (J values) are reported in ppm and Hz, respectively.

Synthesis of 2-amino-4-thiazole derivatives
The aminothiazoles were synthesized by reacting the respective methyl-aryl ketone with thiourea in the presence of molecular
iodine. A model reaction is given in Scheme 1.

Synthesis of 2-Amino-4-phenylthiazole ( TH1 )

Measured 12 g (0.1 mol) of acetophenone and 7.6 g (0.1 mol) of thiourea were transferred into a 100 mL �ask. After, 14.5 g
(0.05 mol) of iodine was added to the �ask and mixed on a magnetic stirrer. The content of the �ask was corked and placed in
a water bath at 60℃. After 24 hours, 50 ml of pure water was added and its cap was closed again and kept in the bath for a
further one hour. At the end of 1 hour, the mixture in the �ask was �ltered while still hot. The yellow precipitate that remained
on the �lter paper was elemental sulfur while �ltrate had a pH of 2. The �ltrate was cooled and then 5% ammonia solution was
added until a pH of 8 was attained. The resultant yellow precipitate formed was �ltered, dissolved in ethyl alcohol and then
crystallized by cooling in an ice bath. The crystals were washed with cold water and then dried in a vacuum desiccator.

Light-yellow; Yield: 14.6 g (83%); m.p: 149°C, mm = 176 g/mol (Fig. 1). Slightly soluble in petroleum ether, diethyl ether,
pentane, n-hexane and CCl4; completely dissolved in acetone, benzene, CHCl3, DMF, DMSO, 1,4-dioxane, ethanol and methanol.
1H-NMR δ (ppm): 7.715 (d, 2H), 7. 362 (t, 1H), 7.253 (t, 2H), 7.035 (s, 2H), 5.997 (s, 1H); 13C-NMR δ (ppm): 168.645 (C-2),
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150.308 (C-4), 135.382 (C-7), 128.909 (C-9 and C-11), 127.627 (C-10), 125.989 (C-8 and C-12), and 101.944 (C-5); FTIR (cm− 1):
3445 (N-H), 3310 (R-H thiazole ring), 3017 (R-H phenyl ring), 1610 (C = N), 1564 (C = C), 1505 (N-H), 655 (C-S-C).

Synthesis of 2-amino-4-(2-naphthyl)-thiazole ( TH2 )

Accurately weighed 17 g (0.1 mol) of 2-acetylnaphthalene and 7.6 g (0.1 mol) of thiourea were transferred into a 100 mL �ask,
followed by 14.5 g (0.05 mol) of iodine and 20 ml of ethyl alcohol. The mixture was stirred on a magnetic stirrer, corked and
then placed in a water bath at 60 ℃. After 48 hours, the alcohol was evaporated. Exactly 50 ml of pure water was added, the
cap was reclosed and kept in the bath for a further one hour. After, the mixture in the �ask was �ltered while still hot, cooled
and then 5% ammonia solution was added to it until when a pH of 8 was attained. The light-yellow precipitate formed was
�ltered off, dissolved in alcohol, and then crystallized by cooling in an ice bath. The crystals obtained were �ltered, washed
with cold water and dried in a vacuum desiccator.

White; Yield: 17.63 g (78%); m.p: 226°C, mm = 118 g/mol (Fig. 2). Slightly soluble in petroleum ether, diethyl ether, pentane, n-
hexane and CCl4, acetone, benzene, CHCl3, DMF, DMSO, but completely dissolved in 1,4-dioxane, ethanol and methanol. 1H-

NMR δ (ppm): 8.119 to 7.426 (m, 7H), 7.133 (s, 1H), 7. 076 (s, 2H); 13C-NMR δ (ppm): 168.947 (C-2), 150.485 (C-4), 103.091 (C-
5), 133. 899 (C-6), 133.030 (C-7), 132.984 (C-8), 128.752 (C-9), 128.569 (C-10), 128.340 (C-11), 128.203 (C-12), 127.005 (C-13),
126.472 (C-14) and 124.741 (C-15); FTIR (cm− 1): 3440 (N-H), 3307 (R-H thiazole ring), 3015 (R-H phenyl ring), 1613 (C = N),
1560 (C = C), 1501 (N-H), 657 (C-S-C).

Synthesis of 2-amino-4-(4-methylphenyl) thiazole ( TH3 )

Weighed 13.4 g (0.1 mol) of 4-methyl-acetophenone and 7.6 g (0.1 mol) of thiourea were added into a 100 mL �ask. After
adding 14.5 g (0.05 mol) of iodine, they were stirred using a magnetic stirrer, corked and then placed in a water bath at 60 oC
for 24 hours. After, 50 ml of pure water was added to the mixture, corked and then kept in the bath for another one hour. The
mixture was thereafter �ltered while still hot, cooled and 5% ammonia solution was slowly added to it with continuous and
rapid agitation until a pH of 8 was achieved and a dark yellow precipitate was observed on the sides of the beaker. The dark
yellow precipitate formed (after 10 hours) was �ltered out, dissolved in alcohol and crystallized by cooling in an ice bath.

Bright-yellow; Yield: 12.9 g (68%); m.p: 190°C, mm = 185 g/mol (Fig. 3). Slightly soluble in petroleum ether, diethyl ether,
pentane, n-hexane and CCl4, acetone, benzene, CHCl3, DMF, DMSO but completely dissolved in 1,4-dioxane, ethanol and

methanol. 1H-NMR δ (ppm): 7.680 (d, 2H), 7.165 (d, 2H), 6.996 (s, 2H), 6.911 (s, 1H), 2.250 (s, 3H); 13C-NMR δ (ppm): 168.544
(C-2), 150.382 (C-4), 136.821 (C-10), 132.750 (C-7), 129.967 (C-9 and C-11), 125.941 (C-8 and C-12), 101.019 (C-5), and 21.236
(C-13); FTIR (cm− 1): 3485 (N-H), 3325 (R-H in thiazole ring), 3098 (R-H in phenyl ring), 2962 (C-H, aliphatic), 1622 (C = N, in
ring), 1555 (C = C), 1515 (N-H), 660 (C-S-C).

Synthesis of 2-amino-4-(4-nitrophenyl) thiazole ( TH4 )

To 16.9 g (0.1 mol) of 4-nitro-acetophenone and 7.6 g (0.1 mol) of thiourea in a 100 ml �ask was added 14.5 g (0.05 mol) of
iodine and 20 ml of ethyl alcohol. They were then stirred using a magnetic stirrer, corked and then the �ask placed in a water
bath at 60 ℃ for 72 hours. After, the alcohol was evaporated and 50 mL of pure water was added. The cap was closed again
and kept in the bath at 95 ℃ for 1 hour. After, the mixture was �ltered while still hot, cooled and 5% ammonia was added to it
until the pH reaches 8 and an orange precipitate collected at the bottom of the beaker. The dark orange precipitate formed after
10 hours was �ltered, dissolved in acetone and crystallized by addition of ether and cooling in an ice bath.

Dark-yellow; Yield: 10.83 g (49%); m.p: 221°C, mm = 225 g/mol (Fig. 4). Slightly soluble in petroleum ether, diethyl ether,
pentane, n-hexane and CCl4, acetone, benzene, CHCl3, DMF, DMSO, and completely dissolved in in 1,4-dioxane, ethanol and

methanol. 1H-NMR δ (ppm): 8.339 (d, 2H), 8.182 (d, 2H), 7.652 (s, 2H), 7.412 (s, 1H); 13C-NMR δ (ppm): 169.053 (C-2), 150.382
(C-4), 141.756 (C-7), 130.015 (C-9 and C-11), 197.587 (C-10), 124.420 (C-8 and C-12), and 107.036 (C-5); FTIR (cm− 1): 3493 (N-
H), 3353, weak (R-H thiazole ring), 3101 (R-H phenyl ring), 1625 (C = N), 1582 (N = O), 1552 (C = C), 1515 (N-H), 675 (C-S-C).
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Synthesis of 2-amino-4-(4-hydroxyphenyl) thiazole ( TH5 )

Aminothiazole derivative (TH5) was prepared by addition of 13.6 g (0.1 mol) of 4-nitro-acetophenone to 7.6 g (0.1 mol) of
thiourea in a 100 mL �ask. This was followed by 14.5 g (0.05 mol) of iodine and 20 ml of ethyl alcohol, which were then stirred
on a magnetic stirrer, corked and transferred into a water bath at 60 ℃ for 48 hours. The alcohol was evaporated off and 50
ml of pure water was added to the mixture, capped and kept in the water bath at 95 ℃ for 1 hour. At the end of 1 hour, the
mixture was �ltered while still hot, cooled and 5% ammonia solution was added to the �ltrate until a pH of 8 was reached and
a white precipitate collects at the bottom of the beaker. The white precipitate formed (after 18 hours) was �ltered and
dissolved in alcohol and crystallized by cooling in an ice bath.

Greenish matt-colored; Yield: 12.1 g (63%); m.p: 192°C, mm = 213 g/mol (Fig. 5). Slightly soluble in petroleum ether, diethyl
ether, pentane, n-hexane and CCl4, acetone, benzene, CHCl3, DMF, DMSO, but dissolved completely in 1,4-dioxane, ethanol and

methanol. 1H-NMR δ (ppm): 9.473 (s, 1H), 7.628 (d, 2H), 6.973 (d, 2H), 6.762 (s, 2H), 6.695 (s, 1H); 13C-NMR δ (ppm): 168.507
(C-2), 150.586 (C-4), 130.571 (C-7), 115.678 (C-9 and C-11), 157.217 (C-10), 125.724 (C-8 and C-12), and 98.972 (C-5); FTIR
(cm− 1): 3510 (N-H), 3410 (R-H in thiazole ring), 2800–3200, broadband (phenolic -OH), 1605 (C = N), 1592 (C = C), 1503 (N-H),
692 (C-S-C).

Synthesis of ligands (L1H and L2H) and complexes
Synthesis of 4-phenyl-2-(2-hydroxymethylbenzilidenamino) thiazole ligand ( L1H )

L  1  H ligand was synthesized by reacting TH1 with 2-hydroxybenzaldehyde in the presence of acetic acid as a catalyst as
shown in Scheme 2. Brie�y, measured 8.8 g (0.05 mol) of TH1 was dissolved in 50 ml of alcohol, followed by drops of 6.2 g
(0.05 mol) of 2-hydroxybenzadehyde solution in 20 ml of alcohol. After adding a few drops of acetic acid, the mixture was
re�uxed and stirred for 8 hours. The yellow-colored mixture turned red, was mixed using a magnetic stirrer, two-third of the
solvent was evaporated and the remaining part was cooled by mixing again. Measured 50 ml of diethyl ether was to the
mixture, covered and stirring continued overnight. At the end of this process, a yellow precipitate was formed at the bottom.
The precipitate was �ltered, and the �ltrate was washed with cold alcohol and dried in the open air. L1H is a Schiff base that is
suitable for metal complexation.

Yellow; Yield: 7.5 g (56%); m.p: 268°C, mm = 235 g/mol (Fig. 6). Insoluble in petroleum ether, diethyl ether, pentane and n-
hexane, it is dissolved in acetone, DMF, DMSO and CHCl3. 1H-NMR δ (ppm): 11.583 (s, 1H), 9.267 (s, 1H), 7.831–6.865 (m, 9H,

phenyl protons: 10–19), 6.345 (s, 1H); 13C-NMR δ (ppm): 168.345 (C-7), 164.753 (C-2), 161.031 (C-9), 155.068 (C-4), 149.761
(C-8), 117.557 (C-5), 136.538 (C-10), 135.668 (C-11), 134.692 (C-12), 132.328 (C-13), 129.026 (C-14), 128.866 (C-17), 128.675
(C-16 and C-18) and 120.135 (C-15 and C-19); FTIR (cm− 1): 3332 (R-H in thiazole ring), 3060 (R-H in phenyl ring), 1610, 1599
(C = N), 1483 (C = C), 699 (C-S-C).

Synthesis of 4-(4-methylphenyl)-2-(2-hydroxymethylbenzylideneamino) thiazole ligand ( L  2  H )

Another ligand L2H was synthesized in the same way as L1H but using TH3 with 2-hydroxybenzadehyde using acetic acid as
the catalyst (Scheme 3). Measured 9.5 g (0.05 mol) of TH3 was dissolved in 50 mL of alcohol, followed by dropwise addition
of 6.2 g (0.05 mol) of 2-hydroxybenzadehyde solution in 20 mL of alcohol. After adding a few drops of acetic acid, the mixture
was taken to re�ux, heated and stirred for 12 hours until the yellow-colored mixture turned red. Then the mixture taken from the
re�ux was mixed with a magnetic stirrer until 2/3 of the solvent evaporated and the remaining part was cooled by mixing
again. To this, 50 ml of diethyl ether was added, covered and stirring was continued for a further 24 hours. At the end of the
process, an orange precipitate was formed at the bottom which was �ltered, and the �ltrate washed with cold alcohol. It was
dried in air.

Orange; Yield: 8.6 g (61%); m.p: 282°C, mm = 205 g/mol (Fig. 7). Insoluble in petroleum ether, diethyl ether, pentane and n-
hexane, it is dissolved in acetone, DMF, DMSO and CHCl3. 1H-NMR δ (ppm): 11.577 (s, 1H), 9.222 (s, 1H), 7.839–6.746 (m, 8H,
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phenyl protons: 10–19), 6.316 (s, 1H), 2.256 (s, 3H); 13C-NMR δ (ppm): 168.116 (C-7), 164.638 (C-2), 160.993 (C-9), 155.061 (C-
4), 149.753 (C-8), 117.534 (C-5), 138.223 (C-10), 136.088 (C-11), 132.321 (C-12), 131.924 (C-13), 129.026 (C-14), 129.278 (C-16
and C-18), 120.440 (C-15 and C-19), and 21.495 (C-21); FTIR (cm− 1): 3435 (R-H in thiazole ring), 3111 (R-H in phenyl ring),
2364 (C-H, aliphatic), 1662, 1537 (C = N), 1362 (C = C), 746 (C-S-C).

Synthesis of Nickel and Cobalt complexes of L1H and L2H ligands

Nickle and cobalt complexes were prepared from the synthesized ligands: L1H and L2H. To prepare the complexes (Scheme 4),
the ligands were reacted with the respective divalent metal salts as follows.

For Ni(L1H)2, weighed 0.804 g (0.003 mol) of L1H was dissolved in 20 ml of acetone with heating. A green solution of 0.357 g
(0.0015 mol) NiCl2.6H2O salt in 10 ml of absolute ethanol was dropwisely added to the mixture A light brown color was formed
by the addition of a few drops of dilute NaOH solution. This mixture was re�uxed for 8 hours to form an orange-colored
precipitate. The hot solution was �ltered, and the precipitate was washed sequentially with acetone, hot alcohol and water. The
precipitate was dried in an oven at 100 oC.

Orange; insoluble in petroleum ether and CCl4, partially dissolved in acetone and methanol, completely dissolved in DMSO and

1,4-dioxane. FTIR (cm− 1): 3332 (R-H in thiazole ring), 3060 (R-H in phenyl ring), 1605, 1505 (C = N), 1438 (C = C), 698 (C-S-C).

For Co(L1H)2, measured 0.804 g (0.003 mol) of L1H was dissolved in 20 ml of acetone by heating the mixture. A blue solution
of 0.359 g (0.0015 mol) CoCl2. 6H2O salt in 10 ml of absolute ethanol was added dropwisely, to give a light brown colored
solution after the addition of a few drops of dilute NaOH solution. This mixture was re�uxed for 8 hours to form a light green
precipitate. The hot solution was �ltered and the precipitate was washed sequentially with acetone, hot alcohol and water. The
precipitate was dried in the oven at 100 oC.

Light-green; Insoluble in petroleum ether and CCl4, it partially dissolved in acetone and methanol, and completely in DMSO and

1,4-dioxane. FTIR (cm− 1): 3345 (R-H in thiazole ring), 3060 (R-H in phenyl ring), 1624, 1512 (C = N), 1455 (C = C), 699 (C-S-C).

For Ni(L2H)2, weighed 0.846 g of L2H was dissolved in 20 ml of acetone by heating. A green solution of 0.357 g (0.0015 mol)
NiCl2.6H2O salt in 10 ml of absolute ethanol was added dropwisely, followed by a few drops of dilute NaOH solution to form a
light brown solution. When this mixture was re�uxed for 8 hours, a light green precipitate was formed. The hot solution was
�ltered, and the precipitate was washed sequentially with acetone, hot alcohol and water. The precipitate was dried in an oven
at 100 oC.

Light green; Insoluble in petroleum ether and CCl4, partially dissolved in acetone and methanol, and completely in DMSO and

1,4-dioxane. FTIR (cm− 1): 3469 (R-H in thiazole ring), 2369 (C-H bending, aliphatic), 1605, 1501 (C = N), 1330 (C = C), 746 (C-S-
C).

For Co(L2H)2, weighed 0.804 g of L2H was dissolved in 20 ml of acetone by heating. A blue solution of 0.359 g CoCl2.6H2O in
10 ml of ethanol and dilute NaOH solution were added dropwisely was to form a cloudy and pale-yellow solution. This mixture
was re�uxed for 8 hours to give a light green precipitate. The hot solution was �ltered, and the precipitate washed sequentially
with acetone, hot alcohol, and water. The precipitate was then dried in an oven at 100 oC.

Light green; Insoluble petroleum ether and CCl4, partially dissolved in acetone and methanol, and fully in DMSO and 1,4-

dioxane. FTIR (cm− 1): 3217 (R-H in thiazole ring), 2231 (C-H bending, aliphatic), 1599, 1501 (C = N), 1312 (C = C).

Computational studies
The calculations were carried out using Density Functional Theory (DFT) method as implemented in the Gaussian 09 package
(Frisch et al., 2016). The geometry optimizations were done using B3LYP functional with 631 + G(d,p) basis set (Becke, 1993;
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Miehlich et al., 1989). PCM model was used for the calculations in solvent (Bauernschmitt & Ahlrichs, 1996; Cossi & Barone,
2001).

Molecular docking studies
Molecular docking was used as a structural biology tool for assesment of the interaction between pairs of molecules (usually
a receptor and a ligand). In this study, the two ligands synthesized were drawn into 2D models using Chemdraw software and
thenconverted into 3D structures using Open Babel GUI version 2.3.2 (Open Bable GUI; Chris Morley, USA).

MGL Tools Autodock 4.0 package was used for docking interaction. The computational codes of the molecular targets were
obtained from PubChem and Protein DataBank. Macromolecule sterilization, water, drug residues and foreign substances in it
were cleaned with the software (Dilshad et al., 2022 ). Macromolecule + lıgand interactions were evaluated locally using grid-
based atomic a�nity potentials. Grid values used in Autodock software were taken as 80×80×80 A. At the end of the
calculation carried out in the computer environment, the binding energies, hydrogen bonds and hydrogen bond lengths were
calculated.

Using the molecular mechanics method to reduce the molecular charge of the ligand, the location of the atoms was roughly
estimated and the ligand was placed in the force �eld. The new position obtained was used in the quasi-empirical optimization
method, which balances the repulsion-pull potential of the ligand at the molecular mechanics’ position.

In the semi-empirical calculation, a new position �le is created using PM6 as the pseudo potential. The resulting new position
�le creates the Density Functional Theory (DFT) position �le. By using the DFT/B3LYP method and ((6-311G)(d.p)) basis sets,
the coordinates with the lowest energy are written based on the bond lengths and bond angles of the structure. With the
completion of the optimization, it was ensured that the ligand had the lowest energy, that is, the level that could make the best
bond.

Results And Discussion

Synthesis and structure elucidation
The analytical and physical data of the aminothiazole derivatives, ligands and their divalent nickel and cobalt complexes are
given under the synthesis section. All the synthesized aminothiazoles and the ligands were elucidated using 1H NMR, 13C NMR
and FTIR. The Ni(II) and Co(II) complexes were only subjected to FTIR spectroscopy as NMR analyses could not be performed
because paramagnetic metal complexes tend to have extremely broad 1H NMR signals (Gharamaleki et al., 2016).
Nevertheless, the analytical and spectroscopic data showed that the target compounds were successfully synthesized.

In TH1 FTIR spectrum, the band at 3445 cm-1 and broad singlet at 7.04 ppm in the 1H NMR spectrum proved the existence of
the amino group (Gharamaleki et al., 2016) attached to the carbon atom of the thiazole ring. The band at 3310 cm-1 in the FTIR
and 5.6 ppm in the 1H NMR spectrum belongs to thiazole C-H (Obushak et al., 2004). The IR band at 655 cm-1 is the speci�c
band of N-C-S bond vibration in thiazole ring. When the 13C NMR spectrum of TH1 was examined, a peak was observed at
168.6 ppm showing a C-NH2 bond (Çukurovalı & Yilmaz, 2003) of the thiazole ring while the peak of aromatic carbon was
observed at 101.9 ppm. Interestingly, the protons of the phenyl ring were also observed between 7.253 and 7.715 ppm. The
occurrence of only seven signals in the 13C NMR spectrum of TH1 indicates that a symmetry element is present in this
molecule (Gharamaleki et al., 2016). Main functional moieties of TH2-TH5 were very similar to TH1. Thiazole peaks of these
derivatives were observed in the NMR and FTIR with only slight variations (see the spectral data of the individual derivatives).

Although con�rmation of the formation of Ni(II) and Co(II) complexes of L1H and L2H were from changes in the color and
solubility in various solvents, the complexes were also subjected to FTIR analyses. Ni(L1H)2 complex showed a down�eld shift

of the C = N group vibration (at 1505 cm-1) that was initially observed at 1537 cm-1 in the precursor ligand. This shift can be
connected to the unshared electron pair on the nitrogen in the C = N bond that has been coordinated to the nickel metal
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(Gharamaleki et al., 2016). This is in agreement with literature data (Erdik et al., 1993; Sadigova et al., 2003). Similarly, the
broad phenolic –OH band seen at 3300–3500 cm-1 in L1H was not visible in this spectrum. This is proof that the oxygen atom
attached to the ring participated in the coordination. It has been advanced that the structure of Ni (II) complexes exhibit square-
planar conformation in a coordination environment (Kadafour & Bala, 2021; Saiyed et al., 2021), implying that the structure of
Ni(L1H)2 complex should also be square planar (Scheme 4). The results, however, can only be fully deduced after X-ray
analysis of the structure.

For the cobalt complex Co (L1H)2, the IR spectrum showed that the C = N bond in the L1H ligand at 1537 cm-1 was observed in

this complex at 1512 cm-1. The reason for this shift in the peak is the use of the unshared electron pair on the nitrogen in the C 
= N bond to coordinate with the metal. This prediction is supported by similar structures in the literature (Erdik et al., 1993;
Sadigova et al., 2003). Interestingly, the broad –OH peak seen at 3300–3500 cm-1 in L1H ligand disappeared in the spectrum
of Co (L1H)2 which supports that the oxygen atom attached to the ring participated in the coordination. In addition, it has been
reported that cobalt (II) complexes adopt square planar molecular geometry (Dong et al., 2012; Mondal et al., 2019),
suggesting that the structure of Co (L1H)2 is also square planar (Scheme 4). The observations for Ni(L2H)2 and Co (L2H)2 were

similar to those of Ni(L1H)2 and Co (L1H)2, respectively.

Another result that emerged from the study is that 2-amino thiazoles did not react with mono and dichlorovic-dioximes despite
being tried in many ways. An untested method is solid phase reactions that take place under microwave light. Researchers
who will experiment with this method can synthesize thiazole derivatives of dioximes, which already have good antibacterial
properties, if the reaction occurs, and increase the antibacterial effect of the compound.

Tautomerism of the synthesized derivatives
Tautomerism is important not only for chemical properties, but also for different properties as colors and fastness properties.
For this reason, the possible tautomeric forms of the synthesized compounds were evaluated in detail (Scheme 5).
Compounds I and II may exist in four possible tautomeric forms i.e., enol-imine (I and V), keto-enamine (II) and keto-imine (III).
They have an intramolecular hydrogen bonding O-H…N for enol-imine (I) form and N-H…O for keto-enamine (II) form.

DFT Calculations
To compare the stabilities of possible tautomeric forms of the compounds (Scheme 5), each form was optimized in gas-phase
and in DMSO. The optimized structures are given in Fig. 8 and Fig. 9.

The calculated total energies (Et) and relative total energies (ΔEt) of the tautomeric forms are presented in Table 1. The results
indicated that the I form is the most stable compared to the others in the gas phase and in DMSO, which was in agreement
with the NMR results. This result is concordant with previous reports (Rocha et al., 2019; Sıdır et al., 2021).
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Table 1
Total energies (Et) and relative total energies (ΔEt) of possible tautomeric forms of compounds I and II in gas phase and in

DMSO.
Forms Compound I Compound II

Gas phase DMSO Gas phase DMSO

Et (a.u) ΔEt
(kcal/mol

Et (a.u) ΔEt
(kcal/mol

Et (a.u) ΔEt
(kcal/mol

Et (a.u) ΔEt
(kcal/mol

I -1199.902601 0.00 -1199.91 0.00 -1239.223624 0.00 -1239.232398 0.00

II -1199.892261 6.49 -1199.9 4.28 -1239.213366 6.44 -1239.225603 4.26

III -1199.851939 25.30 -1199.88 20.51 -1239.173487 25.02 -1239.200395 20.08

V -1199.822662 18.37 -1199.84 46.45 -1239.144162 18.40 -1239.15882 46.17

Molecular docking results
The interactions between 4-phenyl-2-(2-hydroxymethylbenzilidenamino) thiazole (L1H) and the µ-opioid receptor indicated that
the �rst conformation had the best binding (Fig. 10). That is, it had the lowest predicted binding energy of -6.81 kcal/mol
(Table 2). The lower the binding energy, the stronger the binding. The negative values of the binding energy results show how
much the ligand is embedded in the molecule. Figure 11 indicated that the bonding occurred through van der Waals forces.
Figure 12 depicts the ligand and macromolecule complex as a result of conformation. Investigation of the lengths of some of
the bonds formed between the L1H and µ-Opioid receptor (Fig. 13) indicated that the minimum bond length formed between
them was 1.78Å.

The interactions between 4-(4-methylphenyl)-2-(2-hydroxymethylbenzylideneamino) thiazole ligand (L2H) and the µ-opioid
receptor (Table 3) just as it was with L1H indicated that the �rst conformation had the best binding (Fig. 14). Figure 15 shows
the ligand and macromolecule complex as a result of conformation. A closer analysis of the bonds formed between the L2H
and µ-Opioid receptor (Fig. 16) indicated that the closest bond length was 2.39Å (Fig. 17). This showed that ligand L1H had the
best binding energy (-6.81 Kcal/mol) with an inhibition constant of 10.25 and would be the best lead for development of
analgesic drugs. These docking results offer an insight on the structural basis for the comprehension of ligand-binding with µ-
opioid receptor which can be harnessed for guiding analgesic drug design based on these derivatives.
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Table 2
L1H and µ-Opioid receptor interaction results

Conformation Binding
energy

(kcal/mol)

Inhibition
constant

Intermolecular energy
(kcal/mol)

Total
internal

(kcal/mol)

refRMS H
bonds

1 -6.81 10.25 -8.0 -0.38 199.37 LIG1

LYS57

2 -6.7 12.34 -7.89 -0.35 200.8 LIG1

LYS57

LYS57

3 -6.59 14.88 -7.78 -0.39 199.74 LIG1

LYS57

4 -6.39 20.79 -7.58 -0.34 200.07 LIG1

LYS57

5 -6.32 23.15 -7.52 -0.34 200.2 LIG1

LYS57

6 -6.22 27.38 -7.42 -0.36 195.85 THR262

LYS345

7 -5.99 40.73 -7.18 -0.32 199.34 LIG1

8 -5.71 64.82 -6.91 -0.34 205.03 LIG1

9 -5.64 73.57 -6.83 -0.37 204.43 LIG1

10 -5.63 75.2 -6.82 -0.36 204.47 LIG1
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Table 3
L2H and µ-Opioid receptor interaction results

Conformation Binding
energy

(kcal/mol)

Inhibition
constant

Intermolecular energy
(kcal/mol)

Total
internal

(kcal/mol)

refRMS H
bonds

1 -6.67 12.96 -7.86 -0.39 200.29 LIG1

2 -6.59 14.84 -7.78 -0.45 204.63 LIG1

LYS35

3 -6.42 19.52 -7.62 -1.12 202.87 -

4 -6.06 36.38 -7.25 -1.08 199.87 LIG1

5 -6.0 40.22 -7.19 -1.04 205.29 LIG1

6 -5.99 40.66 -7.18 -1.03 204.94 LIG1

7 -5.93 44.74 -7.13 -1.02 205.58 LIG1

8 -5.92 45.62 -7.12 -1.03 200.14 LYS57

9 -5.6 78.55 -6.79 -1.04 205.58 LIG1

10 -5.59 79.37 -6.79 -1.07 200.73 LYS57

LYS57

Conclusions
Thiazoles have been reported to elicit various pharmacological activities. In this study, �ve 2-amino-4-substituted thiazole
derivatives were synthesized from thiourea in the presence of elemental iodine. New Schiff bases (L1H and L2H) were
synthesized from the reaction of thiazole derivatives (TH1 and TH3) with 2-hydroxybenzaldehyde. Ni(II) and Co(II) complexes
were synthesized from the ligands using the divalent metal chlorides. The calculated total energies (Et) and relative total
energies (ΔEt) of the tautomeric forms indicated that enol-imine form was more stable than the others in gas phase and in
DMSO that agreed with NMR results. The prepared thiazoles, their derivative ligands and complexes should be explored for
their in vitro, in vivo and in silico activities. In addition, more metal complexes should be prepared from these derivatives to
explore their other biological activities.
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Schemes
Schemes 1-5 are available in the Supplemental Files section

Figures

Figure 1

Chemical structure of TH1

Figure 2

Chemical structure of TH2

Figure 3

Chemical structure of TH3
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Figure 4

Chemical structure of TH4

Figure 5

Chemical structure of TH5

Figure 6

Chemical structure of L1H

Figure 7

Chemical structure of L2H



Page 16/22

Figure 8

Optimized structures of the possible tautomeric forms of compounds (a) I, (b) II

 (c) III and (d) V.

Figure 9

Optimized structures of the possible tautomeric forms of the compounds (a) I, (b) II,
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 (c) III and (d) V.

Figure 10

Interaction simulation in conformation. The speci�c molecule in pink is the ligand (L1H) and the surrounding structure is the
macromolecule (µ-Opioid receptor).
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Figure 11

L1H and µ-Opioid receptor complex van der Waals interactions.
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Figure 12

Ligand and macromolecule complex as a result of conformation. The purple structure is the µ-Opioid receptor, and the green
structure is the L1H ligand.

Figure 13

The lengths of some of the bonds formed (a) between L1H and µ-Opioid receptor, and (b) the minimum bond length formed
between L1H and µ-Opioid receptor (1.78Å). The coloured structure in the image shows the ligand and the purple structure is
the macromolecule µ-Opioid receptor. 
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Figure 14

Interaction simulation in conformation. The speci�c molecule in pink is the ligand (L2H), and the surrounding structure is the
macromolecule (µ-Opioid receptor).

Figure 15

L2H and µ-Opioid receptor complex Van der Waals interactions.
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Figure 16

Ligand and macromolecule complex as a result of conformation. The purple structure is the µ-Opioid receptor, and the red
structure is the L2H ligand.

Figure 17
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The lengths of some of the bonds formed between L2H and µ-Opioid receptor. The red structure in the image shows the L2H
ligand, and the purple structure shows the macromolecule µ-Opioid receptor. The closest bond length was found to be 2.39Å.
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