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Abstract:



Fourteen new thiazolyl hydrazone derivatives were synthesized and evaluated for their anticandidal activity using a broth microdilution assay. Among the synthesized compounds, 2-[2-((5-(4-chloro-2-nitrophenyl)furan-2-yl)methylene)hydrazinyl]-4-(4-fluorophenyl)thiazole and 2-[2-((5-(4-chloro-2-nitrophenyl)furan-2-yl)methylene) hydrazinyl]-4-(4-methoxyphenyl)thiazole were found to be the most effective antifungal compounds against Candida utilis, with a MIC value of 250 µg/mL, when compared with fluconazole (MIC = 2 µg/mL). Additionally, the synthesized compounds were evaluated for their in vitro cytotoxic effects on the MCF-7 and NIH/3T3 cell lines. As a result, 2-[2-((5-(4-chloro-2-nitrophenyl)furan-2-yl)methylene)hydrazinyl]-4-(4-chlorophenyl)thiazole was identified as the most promising anticancer compound against MCF-7 cancer cells due to its inhibitory effects (IC50 = 125 µg/mL) and relatively low toxicity towards the NIH/3T3 cell line (IC50 > 500 µg/mL).
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1. Introduction


In the last decades, the aging as well as increasingly cancer-susceptible population has resulted in a corresponding increase in demand for new anticancer agents. Despite the improvement in the cancer treatment, cancer still remains a major health concern as the second leading cause of death throughout the world after cardiovascular diseases [1,2,3].



Eukaryotic pathogens such as fungi pose a particular therapeutic challenge since they share a close evolutionary relationship with their human hosts [4]. Generally, the treatment of fungal infections, particularly those caused by drug-resistant Candida species, is often complicated due to high toxicity, low tolerability, or narrow spectrum of activity [4,5,6,7,8].



In the last few decades, the increased incidence of life-threatening fungal infections has led to the search for new effective antifungal agents which can inhibit the growth of pathogens or eradicate them and have no or relatively low toxicity to host cells [4,5,6,7,8,9,10,11]. It is well known that thiazoles are present in many biologically active compounds, including natural products. Penicillins are important naturally occurring compounds carrying a reduced thiazole (thiazolidine) ring system [12,13]. Thiazole ring system is also found in pharmaceutical agents such as sulfathiazole (an antimicrobial drug), abafungin (an antifungal drug). The clinical efficacy of tiazofurin and its analogues, and bleomycins (BLMs) has also pointed out the importance of thiazole moiety for the treatment of cancer [14,15,16,17,18,19,20,21,22,23].



Hydrazides-hydrazones have also attracted a great deal of interest due to their increased importance in medicinal chemistry [24,25]. Isoniazid, a hydrazide derivative, is the frontline drug currently employed in the treatment of tuberculosis [26]. Hydrazone derivatives of isoniazid and other hydrazides have been reported to display significant antimicrobial activity [24,25,26,27,28,29,30,31]. Many substituted hydrazone derivatives have also been synthesized and evaluated for their antitumor activity, and some promising results were reported [32,33,34]. Besides, nitrofurans represent an important class of antimicrobial agents [35]. Nifuroxazide, a nitrofuran antibacterial agent bearing a hydrazone moiety, is widely used as an intestinal antiseptic [24].



In an effort to develop potent anticandidal and anticancer agents, herein we describe the synthesis of a new series of nitro-substituted thiazolyl hydrazone derivatives, focusing on their anticandidal effects and cytotoxicity against the MCF-7 and NIH/3T3 cell lines.




2. Results and Discussion


The synthesis of the thiazolyl hydrazone derivatives 1–14 was carried out according to the steps shown in Scheme 1. In the initial step, 5-arylfurfural thiosemicarbazones A/B were synthesized via the reaction of 5-arylfurfurals with thiosemicarbazide. The ring closure of the 5-arylfurfural thiosemicarbazones A/B with 2-bromoacetophenone derivatives afforded the new thiazolyl hydrazone derivatives 1–14. The yields and melting points of the compounds are given in Table 1. IR, 1H-NMR, mass spectral data and elemental analyses were in agreement with the proposed structures of the compounds 1–14.



Table 1. The yields and melting points (M.p.) of thiazolyl hydrazone derivatives 1–14.







	
Compound

	
R

	
R'

	
Yield (%)

	
M.p. (°C)






	
1

	
p-NO2

	
H

	
80

	
213–214




	
2

	
p-NO2

	
NO2

	
85

	
252–254




	
3

	
p-NO2

	
F

	
82

	
241–242




	
4

	
p-NO2

	
Cl

	
81

	
229–231




	
5

	
p-NO2

	
Br

	
80

	
243–244




	
6

	
p-NO2

	
CH3

	
90

	
236–237




	
7

	
p-NO2

	
OCH3

	
90

	
232–233




	
8

	
p-Cl-o-NO2

	
H

	
75

	
194–195




	
9

	
p-Cl-o-NO2

	
NO2

	
95

	
216–220




	
10

	
p-Cl-o-NO2

	
F

	
90

	
208–209




	
11

	
p-Cl-o-NO2

	
Cl

	
88

	
186–187




	
12

	
p-Cl-o-NO2

	
Br

	
90

	
199–201




	
13

	
p-Cl-o-NO2

	
CH3

	
78

	
166–167




	
14

	
p-Cl-o-NO2

	
OCH3

	
90

	
206–207
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Scheme 1. The synthetic route for the preparation of thiazolyl hydrazone derivatives 1–14. 






Scheme 1. The synthetic route for the preparation of thiazolyl hydrazone derivatives 1–14.
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Reagents and conditions: (i) NH2CSNHNH2, ethanol, reflux, 12 h; (ii) ArCOCH2Br, ethanol, reflux, 8 h.







The synthesized compounds were tested in vitro against pathogenic Candida species as shown in Table 2. Among these compounds, compounds 10 and 14 were found to be the most effective antifungal agents against C. utilis. Compounds 10 and 14 exhibited anticandidal activity with a MIC value of 250 µg/mL, whereas fluconazole exhibited antifungal activity with a MIC value of 2 µg/mL against C. utilis.



Table 2. The anticandidal activity of the compounds 1–14 expressed as MIC values (µg/mL).







	
Compound

	
Candida Species Tested




	
C. albicans

	
C. utilis

	
C. tropicalis

	
C. krusei

	
C. parapsilosis

	
C. glabrata






	
1

	
500

	
500

	
1000

	
500

	
500

	
1000




	
2

	
500

	
500

	
500

	
500

	
500

	
1000




	
3

	
500

	
500

	
500

	
500

	
500

	
1000




	
4

	
500

	
500

	
500

	
500

	
1000

	
500




	
5

	
500

	
500

	
500

	
1000

	
500

	
1000




	
6

	
500

	
500

	
1000

	
1000

	
500

	
500




	
7

	
500

	
500

	
500

	
500

	
500

	
1000




	
8

	
500

	
500

	
500

	
500

	
1000

	
1000




	
9

	
500

	
500

	
500

	
500

	
500

	
1000




	
10

	
500

	
250

	
500

	
1000

	
500

	
1000




	
11

	
500

	
500

	
500

	
1000

	
500

	
1000




	
12

	
500

	
1000

	
1000

	
1000

	
500

	
500




	
13

	
250

	
500

	
500

	
500

	
1000

	
500




	
14

	
250

	
250

	
250

	
500

	
500

	
500




	
Fluconazole

	
1

	
2

	
1

	
2

	
2

	
2










Additionally, all compounds 1–14 were evaluated for their cytotoxic effects on the MCF-7 human breast adenocarcinoma and NIH/3T3 mouse embryonic fibroblast cell lines as shown in Table 3 to determine their anticancer potential and selectivity. The most effective anticancer agent against the MCF-7 cell line was found to be compound 9 (IC50 = 102.58 µg/mL), followed by compounds 10 (IC50 = 121.79 µg/mL) and 11 (IC50 = 125 µg/mL) when compared with the reference cisplatin (IC50 = 31.2 µg/mL). IC50 values of compounds 9, 10 and 11 against the NIH/3T3 cell line were 86.33 µg/mL, 250 µg/mL and >500 µg/mL, respectively. Due to its low toxicity towards the NIH/3T3 cell line (IC50 > 500 µg/mL), compound 11 can be identified as the most promising anticancer compound among the tested derivatives.



Table 3. The cytotoxic effects of the compounds 1–14 on the MCF-7 and NIH/3T3 cell lines.







	
Compound

	
IC50 (µg/mL)




	
MCF-7 Cell Line

	
NIH/3T3 Cell Line






	
1

	
>500

	
>500




	
2

	
>500

	
>500




	
3

	
500

	
250




	
4

	
>500

	
>500




	
5

	
>500

	
>500




	
6

	
>500

	
>500




	
7

	
>500

	
>500




	
8

	
>500

	
>500




	
9

	
102.58

	
86.33




	
10

	
121.79

	
250




	
11

	
125

	
>500




	
12

	
500

	
>500




	
13

	
500

	
>500




	
14

	
>500

	
>500




	
Cisplatin

	
31.2

	
330.58














On the other hand, compound 14 can be considered as the most promising anticandidal agent owing to its selective inhibitory effect on C. utilis and low toxicity towards NIH/3T3 cells. According to the cytotoxicity assay results, it can be concluded that functional groups at the 5th position of the furan ring and at the 4th position of the thiazole ring may have a crucial influence on cytotoxicity against MCF-7 and NIH/3T3 cell lines.




3. Experimental Section


3.1. General Information


All reagents were purchased from commercial suppliers and were used without further purification. Melting points were determined on an Electrothermal 9100 melting point apparatus (Weiss-Gallenkamp, Loughborough, UK) and are uncorrected. IR spectra were recorded on an IRPrestige-21 Fourier Transform Infrared spectrophotometer (Shimadzu, Tokyo, Japan). 1H-NMR spectra were recorded on a Bruker 400 MHz spectrometer (Bruker, Billerica, MA, USA) in DMSO-d6. Chemical shifts are expressed in parts per million (ppm) and tetramethylsilane was used as an internal standard. Mass spectra were recorded on a VG Quattro Mass spectrometer (Agilent, Apple Valley, MN, USA). Elemental analyses were performed on a Perkin Elmer EAL 240 elemental analyser (Perkin-Elmer, Norwalk, CT, USA). Starting materials and products were evaluated on TLC plates for their purity.




3.2. Chemistry: General Procedures for the Synthesis of Compounds 1–14


3.2.1. Synthesis of 5-(4-Nitrophenyl)furfural thiosemicarbazone (A)/5-(4-Chloro-2-nitrophenyl)furfural thiosemicarbazone (B)


A mixture of 5-arylfurfural (0.025 mol) and thiosemicarbazide (0.025 mol) in ethanol (40 mL) was refluxed for 12 h. The reaction mixture was cooled and filtered [36].




3.2.2. Synthesis of 2-[2-((5-(4-Nitrophenyl)furan-2-yl)methylene)hydrazinyl]-4-phenylthiazole/2-[2-((5-(4-chloro-2-nitrophenyl)furan-2-yl)methylene)hydrazinyl]-4-phenylthiazole Derivatives 1–14


A mixture of the appropriate 5-arylfurfural thiosemicarbazone (A/B) (0.001 mol) and 2-bromoacetophenone/4'-substituted-2-bromoacetophenone (0.001 mol) in ethanol (20 mL) was refluxed for 8 h. The reaction mixture was cooled and filtered.



2-[2-((5-(4-Nitrophenyl)furan-2-yl)methylene)hydrazinyl]-4-phenylthiazole (1): IR νmax (cm−1): 3298.28 (N-H stretching), 3051.39 (aromatic C-H stretching), 2918.30, 2829.57 (C-H stretching), 1597.06, 1556.55, 1506.41 (C=N, C=C stretching and N-H bending), 1435.04, 1325.10 (C-H bending), 1280.73, 1213.23, 1107.14, 1016.49 (C-N, C-O stretching and aromatic C-H in plane bending), 910.40, 850.61, 798.53, 750.31, 721.38, 692.44 (aromatic C-H out of plane bending and C-S stretching). 1H-NMR δ (ppm): 7.03 (d, J = 3.6 Hz, 1H), 7.32–7.35 (m, 1H), 7.39 (s, 1H), 7.42–7.46 (m, 3H), 7.87–7.90 (m, 2H), 7.98–8.01 (m, 2H), 8.04 (s, 1H), 8.29–8.32 (m, 2H), 12.36 (brs, 1H). Anal. Calcd. for C20H14N4O3S: C, 61.53; H, 3.61; N, 14.35; Found: C, 61.52; H, 3.59; N, 14.36. MS (FAB): m/z [M+1]+ 391.



4-(4-Nitrophenyl)-2-[2-((5-(4-nitrophenyl)furan-2-yl)methylene)hydrazinyl]thiazole (2): IR νmax (cm−1): 3292.49 (N-H stretching), 3116.97 (aromatic C-H stretching), 2987.74, 2900.94 (C-H stretching), 1598.99, 1575.84, 1514.12 (C=N, C=C stretching and N-H bending), 1415.75, 1344.38, 1327.03 (C-H bending), 1107.14, 1053.13 (C-N, C-O stretching and aromatic C-H in plane bending), 923.90, 850.61, 798.53, 750.31, 704.02 (aromatic C-H out of plane bending). 1H-NMR δ (ppm): 7.05 (d, J = 4.0 Hz, 1H), 7.46 (d, J = 4.0 Hz, 1H), 7.77 (s, 1H), 7.99–8.02 (m, 3H), 8.11–8.13 (m, 2H), 8.27–8.33 (m, 4H), 12.46 (brs, 1H). Anal. Calcd. for C20H13N5O5S: C, 55.17; H, 3.01; N, 16.08; Found: C, 55.15; H, 3.00; N, 16.08. MS (FAB): m/z [M+1]+ 436.



4-(4-Fluorophenyl)-2-[2-((5-(4-nitrophenyl)furan-2-yl)methylene)hydrazinyl]thiazole (3): IR νmax (cm−1): 3120.82, 3053.32 (aromatic C-H stretching), 2920.23, 2835.36 (C-H stretching), 1597.06, 1556.55, 1510.26 (C=N, C=C stretching and N-H bending), 1328.95 (C-H bending), 1224.80, 1213.23, 1128.36, 1107.14, 1016.49 (C-N, C-O stretching and aromatic C-H in plane bending), 908.47, 835.18, 798.53, 740.67, 690.52 (aromatic C-H out of plane bending and C-S stretching). 1H-NMR δ (ppm): 7.00 (d, J = 3.6 Hz, 1H), 7.23–7.41 (m, 4H), 7.90–7.99 (m, 5H), 8.29 (d, J = 9.2 Hz, 2H), 12.37 (brs, 1H). Anal. Calcd. for C20H13FN4O3S: C, 58.82; H, 3.21; N, 13.72; Found: C, 58.80; H, 3.22; N, 13.71. MS (FAB): m/z [M+1]+ 409.



4-(4-Chlorophenyl)-2-[2-((5-(4-nitrophenyl)furan-2-yl)methylene)hydrazinyl]thiazole (4): IR νmax (cm−1): 3315.63, 3188.33 (N-H stretching), 3118.90 (aromatic C-H stretching), 2972.31, 2870.08 (C-H stretching), 1587.42, 1568.13, 1504.48 (C=N, C=C stretching and N-H bending), 1438.90, 1323.17 (C-H bending), 1219.01, 1182.36, 1051.20, 1008.77 (C-N, C-O stretching and aromatic C-H in plane bending), 910.40, 848.68, 831.32, 783.10, 750.31, 688.59 (aromatic C-H out of plane bending and C-S stretching). 1H-NMR δ (ppm): 6.99 (d, J = 3.2 Hz, 1H), 7.39–7.48 (m, 4H), 7.88–7.98 (m, 5H), 8.28 (d, J = 8.4 Hz, 2H), 12.37 (brs, 1H). Anal. Calcd. for C20H13ClN4O3S: C, 56.54; H, 3.08; N, 13.19; Found: C, 56.53; H, 3.09; N, 13.17. MS (FAB): m/z [M+1]+ 425.



4-(4-Bromophenyl)-2-[2-((5-(4-nitrophenyl)furan-2-yl)methylene)hydrazinyl]thiazole (5): IR νmax (cm−1): 3186.40 (N-H stretching), 3116.97, 3062.96 (aromatic C-H stretching), 2972.31, 2864.29 (C-H stretching), 1585.49, 1571.99, 1504.48 (C=N, C=C stretching and N-H bending), 1438.90, 1323.17 (C-H bending), 1219.01, 1105.21, 1010.70 (C-N, C-O stretching and aromatic C-H in plane bending), 908.47, 846.75, 783.10, 748.38, 688.59 (aromatic C-H out of plane bending and C-S stretching). 1H-NMR δ (ppm): 6.98 (d, J = 4.0 Hz, 1H), 7.38–7.42 (m, 2H), 7.59–7.61 (m, 2H), 7.81–7.83 (m, 2H), 7.93–7.98 (m, 3H), 8.26–8.28 (m, 2H), 12.37 (brs, 1H). Anal. Calcd. for C20H13BrN4O3S: C, 51.18; H, 2.79; N, 11.94; Found: C, 51.17; H, 2.80; N, 11.93. MS (FAB): m/z [M+1]+ 470.



2-[2-((5-(4-Nitrophenyl)furan-2-yl)methylene)hydrazinyl]-4-(p-tolyl)thiazole (6): IR νmax (cm−1): 3302.13, 3273.20 (N-H stretching), 3113.11 (aromatic C-H stretching), 2916.37 (C-H stretching), 1579.70, 1560.41, 1504.48 (C=N, C=C stretching and N-H bending), 1319.31 (C-H bending), 1213.23, 1138.00, 1105.21, 1024.20 (C-N, C-O stretching and aromatic C-H in plane bending), 850.61, 800.46, 729.09, 692.44 (aromatic C-H out of plane bending and C-S stretching). 1H-NMR δ (ppm): 2.33 (s, 3H), 7.00 (d, J = 3.6 Hz, 1H), 7.22–7.28 (m, 3H), 7.42 (d, J = 3.6 Hz, 1H), 7.76 (d, J = 8.4 Hz, 2H), 7.96–7.98 (m, 3H), 8.30 (d, J = 9.2 Hz, 2H), 12.34 (brs, 1H). Anal. Calcd. for C21H16N4O3S: C, 62.36; H, 3.99; N, 13.85; Found: C, 62.35; H, 3.98; N, 13.87. MS (FAB): m/z [M+1]+ 405.



4-(4-Methoxyphenyl)-2-[2-((5-(4-nitrophenyl)furan-2-yl)methylene)hydrazinyl]thiazole (7): IR νmax (cm−1): 3120.82, 3072.60 (aromatic C-H stretching), 2933.73, 2821.86 (C-H stretching), 1618.28, 1597.06, 1506.41 (C=N, C=C stretching and N-H bending), 1330.88 (C-H bending), 1251.80, 1186.22, 1109.07, 1024.20 (C-N, C-O stretching and aromatic C-H in plane bending), 921.97, 850.61, 829.39, 796.60, 752.24 (aromatic C-H out of plane bending). 1H-NMR δ (ppm): 3.80 (s, 3H), 6.98–7.04 (m, 3H), 7.22 (s, 1H), 7.45 (d, J = 3.6 Hz, 1H), 7.80 (d, J = 9.2 Hz, 2H), 7.98–8.05 (m, 3H), 8.31 (d, J = 8.8 Hz, 2H), 12.35 (brs, 1H). Anal. Calcd. for C21H16N4O4S: C, 59.99; H, 3.84; N, 13.33; Found: C, 59.98; H, 3.84; N, 13.35. MS (FAB): m/z [M+1]+ 421.



2-[2-((5-(4-Chloro-2-nitrophenyl)furan-2-yl)methylene)hydrazinyl]-4-phenylthiazole (8): IR νmax (cm−1): 3273.20 (N-H stretching), 3088.03 (aromatic C-H stretching), 2927.94, 2835.36 (C-H stretching), 1625.99, 1527.62, 1487.12, 1465.90 (C=N, C=C stretching and N-H bending), 1352.10 (C-H bending), 1249.87, 1099.43, 1026.13 (C-N, C-O stretching and aromatic C-H in plane bending), 983.70, 923.90, 879.54, 842.89, 798.53, 765.74, 748.38, 692.44 (aromatic C-H out of plane bending and C-S stretching). 1H-NMR δ (ppm): 6.99–7.07 (m, 2H), 7.12 (d, J = 3.6 Hz, 1H), 7.29–7.40 (m, 1H), 7.42–7.46 (m, 2H), 7.75–7.92 (m, 2H), 7.95 (d, J = 8.8 Hz, 1H), 7.99–8.06 (m, 2H), 8.13–8.15 (m, 1H), 12.37 (brs, 1H). Anal. Calcd. for C20H13ClN4O3S: C, 56.54; H, 3.08; N, 13.19; Found: C, 56.53; H, 3.09; N, 13.17. MS (FAB): m/z [M+1]+ 425.



2-[2-((5-(4-Chloro-2-nitrophenyl)furan-2-yl)methylene)hydrazinyl]-4-(4-nitrophenyl)thiazole (9): IR νmax (cm−1): 3217.27 (N-H stretching), 3115.04, 3068.75 (aromatic C-H stretching), 1625.99, 1598.99, 1562.34, 1510.26, 1467.83 (C=N, C=C stretching and N-H bending), 1338.60 (C-H bending), 1257.59, 1211.30, 1136.07, 1111.00, 1028.06 (C-N, C-O stretching and aromatic C-H in plane bending), 893.04, 852.54, 781.17, 729.09 (aromatic C-H out of plane bending). 1H-NMR δ (ppm): 6.98 (d, J = 3.6 Hz, 1H), 7.11 (d, J = 3.6 Hz, 1H), 7.75 (s, 1H), 7.82–7.85 (m, 1H), 7.93–7.95 (m, 2H), 8.10–8.13 (m, 3H), 8.28 (d, J = 8.8 Hz, 2H), 12.46 (brs, 1H). Anal. Calcd. For C20H12ClN5O5S: C, 51.12; H, 2.57; N, 14.91; Found: C, 51.11; H, 2.56; N, 14.90. MS (FAB): m/z [M+1]+ 470.



2-[2-((5-(4-Chloro-2-nitrophenyl)furan-2-yl)methylene)hydrazinyl]-4-(4-fluorophenyl)thiazole (10): IR νmax (cm−1): 3126.61, 3086.11 (aromatic C-H stretching), 2929.87, 2858.51 (C-H stretching), 1622.13, 1568.13, 1531.48, 1483.26 (C=N, C=C stretching and N-H bending), 1357.89 (C-H bending), 1236.37, 1219.01, 1153.43, 1114.86, 1035.77 (C-N, C-O stretching and aromatic C-H in plane bending), 881.47, 833.25, 752.24, 707.88 (aromatic C-H out of plane bending). 1H-NMR δ (ppm): 6.97 (d, J = 3.6 Hz, 1H), 7.11 (d, J = 3.6 Hz, 1H), 7.25 (t, J1 = 9.2 Hz, J2 = 8.8 Hz, 2H), 7.36 (s, 1H), 7.83–7.95 (m, 5H), 8.13–8.14 (m, 1H), 12.37 (brs, 1H). Anal. Calcd. for C20H12ClFN4O3S: C, 54.24; H, 2.73; N, 12.65; Found: C, 54.24; H, 2.72; N, 12.63. MS (FAB): m/z [M+1]+ 443.



2-[2-((5-(4-Chloro-2-nitrophenyl)furan-2-yl)methylene)hydrazinyl]-4-(4-chlorophenyl)thiazole (11): IR νmax (cm−1): 3120.82, 3078.39 (aromatic C-H stretching), 2947.23, 2818.00 (C-H stretching), 1622.13, 1562.34, 1519.91, 1463.97 (C=N, C=C stretching and N-H bending), 1354.03 (C-H bending), 1257.59, 1222.87, 1116.78, 1093.64, 1010.70 (C-N, C-O stretching and aromatic C-H in plane bending), 923.90, 877.61, 825.53, 785.03, 734.88 (aromatic C-H out of plane bending). 1H-NMR δ (ppm): 6.97 (d, J = 3.6 Hz, 1H), 7.11 (d, J = 3.2 Hz, 1H), 7.43–7.49 (m, 3H), 7.83–7.89 (m, 3H), 7.93–7.95 (m, 2H), 8.13–8.14 (m, 1H), 12.37 (brs, 1H). Anal. Calcd. for C20H12Cl2N4O3S: C, 52.30; H, 2.63; N, 12.20; Found: C, 52.32; H, 2.61; N, 12.19. MS (FAB): m/z [M+1]+ 460.



4-(4-Bromophenyl)-2-[2-((5-(4-chloro-2-nitrophenyl)furan-2-yl)methylene)hydrazinyl]thiazole (12): IR νmax (cm−1): 3383.14 (N-H stretching), 3116.97, 3078.39 (aromatic C-H stretching), 2943.37, 2856.58 (C-H stretching), 1620.21, 1558.48, 1516.05, 1467.83 (C=N, C=C stretching and N-H bending), 1357.89 (C-H bending), 1257.59, 1205.51, 1138.00, 1114.86, 1026.13, 1004.91 (C-N, C-O stretching and aromatic C-H in plane bending), 871.82, 821.68, 783.10, 734.88 (aromatic C-H out of plane bending). 1H-NMR δ (ppm): 6.98 (d, J = 3.6 Hz, 1H), 7.11 (d, J = 3.2 Hz, 1H), 7.45 (s, 1H), 7.62 (d, J = 8.4 Hz, 2H), 7.81–7.84 (m, 3H), 7.94 (d, J = 8.4 Hz, 1H), 7.98 (s, 1H), 8.12–8.13 (m, 1H), 12.37 (brs, 1H). Anal. Calcd. for C20H12BrClN4O3S: C, 47.68; H, 2.40; N, 11.12; Found: C, 47.67; H, 2.42; N, 11.10. MS (FAB): m/z [M+1]+ 504.



2-[2-((5-(4-Chloro-2-nitrophenyl)furan-2-yl)methylene)hydrazinyl]-4-(p-tolyl)thiazole (13): IR νmax (cm−1): 3300.20 (N-H stretching), 3126.61, 3064.89 (aromatic C-H stretching), 2918.30, 2858.51 (C-H stretching), 1622.13, 1562.34, 1525.69, 1465.90 (C=N, C=C stretching and N-H bending), 1352.10 (C-H bending), 1257.59, 1222.87, 1138.00, 1114.86, 1028.06 (C-N, C-O stretching and aromatic C-H in plane bending), 923.90, 881.47, 813.96, 785.03, 765.74, 731.02 (aromatic C-H out of plane bending). 1H-NMR δ (ppm): 2.33 (s, 3H), 6.96–7.11 (m, 2H), 7.18–7.28 (m, 3H), 7.73–8.14 (m, 6H), 12.34 (brs, 1H). Anal. Calcd. for C21H15ClN4O3S: C, 57.47; H, 3.44; N, 12.77; Found: C, 57.46; H, 3.44; N, 12.78. MS (FAB): m/z [M+1]+ 439.



2-[2-((5-(4-Chloro-2-nitrophenyl)furan-2-yl)methylene)hydrazinyl]-4-(4-methoxyphenyl)thiazole (14): IR νmax (cm−1): 3203.76 (N-H stretching), 3140.11, 3082.25 (aromatic C-H stretching), 2937.59, 2833.43 (C-H stretching), 1625.99, 1560.41, 1523.76, 1508.33, 1462.04 (C=N, C=C stretching and N-H bending), 1359.82, 1346.31 (C-H bending), 1249.87, 1184.29, 1116.78, 1026.13 (C-N, C-O stretching and aromatic C-H in plane bending), 829.39, 813.96, 742.59 (aromatic C-H out of plane bending). 1H-NMR δ (ppm): 3.79 (s, 3H), 6.96–6.99 (m, 3H), 7.11 (d, J = 3.6 Hz, 1H), 7.19 (s, 1H), 7.77–7.95 (m, 5H), 8.13–8.14 (m, 1H), 12.35 (brs, 1H). Anal. Calcd. for C21H15ClN4O4S: C, 55.45; H, 3.32; N, 12.32; Found: C, 55.45; H, 3.33; N, 12.35. MS (FAB): m/z [M+1]+ 455.





3.3. Bioassays


3.3.1. Anticandidal Activity


Anticandidal activity assay was performed against Candida albicans (ATCC 10231), Candida utilis (NRRLY 900), Candida tropicalis (NRRLY 12968), Candida krusei (NRRLY 7179), Candida parapsilosis (NRRLY 12696) and Candida glabrata (ATCC 2001) standard strains according to the CSLI method [37].



The minimum inhibitory concentration (MIC, µg/mL) values against pathogenic Candida strains were determined by a broth microdilution method using a 96-well plate format [37,38]. Compounds 1–14 and fluconazole as a standard control were first dissolved in dimethyl sulfoxide (DMSO) (25%) at an initial concentration of 2000 µg/mL.



All Candida strains were inoculated on Potato Dextrose Agar (PDA) prior the experiments at 37 °C. After the incubation, sufficiently grown microorganisms were inoculated in sterile saline (0.85%), and then standardized according to the turbidity to 5 × 103 CFU (McFarland No: 0.5) per well in RPMI medium under sterile conditions. Serial dilutions were prepared in 100 µL RPMI medium with an equal amount of the test samples, and 100 µL each microorganism suspension was pipetted into each well and incubated at 37 °C for 24 h. Positive growth controls (to assess the presence of turbidity) were performed in wells without the test samples, whereas the negative growth control (medium) was also evaluated. MIC was deﬁned as the lowest concentration without any visible growth of the yeast when compared with the growth in the control plate. All experiments were performed in duplicate.




3.3.2. Cytotoxicity


The tetrazolium salt, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), is used to measure the metabolic activity of viable cells. Tetrazolium salts are reduced to formazan by mitochondrial succinate dehydrogenase, an enzyme which is only active in cells with an intact metabolism. The formazan can be quantified photometrically and it is in correlation with the number of viable cells [39]. Cytotoxicity was tested using the MCF-7 human breast adenocarcinoma cell line and NIH/3T3 mouse embryonic fibroblast cell line. NIH/3T3 and MCF-7 cells were incubated in RPMI medium (Hyclone, Thermo Scientific, Logan, UT, USA) supplemented with fetal calf serum (Hyclone), 100 IU/mL penicillin and 100 mg/mL streptomycin (Hyclone) at 37 °C in a humidified atmosphere of 95% air and 5% CO2. MCF-7 and NIH/3T3 cells were seeded at 10,000 cells into each well of 96-well plates. After 24 h of incubating period, the culture mediums were removed and compounds were added to culture medium at 3.9–500 µg/mL concentrations. After 24 h of incubation, cytotoxicity tests were performed using the MTT assay, which measures mitochondrial activity, in MCF-7 and NIH/3T3 cells. Firstly, 20 µL MTT solution (5 mg/mL MTT powder in PBS) was added to each well. After 3 h incubation period at 37 °C, 5% CO2, the contents of the wells were removed and 100 µL DMSO was added to each well. Then, OD of the plate was read at 570 nm. Inhibition% was calculated for each concentration of the compounds. IC50 values were estimated by non-linear regression analysis. Cisplatin was used as a positive control. Stock solutions of compounds were prepared in DMSO and further dilutions were made with fresh culture medium. All experiments were performed in duplicate.






4. Conclusions


In the present paper, we have described the synthesis of some new thiazolyl hydrazone derivatives, which were investigated for their anticandidal effects and cytotoxicity against the MCF-7 and NIH/3T3 cell lines. Due to their low toxicity toward NIH/3T3 cells (IC50 > 500 µg/mL), compound 14 can be considered as the most effective antifungal derivative against C. utilis with a MIC value of 250 µg/mL when compared with fluconazole (MIC = 2 µg/mL), whereas compound 11 can be identified as the most promising anticancer agent against the MCF-7 cancer cell line with an IC50 value of 125 µg/mL, compared with cisplatin (IC50 = 31.2 µg/mL). In view of these results, further research should be carried out on the development of new effective anticancer agents by suitable modification of compound 11.








Supplementary Materials


Supplementary materials can be accessed at: http://www.mdpi.com/1420-3049/19/9/14809/s1.




Supplementary Files

Supplementary File 1



Acknowledgments


This study was supported by Anadolu University Scientific Research Projects Commission under the grant no: 1404S110.




Author Contributions


G.T.-Z., Z.A.K., A.Ö. and M.D.A. designed the research; M.D.A. performed the synthetic work, S.I. and Ö.A. carried out the cytotoxicity assay, F.D. was responsible for the anticandidal activity and the correspondence of the manuscript, whereas M.D.A. mainly wrote the manuscript. All authors discussed, edited and approved the final version.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Silverman, R.B. The Organic Chemistry of Drug Design and Drug Action; Elsevier Academic Press: Burlington, MA, USA, 2004; pp. 298–302. [Google Scholar]

	2. 
Nussbaumer, S.; Bonnabry, P.; Veuthey, J.-L.; Fleury-Souverain, S. Analysis of anticancer drugs: A review. Talanta 2011, 85, 2265–2289. [Google Scholar] [CrossRef]

	3. 
Singh, S.; Saxena, A.K. 2D-QSAR of purine-scaffold novel class of Hsp90 binders that inhibit the proliferation of cancer cells. Med. Chem. Res. 2008, 17, 290–296. [Google Scholar] [CrossRef]

	4. 
Shapiro, R.S.; Robbins, N.; Cowen, L.E. Regulatory circuitry governing fungal development, drug resistance, and disease. Microbiol. Mol. Biol. Rev. 2011, 75, 213–267. [Google Scholar] [CrossRef]

	5. 
Kathiravan, M.K.; Salake, A.B.; Chothe, A.S.; Dudhe, P.B.; Watode, R.P.; Mukta, M.S.; Gadhwe, S. The biology and chemistry of antifungal agents: A review. Bioorg. Med. Chem. 2012, 20, 5678–5698. [Google Scholar] [CrossRef]

	6. 
Canuto, M.M.; Rodero, F.G. Antifungal drug resistance to azoles and polyenes. Lancet Infect. Dis. 2002, 2, 550–563. [Google Scholar] [CrossRef]

	7. 
Pfaller, M.A.; Diekema, D.J. Epidemiology of invasive Candidiasis: A Persistent public health problem. Clin. Microbiol. Rev. 2007, 20, 133–163. [Google Scholar] [CrossRef]

	8. 
Mukherjee, P.K.; Sheehan, D.J.; Hitchcock, C.A.; Ghannoum, M.A. Combination treatment of invasive fungal infections. Clin. Microbiol. Rev. 2005, 18, 163–194. [Google Scholar] [CrossRef]

	9. 
Ghannoum, M.A.; Rice, L.B. Antifungal agents: Mode of action, mechanisms of resistance, and correlation of these mechanisms with bacterial resistance. Clin. Microbiol. Rev. 1999, 12, 501–517. [Google Scholar]

	10. 
Fluit, A.C.; Visser, M.R.; Schmitz, F.-J. Molecular detection of antimicrobial resistance. Clin. Microbiol. Rev. 2001, 14, 836–871. [Google Scholar] [CrossRef]

	11. 
Ahmad, I.; Beg, A.Z. Antimicrobial and phytochemical studies on 45 Indian medicinal plants against multi-drug resistant human pathogens. J. Ethnopharmacol. 2001, 74, 113–123. [Google Scholar] [CrossRef]

	12. 
Eicher, T.; Hauptmann, S. The Chemistry of Heterocycles, 2nd ed.; Wiley-VCH: Weinheim, Germany, 2003; pp. 149–154. [Google Scholar]

	13. 
Gupta, R.R.; Kumar, M.; Gupta, V. Heterocyclic Chemistry Volume II: Five-Membered Heterocycles; Springer: Berlin, Germany, 1999; pp. 416–417. [Google Scholar]

	14. 
Kashyap, S.J.; Garg, V.K.; Sharma, P.K.; Kumar, N.; Dudhe, R.; Gupta, J.K. Thiazoles: Having diverse biological activities. Med. Chem. Res. 2012, 21, 2123–2132. [Google Scholar] [CrossRef]

	15. 
Lu, Y.; Li, C.-M.; Wang, Z.; Ross, C.R.; Chen, J.; Dalton, J.T.; Li, W.; Miller, D.D. Discovery of 4-substituted methoxybenzoyl-aryl-thiazole as novel anticancer agents: Synthesis, biological evaluation, and structure-activity relationships. J. Med. Chem. 2009, 52, 1701–1711. [Google Scholar] [CrossRef]

	16. 
Lv, P.-C.; Li, D.-D.; Li, Q.-S.; Lu, X.; Xiao, Z.-P.; Zhu, H.-L. Synthesis, molecular docking and evaluation of thiazolyl-pyrazoline derivatives as EGFR TK inhibitors and potential anticancer agents. Bioorg. Med. Chem. Lett. 2011, 21, 5374–5377. [Google Scholar] [CrossRef]

	17. 
Liu, W.; Zhou, J.; Qi, F.; Bensdorf, K.; Li, Z.; Zhang, H.; Qian, H.; Huang, W.; Cai, X.; Cao, P.; et al. Synthesis and biological activities of 2-amino-thiazole-5-carboxylic acid phenylamide derivatives. Arch. Pharm. Chem. Life Sci. 2011, 344, 451–458. [Google Scholar] [CrossRef]

	18. 
Romagnoli, R.; Baraldi, P.G.; Brancale, A.; Ricci, A.; Hamel, E.; Bortolozzi, R.; Basso, G.; Viola, G. Convergent synthesis and biological evaluation of 2-amino-4-(3',4',5'-trimethoxyphenyl)-5-aryl thiazoles as microtubule targeting sgents. J. Med. Chem. 2011, 54, 5144–5153. [Google Scholar] [CrossRef]

	19. 
Chang, S.; Zhang, Z.; Zhuang, X.; Luo, J.; Cao, X.; Li, H.; Tu, Z.; Lu, X.; Ren, X.; Ding, K. New thiazole carboxamides as potent inhibitors of Akt kinases. Bioorg. Med. Chem. Lett. 2012, 22, 1208–1212. [Google Scholar] [CrossRef]

	20. 
Hassan, G.S.; El-Messery, S.M.; Al-Omary, F.A.M.; El-Subbagh, H.I. Substituted thiazoles VII. Synthesis and antitumor activity of certain 2-(substituted amino)-4-phenyl-1,3-thiazole analogs. Bioorg. Med. Chem. Lett. 2012, 22, 6318–6323. [Google Scholar]

	21. 
Popsavin, M.; Torović, L.; Svirčev, M.; Kojić, V.; Bogdanović, G.; Popsavin, V. Synthesis and antiproliferative activity of two new tiazofurin analogues with 2'-amido functionalities. Bioorg. Med. Chem. Lett. 2006, 16, 2773–2776. [Google Scholar] [CrossRef]

	22. 
Quada, J.C., Jr.; Boturyn, D.; Hecht, S.M. Photoactivated DNA cleavage by compounds structurally related to the bithiazole moiety of bleomycin. Bioorg. Med. Chem. 2001, 9, 2303–2314. [Google Scholar] [CrossRef]

	23. 
Easmon, J.; Heinisch, G.; Hofmann, J.; Langer, T.; Grunicke, H.H.; Fink, J.; Pürstinger, G. Thiazolyl and benzothiazolyl hydrazones derived from α-(N)-acetylpyridines and diazines: Synthesis, antiproliferative activity and CoMFA studies. Eur. J. Med. Chem. 1997, 32, 397–408. [Google Scholar] [CrossRef]

	24. 
Rollas, S.; Küçükgüzel, S.G. Biological activities of hydrazone derivatives. Molecules 2007, 12, 1910–1939. [Google Scholar] [CrossRef]

	25. 
Narang, R.; Narasimhan, B.; Sharma, S. A review on biological activities and chemical synthesis of hydrazide derivatives. Curr. Med. Chem. 2012, 19, 569–612. [Google Scholar] [CrossRef]

	26. 
Judge, V.; Narasimhan, B.; Ahuja, M. Isoniazid: The magic molecule. Med. Chem. Res. 2012, 21, 3940–3957. [Google Scholar] [CrossRef]

	27. 
Sah, P.P.T.; Peoples, S.A. Isonicotinyl hydrazones as antitubercular agents and derivatives for idendification of aldehydes and ketones. J. Am. Pharm. Assoc. 1954, 43, 513–524. [Google Scholar]

	28. 
Chakravarty, D.; Bose, A.; Bose, S. Synthesis and antitubercular activity of isonicotinoyl and cyanoacetyl hydrazones. J. Pharm. Sci. 1964, 53, 1036–1039. [Google Scholar] [CrossRef]

	29. 
Gürsoy, A.; Terzioglu, N.; Ötük, G. Synthesis of some new hydrazide-hydrazones, thiosemicarbazides and thiazolidinones as possible antimicrobials. Eur. J. Med. Chem. 1997, 32, 753–757. [Google Scholar]

	30. 
Vicini, P.; Zani, F.; Cozzini, P.; Doytchinova, I. Hydrazones of 1,2-benzisothiazole hydrazides: Synthesis, antimicrobial activity and QSAR investigations. Eur. J. Med. Chem. 2002, 37, 553–564. [Google Scholar] [CrossRef]

	31. 
Kumar, P.; Narasimhan, B.; Sharma, D.; Judge, V.; Narang, R. Hansch analysis of substituted benzoic acid benzylidene/furan-2-yl-methylene hydrazides as antimicrobial agents. Eur. J. Med. Chem. 2009, 44, 1853–1863. [Google Scholar] [CrossRef]

	32. 
Terzioğlu, N.; Gürsoy, A. Synthesis and anticancer evaluation of some new hydrazone derivatives of 2,6-dimethylimidazo[2,1-b][1,3,4]thiadiazole-5-carbohydrazide. Eur. J. Med. Chem. 2003, 38, 781–786. [Google Scholar] [CrossRef]

	33. 
Zhang, B.; Zhao, Y.; Zhai, X.; Wang, L.; Yang, J.; Tan, Z.; Gong, P. Design, Synthesis and anticancer activities of diaryl urea derivatives bearing N-acylhydrazone moiety. Chem. Pharm. Bull. 2012, 60, 1046–1054. [Google Scholar] [CrossRef]

	34. 
Xia, Y.; Fan, C.-D.; Zhao, B.-X.; Zhao, J.; Shin, D.-S.; Miao, J.-Y. Synthesis and structure–activity relationships of novel 1-arylmethyl-3-aryl-1H-pyrazole-5-carbohydrazide hydrazone derivatives as potential agents against A549 lung cancer cells. Eur. J. Med. Chem. 2008, 43, 2347–2353. [Google Scholar] [CrossRef]

	35. 
Guay, D.R. An update on the role of nitrofurans in the management of urinary tract infections. Drugs 2001, 61, 353–364. [Google Scholar] [CrossRef]

	36. 
Holla, B.S.; Malini, K.V.; Rao, B.S.; Sarojini, B.K.; Kumari, N.S. Synthesis of some new 2,4-disubstituted thiazoles as possible antibacterial and anti-inflammatory agents. Eur. J. Med. Chem. 2003, 38, 313–318. [Google Scholar] [CrossRef]

	37. 
Reference Method for Broth Dilution Antifungal Susceptibility Testing of Yeasts; Approved Standard, M27-A2; Clinical and Laboratory Standards Institute (CLSI): Wayne, PA, USA, 2002.

	38. 
Özdemir, A.; Turan-Zitouni, G.; Kaplancıklı, Z.A.; İşcan, G.; Khan, S.; Demirci, F. Synthesis and the selective antifungal activity of 5,6,7,8-tetrahydroimidazo[1,2-a]pyridine derivatives. Eur. J. Med. Chem. 2010, 45, 2080–2084. [Google Scholar]

	39. 
Berridge, M.V.; Herst, P.M.; Tan, A.S. Tetrazolium dyes as tools in cell biology: New insights into their cellular reduction. Biotechnol. Annu. Rev. 2005, 11, 127–152. [Google Scholar]






	
Sample Availability: Samples of the compounds 1–14 are available from the authors.







© 2014 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license ( http://creativecommons.org/licenses/by/3.0/).







nav.xhtml


  molecules-19-14809


  
    		
      molecules-19-14809
    


  




  





media/file1.png





media/file2.png





media/file0.jpg





