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Abstract: A series of (R)-2-phenyl-4,5-dihydrothiazole-4-carboxamide derivatives containing a
diacylhydrazine moiety were designed and synthesized. Their structures were confirmed by
melting points, 1H NMR, 13C NMR, and elemental analysis (EA). Their antifungal and insecticidal
activities were evaluated. The antifungal activity result indicated that most title compounds
against Cercospora arachidicola, Alternaria solani, Phytophthora capsici, and Physalospora piricola
exhibited apparent antifungal activities at 50 mg/L, and better than chlorothalonil or carbendazim.
The EC50 values of (R)-N’-benzoyl-2-(4-chlorophenyl)-4,5-dihydrothiazole-4-carbohydrazide (I-5)
against six tested phytopathogenic fungi were comparable to those of chlorothalonil. The
CoMSIA model showed that a proper hydrophilic group in the R1 position, as well as a
proper hydrophilic and electron-donating group in the R2 position, could improve the antifungal
activity against Physalospora piricola, which contributed to the further optimization of the
structures. Meanwhile, most title compounds displayed good insecticidal activities, especially
compound (R)-N’-(4-nitrobenzoyl)-2-(4-nitrophenyl)-4,5-dihydrothiazole-4-carbohydrazide (III-3).
The insecticidal mechanism results indicated that compound III-3 can serve as effective insect Ca2+

level modulators by disrupting the cellular calcium homeostasis in Mythimna separata.

Keywords: (R)-2-Phenyl-4,5-dihydrothiazole-4-carboxamide; diacylhydrazine; biological activity;
CoMSIA model; insecticidal mechanism

1. Introduction

By 2050, the global population is projected to grow to over 9 billion, with the associated demand
for increasing food production [1,2]. Plant diseases mainly caused by fungi, viruses, oomycetes, and
bacteria have caused severe losses to the yield of crops in the world per year. The control of plant
diseases in agriculture is very important. Some efficient measures have been taken to resolve the
above problem, and it is well known that the invention and use of agrochemicals play an important
role in reducing crop loss caused by plant diseases. However, many fungal, virus, oomycete, and
bacteria species have developed resistance to some of the currently available agrochemicals due to
long-term use of traditional pesticides with a single mode of action [3–6]. Moreover, the studies
found that a large-scale outburst of drug resistance can be fast accelerated within a relatively short
period once resistant populations emerge, which will further increase the difficulty in solving the
severe problem and the potential risks on food production [7,8]. Therefore scientists have been
dedicated to developing novel agrochemicals with innovative skeletons, novel mechanisms of action,
and eco-friendly characteristics.
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In drug design processes, one of the most effective and promising ways to discover biological
active structures is based on existing pharmacological skeletons from natural products with various
bioactivities [9–11]. (R)-2-(2-Hydroxyphenyl)-4,5-dihydrothiazole-4-carboxylic acid, as a natural
product representative of 2-aryl-4,5-dihydrothiazole-4-carboxylic acid derivatives, has been confirmed
to possess anticancer activity for L1210 cell lines in vitro [12]. In the past years, researchers have
reported many 2-aryl-4,5-dihydrothiazole-4-carboxylic acid derivatives with a variety of biological
activities in medicinal chemistry, including antibiotic [13], anti-HIV [14], and anticancer activities [15].
However, few researches about the application in plant disease prevention have been reported. Due to
low toxicity, good biodegradability, and compatibility, natural products (NPs) have been broadly used
as a source of inspiration for many commercial synthetic organic fungicides, herbicides, and insecticides,
such as coumoxystrobin [16], glufosinate–ammonium [17], berberine [18–20], and rotenone [21,22].
Moreover, natural products have also frequently served as lead compounds in developing novel
synthetic pesticides, which possess better efficacies than natural products [23]. Recently, our research
group found that some (R)-2-aryl-4,5-dihydrothiazole-4-carboxylic acid derivatives containing amide
and ester moieties displayed remarkable and broad-spectrum antifungal activities [24,25], indicating
that (R)-2-aryl-4,5-dihydrothiazole-4-carboxylic acid derivatives could be used as new potential lead
structures for the development of antifungal agents.

It is well known that the nitrogen of acylhydrazine as an electron-rich group can easily
form hydrogen bonds with various enzymes in organisms to display various biological activities,
such as fungicidal [26], insecticidal [27,28], herbicidal [29], antivirus [30], antimicrobacterial [31],
antitrypanosomal [32], antitumor [33], and antioxidant activities [34]. Introducing acylhydrazine
structure into bioactive molecules is a significant method in improving the bioactivities to develop
new potent pesticidal candidates with novel modes of action by binding to different target receptors.

Inspired by the descriptions above, a series of (R)-2-phenyl-4,5-dihydrothiazole-4-carboxamide
derivatives containing a diacylhydrazine moiety (Figure 1) were designed and synthesized, and their
structures were confirmed by melting points, 1H NMR, 13C NMR, and elemental analysis (EA). Their
biological activities were investigated accordingly. The preliminary structure activity relationship
(SAR) was analyzed as well, and the preliminary insecticidal mechanism was explored with the calcium
imaging technique.

Figure 1. Design strategy of the title compounds.

2. Results and Discussion

2.1. Chemistry

The synthetic routes of the title compounds are shown in Scheme 1. Intermediates 2 were prepared
by treated benzoyl chloride derivatives 1 with tert-butylcarbazate [35]. After that, intermediates 3
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were obtained by treating intermediates 2 with 4 mol/L hydrochloride in methanol in good yields.
Intermediates 6 were synthesized by treating L-cysteine 5 with benzonitrile derivatives 4 in the presence
of sodium bicarbonate and sodium hydroxide in the mixture of methanol and water, according to
our previous report with some improvement [25]. Initial attempts to synthesize the title compounds
I–III by coupling intermediates 3 and 6 with N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDCI) and 1-hydroxy-1H-benzotriazole (HOBT) as coupling reagents in the presence
of triethylamine (Et3N) as acid binding reagent, however, yielded very low title compounds. Then,
with the improvement of reaction conditions, N,N-diisopropylethylamine (DIPEA) was used as the
acid binding reagent, and title compounds I–III were obtained in moderate yields. The structures of
title compounds were confirmed by 1H NMR, 13C NMR, and elemental analysis (EA).

Scheme 1. Synthetic route of title compounds I–III.

2.2. Biological Activity and Structure Activity Relationships

2.2.1. Antifungal Activity and 3D-QSAR

To explore the relationship between activities of title compounds with different types of functional
groups R1 and R2 on the benzene ring, compounds with R1 (H, CH3, NO2) and R2 (H, CH3, NO2, OCH3,
Cl) were designed and synthesized. Title compounds I–III against six phytopathogenic fungi were
evaluated by the mycelium growth rate test according to the literature [36]. As shown in Table 1, most
of the compounds against Cercospora arachidicola, Alternaria solani, Phytophthora capsici, and Physalospora
piricola displayed obvious antifungal activities (in vitro) at the concentration of 50 mg/L, and better
than the control chlorothalonil or carbendazim. Furthermore, it is worthy to note that compounds I-1
and I-5 exhibited broad-spectrum antifungal activities. On the whole, when the group R1 was the same,
the group R2 on the benzene ring exerted different effects on antifungal activity following the order Cl
and H > CH3 > OCH3 and NO2. For example, I-1 (R2 = H) and I-5 (R2 = Cl) against Phytophthora capsici
exhibited 71.5% and 72.4% antifungal activities, respectively, whereas I-2 (R2 = CH3), I-3 (R2 = OCH3),
and I-4 (R2 = NO2) displayed 64.2%, 52.7%, and 50.2% antifungal activities, respectively. Meanwhile,
when the group R2 was the same, the sequence of the antifungal activities of these compounds with R1

was H > CH3 and NO2. From Table 1, the antifungal activities of compounds I (R1 = H) were better
than those of II (R1 = OCH3) and III (R1 = NO2). These results clearly indicate that the groups R1 = H
and R2 = Cl or H on the benzene ring had a positive effect on the antifungal activities. Meanwhile,
the antifungal activities of compounds I-1, II-1, and III-1 were better than that of 6a, indicating that
introducing diacylhydrazine moiety could improve the antifungal activity.
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Table 1. Antifungal activity of the title compounds I−III.

Compd. R1 R2
Antifungal Activity, Inhibition Rate (%, 50 mg/L)

CA 1 AS PC FG PP SS

I-1 H H 61.2 56.7 71.5 50.5 75.2 50.7
I-2 H CH3 55.1 43.8 64.2 42.4 72.5 46.9
I-3 H NO2 48.3 37.3 52.7 35.3 61.9 35.8
I-4 H OCH3 50.8 37.4 50.2 35.8 63.2 19.5
I-5 H Cl 64.5 60.4 72.4 52.3 84.3 49.8
II-1 OCH3 H 48.5 42.2 63.6 35.6 73.8 45.2
II-2 OCH3 CH3 35.7 40.3 57.1 35.2 71.6 30.8
II-3 OCH3 NO2 28.2 34.2 44.3 18.7 54.3 34.8
II-4 OCH3 OCH3 33.5 40.1 43.9 23.6 50.4 13.4
II-5 OCH3 Cl 47.1 53.4 65.8 36.3 76.7 43.6
III-1 NO2 H 49.9 55.6 60.5 26.2 67.3 36.7
III-2 NO2 CH3 36.2 50.3 50.3 14.9 63.4 30.2
III-3 NO2 NO2 33.8 30.2 42.6 9.8 51.1 27.7
III-4 NO2 OCH3 36.3 47.3 45.8 13.0 52.5 14.9
III-5 NO2 Cl 51.6 54.4 60.6 35.7 69.2 33.4
6a – H 24.8 25.9 33.7 8.3 43.5 10.3

chlorothalonil 60.3 71.5 87.6 40.5 82.5 42.0
carbendazim 12.1 38.3 31.4 99.1 45.6 97.7

1 CA: Cercospora arachidicola; AS: Alternaria solani; PC: Phytophthora capsici; FG: Fusarium graminearum; PP: Physalospora
piricola; SS: Sclerotinia sclerotiorum.

The EC50 values of compound I-5 against six phytopathogenic fungi were further tested and
are displayed in Table 2. From it, the EC50 values of compound I-5 were comparable to those of
chlorothalonil. Moreover, the EC50 value of compound I-5 against Physalospora piricola was lower
than that of chlorothalonil, indicating that compound I-5 against Physalospora piricola exhibited better
antifungal activity compared with chlorothalonil.

Table 2. Antifungal activity of the title compounds I−III.

Compd. Fungus EC50 Compd. Fungus EC50

I-5 Cercospora arachidicola 15.6 chlorothalonil Cercospora arachidicola 15.5
Alternaria solani 21.5 Alternaria solani 17.9

Phytophthora capsici 9.3 Phytophthora capsici 5.0
Fusarium graminearum 8.5 Fusarium graminearum 8.1

Physalospora piricola 6.1 Physalospora piricola 6.6
Sclerotinia sclerotiorum 2.4 Sclerotinia sclerotiorum 1.3

In order to elucidate the substitution effect on antifungal activity against Physalospora piricola of
the title compounds, a brief 3D-QASR analysis was carried out using Sybyl 6.9 software based on
pEC50 in Table 3 (Figure 2). The obtained 3D-QASR model was in agreement with the statistically
recommended values (q2 > 0.5, r2 > 0.8). To better reveal the 3D-QSAR results, I-5 was used as the
template molecule by virtue of the best antifungal activity. Steric, hydrophobic, electrostatic, H-bond
donor, and H-bond acceptor fields were used to build the CoMSIA model, and the sequence of the
relative contribution of them to the 3D-QASR model was electrostatic (47.5%) > hydrophobic (34.5%)
> H-bond acceptor (12.6%) > steric (5.4%) > H-bond donor (0%), which suggests that the antifungal
activity was mainly determined by electrostatic and hydrophobic fields.
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Table 3. EC50 (mg/L) and pEC50 of compounds I–III, chlorothalonil, and carbendazim against
Phytophthora piricola.

Compd. EC50 pEC50
a pEC50

b Compd. EC50 pEC50
a pEC50

b

I-1 c 9.6 2.02 2.13 II-5 9.7 2.01 1.97
I-2 12.3 1.91 1.94 III-1 15.2 1.82 1.87

I-3 c 16.2 1.79 1.78 III-2 16.7 1.78 1.84
I-4 19.0 1.72 1.74 III-3 c 21.2 1.67 1.76
I-5 6.1 2.21 2.24 III-4 20.5 1.69 1.64
II-1 9.8 2.01 1.97 III-5 11.3 1.95 2.02

II-2 c 12.5 1.90 1.99 Chlorothalonil 6.6 - -
II-3 20.1 1.70 1.68 Carbendazim 32.3 - -

II-4 c 21.3 1.67 1.60
a Observed antifungal activity (pEC50); b calculated antifungal activity (pEC50); c the test set molecules.

Figure 2. Alignment of compounds I–III.

The CoMSIA contour maps in Figure 3 show how the electrostatic and hydrophobic fields
contribute to the antifungal activities. As for the electrostatic CoMSIA contour map (Figure 3), the
red contours are mainly located near the R2 group, indicating that placing proper electron-donating
groups at this position is favorable to antifungal activities, which is in agreement with the antifungal
activities in the sequence of the R2 group H and Cl > CH3 > OCH3 and NO2. As shown in the
hydrophobic CoMSIA contour map (Figure 3), around the R1 and R2 groups, the white contours
mean that placing proper hydrophilic groups at the positions could improve the antifungal activity,
whereas there are almost no yellow contours around the positions, indicating that placing hydrophobic
groups is detrimental to activity, which is in agreement with the antifungal activity. The results of the
CoMSIA contour maps suggest that a proper hydrophilic group in the R1 position, as well as a proper
hydrophilic and electron-donating group in the R2 position, could improve the antifungal activity
against Physalospora piricola, which contributes to the further optimization of the structures.

Figure 3. The contour map of the electrostatic field (a) and the hydrophobic field (b).
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2.2.2. Insecticidal Activity against Mythimna separata and Calcium Imaging

The insecticidal activities of title compounds I–III against Mythimna separata were tested and are
shown in Table 4. Title compounds I–III against Mythimna separata were determined in the greenhouse
according to the reported method [37]. As shown in Table 4, most of them confirm good insecticidal
activities at the concentration of 50 mg/L. Especially, compound III-3 (R1 = NO2, R2 = NO2) showed
more effective insecticidal activity than those of other compounds at 10 mg/L, which reveals that the
groups R1 = NO2 and R2 = NO2 on the benzene ring play an important role in the insecticidal activities.

Table 4. Insecticidal activities of title compounds and chlorantraniliprole against Mythimna separata.

Compd. Larvicidal Activity (%) at Concn of (mg/L) Compd. Larvicidal Activity (%) at Concn of (mg/L)

200 mg/L 50 mg/L 10 mg/L 200 mg/L 50 mg/L 10 mg/L

I-1 100 83 50 II-4 100 83 23
I-2 100 77 43 II-5 100 90 53
I-3 100 100 67 III-1 100 100 53
I-4 100 77 33 III-2 100 100 57
I-5 100 87 57 III-3 100 100 77
II-1 100 83 43 III-4 100 87 43
II-2 100 100 47 III-5 100 77 37
II-3 100 100 57 Chlo 1 100 100 100

1 Chlo: Chlorantraniliprole.

To explore the insecticidal mechanism of target compounds, influences of III-3 on calcium channels
in the central neurons isolated from the third instar of Mythimna separata were studied with the calcium
imaging technique after neuron loading with fluo-3 AM. As shown in Figure 4, compared with the
initial value when the central neurons treated with 20 ppm III-3 and chlorantraniliprole, the peaks of
[Ca2+]i increased to some extent (III-3: 105.2 ± 0.65, n = 7; chlorantraniliprole: 107.5 ± 0.78, n = 7),
respectively. The results indicate that III-3 can release stored calcium ions, likely from the endoplasmic
reticulum (ER) of Mythimna separata neurons. Combined with our previous work, ryanodine receptors
could be the biochemical target of III-3, and further research will be needed.

Figure 4. The change of [Ca2+]i versus recording time when the central neurons treated with 20 ppm
III-3 and chlorantraniliprole in the absence of extracellular calcium.

3. Materials and Methods

3.1. Materials

1H NMR and 13C NMR were recorded on a Bruker AV400 spectrometer (400 MHz) using CDCl3
or DMSO-d6 as solvent. Chemical shift values (δ) were reported in parts per million (ppm) with
tetramethylsilane (TMS) as the internal standard. Melting points were determined on an X-4 binocular
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microscope melting point apparatus (Beijing Tech Instruments Co., Beijing, China) and uncorrected.
Elemental analyses were performed on a Vario EL elemental analyzer (Elementar Co., Germany).
Column chromatography purification was carried out using silica gel (200–300 mesh). Reagents were
all analytically or chemically pure. All solvents and liquid reagents were dried by standard methods
in advance and distilled before use. Intermediate compounds 3a–c and 6a–e were synthesized in
Scheme 1 according to the literature [25,35].

3.2. General Synthetic Procedure for Title Compounds I–III

To a solution of (R)-2-Aryl-4,5-dihydrothiazole-4-carboxylic acid 6 (0.5 mmol), 1-hydroxy-1H-
benzotriazole (HOBt, 0.072 g, 0.53 mmol) and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDCI, 0.115 g, 0.6 mmol) were subsequently added to dry dichloromethane (10 mL) at
0 ◦C. After stirring at room temperature for 0.5 h, benzohydrazide hydrochloride 3 (0.5 mmol) and
N,N-diisopropylethylamine (DIPEA) (0.142 g, 1.1 mmol) were subsequently added at 0 ◦C. The reaction
was warmed to room temperature and stirred for 4 h, and then solvent was removed under reduced
pressure, and the residue was purified by silica gel column eluted with petroleum ether and ethyl
acetate (V:V = 1:2) to give the title compounds I–III. 1H NMR and 13C NMR of compounds I-III are
available in Supplementary Materials.

(R)-N’-benzoyl-2-phenyl-4,5-dihydrothiazole-4-carbohydrazide (I-1): White solid, yield 64.3%, m.p. 182–183
◦C. 1H-NMR (400 MHz, DMSO-d6) δ 10.52 (s, 1H, CONH), 10.20 (s, 1H, CONH), 7.92 (d, J = 7.4 Hz, 2H,
Ph-H), 7.90 (d, J = 8.3 Hz, 2H, Ph-H), 7.60 (t, J = 7.4 Hz, 1H, Ph-H), 7.58 (t, J = 7.7 Hz, 1H, Ph-H), 7.54
(t, J = 7.5 Hz, 2H, Ph-H), 7.52 (t, J = 7.9 Hz, 2H, Ph-H), 5.40 (t, J = 9.1 Hz, 1H, CH), 3.85–3.78 (m, 1H,
1/2CH2), 3.67–3.62 (m, 1H, 1/2CH2). 13C-NMR (101 MHz, DMSO-d6) δ 169.48, 168.57, 165.34, 132.40,
132.29, 131.82, 128.76, 128.47, 128.34, 127.40, 126.54, 78.09, 34.91. Elem. anal. calcd. for C17H15N3O2S
(%): C, 62.75; H, 4.65; N, 12.91. Found: C, 62.79; H, 4.69; N, 12.93. [α]20

D = +16.2 (c 1, MeOH).

(R)-N’-benzoyl-2-(p-tolyl)-4,5-dihydrothiazole-4-carbohydrazide (I-2): White solid, yield 66.1%, m.p. 187–188
◦C. 1H-NMR (400 MHz, DMSO-d6) δ 10.50 (s, 1H, CONH), 10.16 (s, 1H, CONH), 7.90 (d, J = 7.4 Hz,
2H, Ph-H), 7.79 (d, J = 8.1 Hz, 2H, Ph-H), 7.59 (t, J = 7.3 Hz, 1H, Ph-H), 7.51 (t, J = 7.5 Hz, 2H, Ph-H),
7.33 (d, J = 8.0 Hz, 2H, Ph-H), 5.36 (t, J = 9.2 Hz, 1H, CH), 3.79–3.74 (m, 1H, 1/2CH2), 3.63–3.58 (m, 1H,
1/2CH2). 13C-NMR (101 MHz, DMSO-d6) δ 169.58, 168.36, 165.35, 141.87, 132.38, 131.84, 129.69, 129.29,
128.47, 128.33, 127.39, 78.02, 34.81, 21.03. Elem. anal. calcd. for C18H17N3O2S (%): C, 63.70; H, 5.05; N,
12.38. Found: C, 63.75; H, 5.08; N, 12.42. [α]20

D = +14.3 (c 1, MeOH).

(R)-N’-benzoyl-2-(4-nitrophenyl)-4,5-dihydrothiazole-4-carbohydrazide (I-3): White solid, yield 60.2%, m.p.
190–191 ◦C. 1H-NMR (400 MHz, DMSO-d6) δ 10.51 (s, 1H, CONH), 10.19 (s, 1H, CONH), 7.94–7.89 (m,
4H, Ph-H), 7.62–7.58 (m, 3H, Ph-H), 7.54–7.50 (m, 2H, Ph-H), 5.41 (t, J = 9.2 Hz, 1H, CH), 3.85–3.80 (m,
1H, 1/2CH2), 3.69–3.64 (m, 1H, 1/2CH2). 13C-NMR (101 MHz, DMSO-d6) δ 169.38, 167.50, 165.35, 153.52,
132.37, 131.85, 131.08, 130.09, 128.88, 128.48, 127.39, 78.09, 35.25. Elem. anal. calcd. for C17H14N4O4S
(%): C, 55.13; H, 3.81; N, 15.13. Found: C, 55.15; H, 3.86; N, 15.14. [α]20

D = +19.8 (c 2, MeOH).

(R)-N’-benzoyl-2-(4-methoxyphenyl)-4,5-dihydrothiazole-4-carbohydrazide (I-4): White solid, yield 62.6%,
m.p. 180–181 ◦C. 1H-NMR (400 MHz, DMSO-d6) δ 10.50 (s, 1H, CONH), 10.15 (s, 1H, CONH), 7.91 (d,
J = 7.4 Hz, 2H, Ph-H), 7.85 (d, J = 8.2 Hz, 2H, Ph-H), 7.60 (t, J = 6.9 Hz, 1H, Ph-H), 7.52 (t, J = 7.2 Hz,
2H, Ph-H), 7.06 (d, J = 8.2 Hz, 2H, Ph-H), 5.34 (t, J = 9.0 Hz, 1H, CH), 3.84 (s, 3H, OCH3), 3.79–3.74
(m, 1H, 1/2CH2), 3.63–3.58 (m, 1H, 1/2CH2). 13C-NMR (101 MHz, DMSO-d6) δ 169.69, 167.69, 165.32,
161.95, 132.40, 131.83, 130.17, 128.47, 127.40, 124.96, 114.04, 77.97, 55.43, 34.92. Elem. anal. calcd. for
C18H17N3O3S (%): C, 60.83; H, 4.82; N, 11.82. Found: C, 60.85; H, 4.84; N, 11.86. [α]20

D = +10.5 (c 0.5,
MeOH).

(R)-N’-benzoyl-2-(4-chlorophenyl)-4,5-dihydrothiazole-4-carbohydrazide (I-5): White solid, yield 58.3%, m.p.
176–177 ◦C. 1H-NMR (400 MHz, DMSO-d6) δ 10.49 (s, 1H, CONH), 10.16 (s, 1H, CONH), 7.89 (d, J =

7.3 Hz, 2H, Ph-H), 7.84 (d, J = 7.4 Hz, 2H, Ph-H), 7.73 (d, J = 7.8 Hz, 2H, Ph-H), 7.58 (t, J = 6.7 Hz, 1H,
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Ph-H), 7.53–7.49 (m, 2H, Ph-H), 5.39 (t, J = 9.1 Hz, 1H, CH), 3.84–3.79 (m, 1H, 1/2CH2), 3.66–3.63 (m,
1H, 1/2CH2). 13C-NMR (101 MHz, DMSO-d6) δ 169.83, 168.13, 165.82, 132.88, 132.33, 132.30, 131.92,
130.74, 128.97, 127.89, 125.95, 78.61, 35.73. Elem. anal. calcd. for C17H14ClN3O2S (%): C, 56.74; H, 3.92;
N, 11.68. Found: C, 56.77; H, 3.95; N, 11.65. [α]20

D = +13.7 (c 1, MeOH).

(R)-N’-(4-methoxybenzoyl)-2-phenyl-4,5-dihydrothiazole-4-carbohydrazide (II-1): White solid, yield 62.1%,
m.p. 197–198 ◦C. 1H-NMR (400 MHz, DMSO-d6) δ 10.34 (s, 1H, CONH), 10.10 (s, 1H, CONH), 7.89–7.86
(m, 4H, Ph-H), 7.57 (t, J = 6.8 Hz, 1H, Ph-H), 7.51 (t, J = 7.2 Hz, 2H, Ph-H), 7.03 (d, J = 7.6 Hz, 2H, Ph-H),
5.36 (t, J = 9.0 Hz, 1H, CH), 3.82 (s, 3H, OCH3), 3.80–3.75 (m, 1H, 1/2CH2), 3.64–3.59 (m, 1H, 1/2CH2).
13C-NMR (101 MHz, DMSO-d6) δ 170.00, 169.01, 165.32, 162.49, 132.80, 132.29, 129.80, 129.25, 128.83,
125.03, 114.19, 78.59, 55.87, 35.40. Elem. anal. calcd. for C18H17N3O3S (%): C, 60.83; H, 4.82; N, 11.82.
Found: C, 60.86; H, 4.87; N, 11.85. [α]20

D = +16.9 (c 1, MeOH).

(R)-N’-(4-methoxybenzoyl)-2-(p-tolyl)-4,5-dihydrothiazole-4-carbohydrazide (II-2): White solid, yield 57.5%,
m.p. 213–214 ◦C. 1H-NMR (400 MHz, DMSO-d6) δ 10.35 (s, 1H, CONH), 10.09 (s, 1H, CONH), 7.88 (d,
J = 7.4 Hz, 2H, Ph-H), 7.78 (d, J = 8.3 Hz, 2H, Ph-H), 7.32 (d, J = 8.2 Hz, 2H, Ph-H), 7.04 (d, J = 7.3 Hz,
2H, Ph-H), 5.34 (t, J = 9.2 Hz, 1H, CH), 3.83 (s, 3H, OCH3), 3.79–3.73 (m, 1H, 1/2CH2), 3.63–3.58 (m,
1H, 1/2CH2), 2.38 (s, 3H, CH3). 13C-NMR (101 MHz, DMSO-d6) δ 169.58, 168.27, 164.82, 161.99, 141.84,
129.71, 129.28, 128.32, 124.54, 113.69, 78.03, 55.37, 34.82, 21.03. Elem. anal. calcd. for C19H19N3O3S (%):
C, 61.77; H, 5.18; N, 11.37. Found: C, 61.82; H, 5.18; N, 11.39. [α]20

D = +14.8 (c 1, MeOH).

(R)-N’-(4-methoxybenzoyl)-2-(4-nitrophenyl)-4,5-dihydrothiazole-4-carbohydrazide (II-3): White solid, yield
60.5%, m.p. 202–203 ◦C. 1H-NMR (400 MHz, DMSO-d6) δ 10.36 (s, 1H, CONH), 10.17 (s, 1H, CONH),
8.35 (d, J = 7.7 Hz, 2H, Ph-H), 8.14 (d, J = 7.4 Hz, 2H, Ph-H), 7.87 (d, J = 7.6 Hz, 2H, Ph-H), 7.03 (d, J =

7.7 Hz, 2H, Ph-H), 5.45 (t, J = 9.2 Hz, 1H, CH), 3.89–3.84 (m, 1H, 1/2CH2), 3.82 (s, 3H, OCH3), 3.73–3.68
(m, 1H, 1/2CH2). 13C-NMR (101 MHz, DMSO-d6) δ 169.69, 167.76, 165.46, 162.52, 149.67, 138.07, 130.11,
129.81, 124.91, 124.46, 114.21, 78.73, 55.86, 36.02. Elem. anal. calcd. for C18H16N4O5S (%): C, 53.99; H,
4.03; N, 13.99. Found: C, 54.02; H, 4.05; N, 14.03. [α]20

D = +16.7 (c 1, MeOH).

(R)-N’-(4-methoxybenzoyl)-2-(4-methoxyphenyl)-4,5-dihydrothiazole-4-carbohydrazide (II-4): White solid,
yield 62.2%, m.p. 197–198 ◦C. 1H-NMR (400 MHz, DMSO-d6) δ 10.34 (s, 1H, CONH), 10.07 (s, 1H,
CONH), 7.88 (d, J = 7.6 Hz, 2H, Ph-H), 7.84 (d, J = 7.4 Hz, 2H, Ph-H), 7.06 (d, J = 7.7 Hz, 2H, Ph-H),
7.04 (d, J = 7.3 Hz, 2H, Ph-H), 5.32 (t, J = 9.2 Hz, 1H, CH), 3.83 (s, 6H, OCH3), 3.77–3.72 (m, 1H,
1/2CH2), 3.61–3.56 (m, 1H, 1/2CH2). 13C-NMR (101 MHz, DMSO-d6) δ 170.21, 168.12, 165.31, 162.47,
162.43, 130.65, 129.80, 125.45, 125.02, 114.52, 114.18, 78.45, 55.92, 55.86, 35.41. Elem. anal. calcd. for
C19H19N3O4S (%): C, 59.21; H, 4.97; N, 10.90. Found: C, 59.24; H, 4.99; N, 10.94. [α]20

D = +15.1 (c 1,
MeOH).

(R)-N’-(4-methoxybenzoyl)-2-(4-chlorophenyl)-4,5-dihydrothiazole-4-carbohydrazide (II-5): White solid, yield
68.1%, m.p. 203–205 ◦C. 1H-NMR (400 MHz, DMSO-d6) δ 10.34 (s, 1H, CONH), 10.10 (s, 1H, CONH),
7.86 (d, J = 7.3Hz, 2H, Ph-H), 7.83 (d, J = 7.7 Hz, 2H, Ph-H), 7.73 (d, J = 7.8 Hz, 2H, Ph-H), 7.03 (d, J =

7.3 Hz, 2H, Ph-H), 5.36 (t, J = 8.9 Hz, 1H, CH), 3.82 (s, 3H, OCH3), 3.82–3.77 (m, 1H, 1/2CH2), 3.67–3.62
(m, 1H, 1/2CH2). 13C-NMR (101 MHz, DMSO-d6) δ 169.94, 168.22, 165.44, 162.50, 132.30, 131.88, 130.73,
129.81, 125.95, 124.93, 114.20, 78.56, 55.86. Elem. anal. calcd. for C18H16ClN3O3S (%): C, 55.45; H, 4.14;
N, 10.78. Found: C, 55.47; H, 4.17; N, 10.82. [α]20

D = +19.5 (c 2, MeOH).

(R)-N’-(4-nitrobenzoyl)-2-phenyl-4,5-dihydrothiazole-4-carbohydrazide (III-1): White solid, yield 63.4%, m.p.
211–212 ◦C. 1H-NMR (400 MHz, DMSO-d6) δ 10.48 (s, 1H, CONH), 10.17 (s, 1H, CONH), 7.88 (d, J =

7.8 Hz, 2H, Ph-H), 7.83 (d, J = 7.4 Hz, 2H, Ph-H), 7.73 (d, J = 7.6 Hz, 2H, Ph-H), 7.57 (d, J = 7.5 Hz, 1H,
Ph-H),7.52–7.48 (m, 2H, Ph-H), 5.38 (t, J = 8.9 Hz, 1H, CH), 3.83–3.78 (m, 1H, 1/2CH2), 3.67–3.62 (m, 1H,
1/2CH2). 13C-NMR (101 MHz, DMSO-d6) δ 169.90, 168.27, 165.95, 132.82, 132.39, 132.31, 131.90, 130.74,
129.00, 127.88, 125.96, 78.57, 35.72. Elem. anal. calcd. for C17H14N4O4S (%): C, 55.13; H, 3.81; N, 15.13.
Found: C, 55.17; H, 3.84; N, 15.15. [α]20

D = +16.5 (c 1, MeOH).
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(R)-N’-(4-nitrobenzoyl)-2-(p-tolyl)-4,5-dihydrothiazole-4-carbohydrazide (III-2): White solid, yield 58.8%,
m.p. 216–218 ◦C. 1H-NMR (400 MHz, DMSO-d6) δ: 1H-NMR (400 MHz, DMSO-d6) δ 10.61 (s, 1H,
CONH), 10.20 (s, 1H, CONH), 7.90 (d, J = 7.7 Hz, 2H, Ph-H), 7.78 (d, J = 7.3 Hz, 2H, Ph-H), 7.60 (d, J =

7.8 Hz, 2H, Ph-H), 7.33 (d, J = 7.4 Hz, 2H, Ph-H), 5.35 (t, J = 8.9 Hz, 1H, CH), 3.79–3.74 (m, 1H, 1/2CH2),
3.63–3.58 (m, 1H, 1/2CH2), 2.37 (s, 3H, CH3). 13C-NMR (101 MHz, DMSO-d6) δ 170.11, 168.99, 164.95,
142.41, 137.22, 131.58, 130.14, 129.82, 129.78, 129.13, 128.81, 78.45, 35.29, 21.51. Elem. anal. calcd. for
C18H16N4O4S (%): C, 56.24; H, 4.20; N, 14.57. Found: C, 56.27; H, 4.23; N, 14.62. [α]20

D = +11.7 (c 1,
MeOH).

(R)-N’-(4-nitrobenzoyl)-2-(4-nitrophenyl)-4,5-dihydrothiazole-4-carbohydrazide (III-3): White solid, yield
62.7%, m.p. 225–226 ◦C. 1H-NMR (400 MHz, DMSO-d6) δ 10.62 (s, 1H, CONH), 10.28 (s, 1H, CONH),
8.35 (d, J = 7.8 Hz, 2H, Ph-H), 8.14 (d, J = 7.4 Hz, 2H, Ph-H), 7.79 (d, J = 7.7 Hz, 2H, Ph-H), 7.59 (d, J =

7.4 Hz, 2H, Ph-H), 5.47 (t, J = 9.1 Hz, 1H, CH), 3.90–3.85 (m, 1H, 1/2CH2), 3.73–3.68 (m, 1H, 1/2CH2).
13C-NMR (101 MHz, DMSO-d6) δ 169.64, 167.85, 164.98, 149.69, 138.06, 137.26, 131.54, 130.11, 129.82,
129.14, 124.46, 78.70, 36.01. Elem. anal. calcd. for C17H13N5O6S (%): C, 49.16; H, 3.15; N, 16.86. Found:
C, 49.18; H, 3.18; N, 16.89. [α]20

D = +19.3 (c 1, MeOH).

(R)-N’-(4-nitrobenzoyl)-2-(4-methoxyphenyl)-4,5-dihydrothiazole-4-carbohydrazide (III-4): White solid, yield
62.4%, m.p. 201–202 ◦C. 1H-NMR (400 MHz, DMSO-d6) δ 10.58 (s, 1H, CONH), 10.16 (s, 1H, CONH),
7.90 (d, J = 7.8 Hz, 2H, Ph-H), 7.83 (d, J = 7.4 Hz, 2H, Ph-H), 7.60 (d, J = 7.7 Hz, 2H, Ph-H), 7.05 (d, J =

7.4 Hz, 2H, Ph-H), 5.32 (t, J = 8.6 Hz, 1H, CH), 3.83 (s, 3H, OCH3), 3.77–3.72 (m, 1H, 1/2CH2), 3.61–3.56
(m, 1H, 1/2CH2). 13C-NMR (101 MHz, DMSO-d6) δ 170.15, 168.21, 164.81, 162.46, 137.18, 131.65, 130.65,
129.82, 129.12, 125.44, 114.54, 78.44, 55.93, 35.39. Elem. anal. calcd. for C18H16N4O5S (%): C, 53.99; H,
4.03; N, 13.99. Found: C, 54.03; H, 4.07; N, 14.02. [α]20

D = +12.6 (c 1, MeOH).

(R)-N’-(4-nitrobenzoyl)-2-(4-chlorophenyl)-4,5-dihydrothiazole-4-carbohydrazide (III-5): White solid, yield
58.1%, m.p. 201–202 ◦C. 1H-NMR (400 MHz, DMSO-d6) δ 10.58 (s, 1H, CONH), 10.18 (s, 1H, CONH),
7.90 (d, J = 7.6 Hz, 2H, Ph-H), 7.83 (d, J = 7.4 Hz, 2H, Ph-H), 7.73 (d, J = 7.7 Hz, 2H, Ph-H), 7.58 (d, J =

7.4 Hz, 2H, Ph-H), 5.38 (t, J = 8.9 Hz, 1H, CH), 3.84–3.78 (m, 1H, 1/2CH2), 3.67–3.62 (m, 1H, 1/2CH2).
13C-NMR (101 MHz, DMSO-d6) δ 169.80, 168.17, 164.83, 137.20, 132.30, 131.91, 131.62, 130.73, 129.81,
129.13, 125.95, 78.58, 35.71. Elem. anal. calcd. for C17H13ClN4O4S (%): C, 50.44; H, 3.24; N, 13.84.
Found: C, 50.46; H, 3.28; N, 13.87. [α]20

D = +14.7 (c 1, MeOH).

3.3. Biological Assay

3.3.1. Fungicidal Activity

The fungicidal activity of compounds I–III was tested with the mycelium growth inhibition in vitro
against Cercospora arachidicola, Physalospora piricola, Alternaria solani, Fusarium graminearum, Phytophthora
capsici, and Sclerotinia sclerotiorum. Chlorothalonil and carbendazim were used as the controls. The
relative inhibition ratio (%) was determined through the mycelium growth rate method [36], and
calculated using the formula: Relative inhibition rate (%) = (D1 − D2) / D1 × 100%, D1 and D2
are the average diameter of circle mycelia during the blank assay and test assay, respectively. The
fungicidal activities of title compounds I–III at 50 mg/L are shown in Table 1. The EC50 values of title
compound I-5 against the six tested fungi are shown in Table 2. The EC50 values of title compounds
I–III, chlorothalonil, and carbendazim against Phytophthora piricola are shown in Table 3.
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3.3.2. Insecticidal Activity against Mythimna separata

The insecticidal activity of I–III and chlorantraniliprole were tested by the reported method [37],
and the result is shown in Table 4.

3.3.3. D-QSAR Calculation Methods

The CoMSIA studies were carried out using a SYBYL v6.9 software from Tripos Inc (St. Louis, MO,
USA). All molecules were built with the SKETCH option in SYBYL under default settings. CoMSIA
contour maps were generated with partial least-squares coefficients [38]. The partial least-squares
was carried out to establish a linear relationship. Cross-validation was performed by using the
“leave-one-out” method to obtain the cross-validated coefficient q2 and optimal number of components.
The non-cross-validated correlation coefficient r2 and cross-validated coefficient q2 could estimate the
predictive capability and modeling, respectively.

3.4. Calcium Imaging Experiment

Effects of III-3 on calcium channels in the central neurons isolated from the third instar of Mythimna
separata were studied by calcium imaging techniques as described in the literature [37].

4. Conclusions

A series of (R)-2-phenyl-4,5-dihydrothiazole-4-carboxamide derivatives containing a
diacylhydrazine moiety were designed and synthesized, and their chemical structures were identified
by melting points, 1H-NMR, 13C-NMR, and elemental analysis (EA). All of the title compounds I–III
were evaluated for antifungal and insecticidal activities. The antifungal activity evaluation revealed
that most of them against Cercospora arachidicola, Alternaria solani, Phytophthora capsici, and Physalospora
piricola at 50 mg/L displayed obvious antifungal activities, and were more efficient than chlorothalonil or
carbendazim. Especially, compounds I-1 and I-5 against the six tested phytopathogenic fungi exhibited
broad-spectrum antifungal activities. Furthermore, the EC50 values of compound I-5 were equivalent
to those of chlorothalonil. Compound I-5 can be used as a novel lead structure for antiphytopathogenic
fungus agent development. The structure activity relationship indicated that the groups R1 = H and R2

= Cl or H on the benzene ring had a positive effect on the antifungal activities. Moreover, the CoMSIA
model suggested that a proper hydrophilic group in the R1 position, as well as a proper hydrophilic and
electron-donating group in the R2 position, could improve the antifungal activity against Physalospora
piricola, which contributed to the further optimization of the structures. The insecticidal activities
result showed that most of them displayed remarkable insecticidal activities at 50 mg/L, in particular,
compound III-3. The calcium imaging experiment results indicated that compound III-3 can serve
as effective insect Ca2+ level modulators by disrupting the cellular calcium homeostasis in Mythimna
separata.

Supplementary Materials: The following are available online. 1H NMR and 13C NMR of compounds I-III can be
accessed online.

Author Contributions: Synthesis, biological experiment, 3D-QSRA, and writing—original draft preparation,
F.-Y.L.; calcium imaging experiment, J.-B.L.; part insecticidal assay, J.-N.G.; responsible for the correspondence of
the manuscript, G.L. All authors discussed, edited, and approved the final version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No. 21907076 and No.
31901908), the China Postdoctoral Science Foundation (No. 2018M641666), and the Natural Science Foundation of
Tianjin (No. 19JCQNJC04600).

Acknowledgments: The authors are thankful to the College of Chinese Materia Medica, Tianjin University
of Traditional Chinese Medicine, and the College of Horticulture and Landscape Architecture, Tianjin
Agricultural University.

Conflicts of Interest: The authors declare no conflicts of interest.



Molecules 2019, 24, 4440 11 of 12

References

1. Godfray, H.C.J.; Beddington, J.R.; Crute, I.R.; Haddad, L.; Lawrence, D.; Muir, J.F.; Pretty, J.; Robinson, S.;
Thomas, S.M.; Toulmin, C. Food Security: The Challenge of Feeding 9 Billion People. Science 2010, 327,
812–818. [CrossRef] [PubMed]

2. Ray, D.K.; Mueller, N.D.; West, P.C.; Foley, J.A. Yield trends are insufficient to double global crop production
by 2050. PLoS ONE 2013, 8, e66428. [CrossRef] [PubMed]

3. Kuck, K.H.; Leadbeater, A.; Gisi, U. FRAC Mode of Action Classification and Resistance to Fungicides; Wiley-VCH:
Weinheim, Germany, 2012; pp. 539–557.

4. Tejero, R.; Gutierrez, B.; Lopez, D.; Lopez-Fabal, F.; Gomez-Garces, J.L.; Fernandez-Garcia, M. Copolymers of
acrylonitrile with quaternizable thiazole and triazole side-chain methacrylates as potent antimicrobial and
hemocompatible systems. Acta Biomater. 2015, 25, 86–96. [CrossRef] [PubMed]

5. Levy, S.B.; Marshall, B. Antibacterial resistance worldwide: Causes, challenges and responses. Nat. Med.
2004, 10, S122–S129. [CrossRef]

6. Davies, J.; Davies, D. Origins and evolution of antibiotic resistance. Microbiol. Mol. Biol. Rev. 2010, 74,
417–433. [CrossRef]

7. Li, P.; Tian, P.Y.; Chen, Y.Z.; Song, X.P.; Xue, W.; Jin, L.H.; Hu, D.Y.; Yang, S.; Song, B.A. Novel bisthioether
derivatives containing a 1,3,4-oxadiazole moiety: Design, synthesis, antibacterial and nematocidal activities.
Pest Manag. Sci. 2018, 74, 844–852. [CrossRef]

8. He, H.F.; Wang, W.; Zhou, Y.; Xia, Q.; Ren, Y.L.; Feng, J.T.; Peng, H.; He, H.W.; Feng, L.L. Rational
design, synthesis and biological evaluation of 1,3,4-oxadiazole pyrimidine derivatives as novel pyruvate
dehydrogenase complex E1 inhibitors. Bioorg. Med. Chem. 2016, 24, 1879–1888. [CrossRef]

9. Bauer, A.; Bronstrupt, M. Industrial natural product chemistry for drug discovery and development. Nat.
Prod. Rep. 2014, 31, 35–60. [CrossRef]

10. Rodrigues, T.; Reker, D.; Schneider, P.; Schneider, G. Counting on natural products for drug design. Nat.
Chem. 2016, 8, 531–541. [CrossRef]

11. Newman, D.J.; Cragg, G.M. Natural products as sources of new drugs from 1981 to 2014. J. Nat. Prod. 2016,
79, 629–661. [CrossRef]

12. Elliot, G.T.; Kelly, K.F.; Bonna, R.L.; Wardlaw, T.R.; Burns, E.R. In vitro antiproliferative activity of 2’
-(2-hydroxyphenyl)-2’ -thiazoline-4’ -carboxylic acid and its methyl ester of L1210 and P388 murine neoplasms.
Cancer Chemother. Pharmacol. 1988, 21, 233–236. [CrossRef] [PubMed]

13. Zamri, A.; Schalk, I.J.; Pattus, F.; Abdallah, M.A. Bacterial siderophores: Synthesis and biological activities of
novel pyochelin analogues. Bioorg. Med. Chem. Lett. 2003, 13, 1147–1150. [CrossRef]

14. Pattenden, G.; Thom, S.M. Naturally occurring linear fused thiazoline-thiazole containing metabolites: Total
synthesis of (–)-didehydromirabazole A, a cytotoxic alkaloid from blue-green algae. J. Chem. Soc. Perk. Trans.
1993, 14, 1629–1636. [CrossRef]

15. Gududuru, V.; Hurh, E.; Dalton, J.T.; Miller, D.D. SAR studies of 2-arylthiazolidine-4-carboxylic acid amides:
A novel class of cytotoxic agents for prostate cancer. J. Med. Chem. 2005, 48, 2584–2588. [CrossRef] [PubMed]

16. Guan, A.Y.; Liu, C.L.; Li, Z.N.; Zhang, M.X.; Si, N.G. The discovery of fungicide coumoxystrobin. Agrochemicals
2011, 50, 90–92.

17. Mersey, B.G.; Hall, J.C.; Anderson, D.M.; Swanton, C.J. Factors affecting the herbicidal activity of
glufosinate-ammonium: Absorption, translocation, and metabolism in barley and green foxtail. Pestic.
Biochem. Phys. 1990, 37, 90–98. [CrossRef]

18. Miyazawa, M.; Yoshio, K.; Ishikawa, Y.; Kameoka, H. Insecticidal alkaloid against Drosophila melanogaster
from tubers of Corydalis Bulbosa. Nat. Prod. Lett. 1996, 8, 299–302. [CrossRef]

19. Miyazawa, M.; Yoshio, K.; Ishikawa, Y.; Kameoka, H. Insecticidal alkaloids against Drosophila melanogaster
from Nuphar japonicum DC. J. Agric. Food Chem. 1998, 46, 1059–1063. [CrossRef]

20. Yi, F.; Zou, C.H.; Hu, Q.B.; Hu, M.Y. The Joint Action of Destruxins and Botanical Insecticides (Rotenone,
Azadirachtin and Paeonolum) against the Cotton Aphid, Aphis gossypii Glover. Molecules 2012, 17, 7533–7542.
[CrossRef]

21. Hummer, R.W.; Kenaga, E.E. Structural and Insecticidal Relationships in Rotenone, Methoxychlor, and DDT.
Science 1951, 113, 653–655. [CrossRef]

http://dx.doi.org/10.1126/science.1185383
http://www.ncbi.nlm.nih.gov/pubmed/20110467
http://dx.doi.org/10.1371/journal.pone.0066428
http://www.ncbi.nlm.nih.gov/pubmed/23840465
http://dx.doi.org/10.1016/j.actbio.2015.07.037
http://www.ncbi.nlm.nih.gov/pubmed/26219860
http://dx.doi.org/10.1038/nm1145
http://dx.doi.org/10.1128/MMBR.00016-10
http://dx.doi.org/10.1002/ps.4762
http://dx.doi.org/10.1016/j.bmc.2016.03.011
http://dx.doi.org/10.1039/C3NP70058E
http://dx.doi.org/10.1038/nchem.2479
http://dx.doi.org/10.1021/acs.jnatprod.5b01055
http://dx.doi.org/10.1007/BF00262776
http://www.ncbi.nlm.nih.gov/pubmed/3359557
http://dx.doi.org/10.1016/S0960-894X(03)00010-6
http://dx.doi.org/10.1039/P19930001629
http://dx.doi.org/10.1021/jm049208b
http://www.ncbi.nlm.nih.gov/pubmed/15801848
http://dx.doi.org/10.1016/0048-3575(90)90112-F
http://dx.doi.org/10.1080/10575639608044911
http://dx.doi.org/10.1021/jf9701547
http://dx.doi.org/10.3390/molecules17067533
http://dx.doi.org/10.1126/science.113.2945.653


Molecules 2019, 24, 4440 12 of 12

22. Vats, S. Larvicidal activity and in vitro regulation of rotenoids from Cassia tora L. 3 Biotech 2018, 8, 13.
[CrossRef] [PubMed]

23. Rimando, A.M.; Duke, S.O. Natural products for pest management. In Natural Products for Pest Management;
Rimando, A.M., Duke, S.O., Eds.; American Chemical Society: Washington, DC, USA, 2006; pp. 2–21.

24. Liu, J.B.; Li, Y.X.; Chen, Y.W.; Hua, X.W.; Wan, Y.Y.; Wei, W.; Song, H.B.; Yu, S.J.; Zhang, X.; Li, Z.M. Design,
synthesis, antifungal activities and SARs of (R)-2-aryl-4,5-dihydrothiazole-4-carboxylic acid derivatives.
Chin. J. Chem. 2015, 33, 1269–1275. [CrossRef]

25. Liu, J.B.; Li, F.Y.; Wang, Y.H.; Zhang, H.X.; Dong, J.Y.; Sun, P.W.; Li, Y.X.; Li, Z.M. Synthesis, biological
activities and 3D-QSAR studies of (R)-2-phenyl-4,5-dihydrothiazole-4-carboxamide derivatives containing a
sulfur ether moiety. Chin. Chem. Lett. 2019, 30, 668–671. [CrossRef]

26. Tan, C.X.; Shen, D.L.; Weng, J.Q.; Sun, N.B.; Ou, X.M. Synthesis and biological activity of 1-pyrazole formyl
-2-aryl hydrazide compounds. Chin. J. Pestic. Sci. 2006, 8, 363.

27. Liu, X.; Zhang, L.; Tan, J.G.; Xu, H.H. Design and synthesis of N-alkyl-N’ -substituted
2,4-dioxo-3,4-dihydropyrimidin-1-diacylhydrazine derivatives as ecdysone receptor agonist. Bioorg. Med.
Chem. 2013, 21, 4687–4697. [CrossRef]

28. Zhou, Y.Y.; Wei, W.; Zhu, L.L.; Li, Y.X.; Li, Z.M. Synthesis and insecticidal activity study of novel anthranilic
diamides analogs containing a diacylhydrazine bridge as effective Ca2+ modulators. Chem. Biol. Drug Des.
2018, 92, 1914–1919. [CrossRef]

29. Zhang, X.Y.; Li, Y.S.; Weng, J.Q.; Tan, C.X. Synthesis and herbicidal activity of some new diacylhydrazine
derivatives fluoride-containing pyrazolyl moiety. Chin. J. Org. Chem. 2011, 31, 1295–1299.

30. Jin, Y.X.; Tan, Z.W.; He, M.Z.; Tian, B.H.; Tang, S.X.; Hewlett, I.; Yang, M. SAR and molecular mechanism
study of novel acylhydrazone compounds targeting HIV-1 CA. Bioorg. Med. Chem. 2010, 18, 2135–2140.
[CrossRef]

31. Canales, E.; Carlson, J.S.; Appleby, T.; Fenaux, M.; Lee, J.; Tian, Y.; Tirunagari, N.; Wong, M.; Watkins, W.J.
Tri-substituted acylhydrazines as tertiary amide bioisosteres: HCV NS5B polymerase inhibitors. Bioorg. Med.
Chem. Lett. 2012, 22, 4288–4292. [CrossRef]

32. Carvalho, S.A.; Feitosa, L.O.; Soares, M.; Costa, T.E.M.M.; Henriques, M.G.; Salomão, K.; Castro, S.L.;
Kaiser, M.; Brun, R.; Wardell, J.L.; et al. Design and synthesis of new (E)-cinnamic N-acylhydrazones as
potent antitrypanosomal agents. Eur. J. Med. Chem. 2012, 54, 512–521. [CrossRef]

33. Liu, Z.J.; Wu, S.S.; Wang, Y.; Li, R.J.; Wang, J.; Wang, L.H.; Zhao, Y.F.; Gong, P. Design, synthesis and biological
evaluation of novel thieno [3,2-d]pyrimidine derivatives possessing diaryl semicarbazone scaffolds as potent
antitumor agents. Eur. J. Med. Chem. 2014, 87, 782–793. [CrossRef] [PubMed]
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