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Abstract: A series of novel β-carboline 1,3,4-oxadiazole derivatives were designed and synthesized,
and the in vitro cytotoxic activity against Sf9 cells and growth inhibitory activity against
Spodoptera litura were evaluated. Bioassay results showed that most of these compounds exhibited
excellent in vitro cytotoxic activity. Especially, compound 37 displayed the best efficacy in vitro
(IC50 = 3.93 µM), and was five-fold more potent than camptothecin (CPT) (IC50 = 18.95 µM).
Moreover, compounds 5 and 37 could induce cell apoptosis and cell cycle arrest and stimulate
Sf-caspase-1 activation in Sf9 cells. In vivo bioassay also demonstrated that compounds 5 and
37 could significantly inhibit larvae growth of S. litura with decreasing the weight of larvae and
pupae. Based on these bioassay results, compounds 5 and 37 emerged as lead compounds for the
development of potential insect growth inhibitions.
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1. Introduction

In recent years, potential impact of synthetic pesticides on the environment and human health
has been of great concern, which highlights the need for environmentally friendly pesticides to
protect crops from insect infestation. Accordingly, plant-derived extracts and their bioactive natural
compounds have been considered as biorational alternatives with structural diversity and complexity,
biodegradability, environmental protection, pest specificity and reduced mammalian toxicity to
replace synthetic agrochemicals for pest management [1]. Especially, further modification and
structural optimization of novel insecticidal leads from plant origin have recently been important
methods for the research and development of new pesticides [2–5]. Harmine and its analogs, such
as harmaline and harmane (Figure 1), belonging to the β-carboline alkaloids, were isolated from
Peganum harmala and Eurycoma longifolia [6]. These compounds have been garnering increasing
interest due to numerous activities [7], including antitumor [8,9], antiviral [10], analgesic [11] and
anti-inflammatory activities [12]. Although several reports have been published on the insecticidal
activities, growth inhibitory activities and/or oviposition deterrence of solvent extracts and β-carboline
alkaloids of P. harmala against Tribolium castaneum [13], Rhyzopertha dominica [14], Plutella xylostella [15],
Spodoptera littoralis [16,17], Schistocerca gregaria [18] and Bactrocera oleae [19], little is known about the
bioactivity of harmine against Spodoptera litura. In our previous work [20,21], we found that high
doses of extract and total alkaloids of P. harmala displayed moderate anti-feedant activity against
Spodoptera litura. Furthermore, we demonstrated that harmine exhibited marginal to weak cytotoxicity
against Spodoptera frugiperda Sf9 cells [22]. Accordingly, in an attempt to improve toxicity and growth
inhibitory activity of β-carboline derivatives against S. litura, while, considering that introduction of
1,3,4-oxadiazole would usually potentiate the pharmacological properties of original molecule [23–25],
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we synthesized a series of novel β-carboline 1,3,4-oxadiazole derivatives and evaluated for their
in vitro cytotoxicity against Sf9 cells and growth inhibitory activity against S. litura.
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Figure 1. Structure of the major β-carboline alkaloids of P. harmala. 

2. Results and Discussion 

2.1. Chemistry 

The synthesis of 3-(2-substituted-1,3,4-oxadiazol-5-yl)-β-carbolines are depicted in Figure 2. 
Briefly, precursor 1-substituted-β-carboline-3-carbohydrazides (1) was prepared according to the 
procedure reported previously [26]. The intermediate 1 could be readily converted into 
3-(2-thioxo-1,3,4-oxadiazol-5-yl)-β-carbolines 2–23 on treatment with carbon disulfide and potassium 
hydroxide [27], and into 3-(2-oxo-1,3,4-oxadiazol-5-yl)-β-carbolines 24–27 on treatment with 
triphosgene [28]. Similarly, intermediate 1 furnished desired compounds 28 and 29 by reaction with 
cyanogen bromide in the presence of sodium bicarbonate at ambient temperature [29]. For 
preparation of 3-(2-substituted-1,3,4-oxadiazol-5-yl)-β-carbolines 30–36, 1-phenyl-β-carboline-3- 
carbohydrazide was subjected to reaction with a series of acids, followed by treatment with 
phosphorus oxychloride under reflux [30]. The compound 30 could be synthesized using other 
methodology [31]. The 1-phenyl-β-carboline-3-carbohydrazide was reacted with triethyl orthoformate 
under reflux to give the key intermediate hydrazonoformate 37, which was used for further 
cyclization in pyridine under reflux to obtain the desired compound 30. All newly synthesized 
compounds were purified by crystallization and their structures were confirmed on the basis of  
1H NMR, 13C NMR and HRMS data, which are given in Section 4. Compounds 3, 9, 10, 13 and 25 
were characterized by comparison with NMR data previously reported [27,32]. Compounds 24–29 
were characterized by the presence of an additional signal at δH 12.69–12.60 or 7.25–7.29, 
corresponding to the 3′-NH or 2′-NH2 on the 1,3,4-oxadiazole scaffold, respectively. 

2.2. Biological Activity 

2.2.1. Anti-Proliferative Activity against Sf9 Cells 

All synthesized β-carboline derivatives 2–37 were evaluated for their anti-proliferative 
activities against Sf9 cells and compared with harmine and camptothecin as positive controls. The 
biological results presented in Table 1 show that all of the target compounds exhibited moderate to 
potent in vitro cytotoxic activity against Sf9 cells, and some of them were more potent than harmine 
and camptothecin. Significantly, compounds 5, 6, 9, 11, 15, 22 and 37 displayed pronounced 
anti-proliferative activities. The IC50 values of these compounds were 16.25, 12.80, 10.39, 13.83, 14.22, 
11.10 and 3.93 μM, respectively, whereas that of camptothecin was 18.95 μM. Intriguingly, the 
intermediate hydrazonoformate 37 proved to be the most active compound in this study, and the 
cytotoxic activity was approximately 30-fold more potent than that of the cyclization product 30 and 
five-fold higher activities than that of camptothecin, which implied further possibilities for lead 
compound development. 

Figure 1. Structure of the major β-carboline alkaloids of P. harmala.

2. Results and Discussion

2.1. Chemistry

The synthesis of 3-(2-substituted-1,3,4-oxadiazol-5-yl)-β-carbolines are depicted in Figure 2.
Briefly, precursor 1-substituted-β-carboline-3-carbohydrazides (1) was prepared according to
the procedure reported previously [26]. The intermediate 1 could be readily converted into
3-(2-thioxo-1,3,4-oxadiazol-5-yl)-β-carbolines 2–23 on treatment with carbon disulfide and potassium
hydroxide [27], and into 3-(2-oxo-1,3,4-oxadiazol-5-yl)-β-carbolines 24–27 on treatment with
triphosgene [28]. Similarly, intermediate 1 furnished desired compounds 28 and 29 by reaction with
cyanogen bromide in the presence of sodium bicarbonate at ambient temperature [29]. For preparation
of 3-(2-substituted-1,3,4-oxadiazol-5-yl)-β-carbolines 30–36, 1-phenyl-β-carboline-3-carbohydrazide
was subjected to reaction with a series of acids, followed by treatment with phosphorus oxychloride
under reflux [30]. The compound 30 could be synthesized using other methodology [31].
The 1-phenyl-β-carboline-3-carbohydrazide was reacted with triethyl orthoformate under reflux
to give the key intermediate hydrazonoformate 37, which was used for further cyclization in pyridine
under reflux to obtain the desired compound 30. All newly synthesized compounds were purified
by crystallization and their structures were confirmed on the basis of 1H NMR, 13C NMR and HRMS
data, which are given in Section 4. Compounds 3, 9, 10, 13 and 25 were characterized by comparison
with NMR data previously reported [27,32]. Compounds 24–29 were characterized by the presence
of an additional signal at δH 12.69–12.60 or 7.25–7.29, corresponding to the 3′-NH or 2′-NH2 on the
1,3,4-oxadiazole scaffold, respectively.

2.2. Biological Activity

2.2.1. Anti-Proliferative Activity against Sf9 Cells

All synthesized β-carboline derivatives 2–37 were evaluated for their anti-proliferative activities
against Sf9 cells and compared with harmine and camptothecin as positive controls. The biological
results presented in Table 1 show that all of the target compounds exhibited moderate to potent
in vitro cytotoxic activity against Sf9 cells, and some of them were more potent than harmine
and camptothecin. Significantly, compounds 5, 6, 9, 11, 15, 22 and 37 displayed pronounced
anti-proliferative activities. The IC50 values of these compounds were 16.25, 12.80, 10.39, 13.83,
14.22, 11.10 and 3.93 µM, respectively, whereas that of camptothecin was 18.95 µM. Intriguingly, the
intermediate hydrazonoformate 37 proved to be the most active compound in this study, and the
cytotoxic activity was approximately 30-fold more potent than that of the cyclization product 30
and five-fold higher activities than that of camptothecin, which implied further possibilities for lead
compound development.
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Figure 2. Synthesis of β-carboline 1,3,4-oxadiazole derivatives 2–37. Reagents and conditions: (a) For 
compounds 2–23: i: CS2, KOH, EtOH, reflux, 24 h; ii: acidified 2N HCl; (b) For compounds 24–27: 
triphosgene, CH2Cl2, reflux, 2 h; (c) For compounds 28 and 29: BrCN, NaHCO3, dioxane, water, r.t.,  
4 h; (d) For compounds 30–36: acid, phosphorus oxychloride, reflux, 4–6 h; (e) triethyl orthoformate, 
reflux, overnight; and (f) pyridine, reflux, 12 h. 

As for the 1,3,4-oxadiazole series 2–29, the effects of different substituent groups at C-1 were 
investigated. As shown in Table 1, changing the 1-substituent groups could lead to remarkable 
change in activity. For instance, the activity of compounds with methyl group, such as compounds 2 
and 24, were predominantly lower than those of derivatives with an aromatic or heterocycle group. 
Moreover, the potency of derivatives with the aromatic group (3–18) significantly depended upon 
the nature of substitutes and their position at the aromatic ring. Substitution of electron withdrawing 
group on the aromatic ring at para position was more potent than that of electron donating group, 
while compound 9 bearing 4-OCH3-Ph group displayed the highest cytotoxic activity (IC50 = 10.39 
μM). For the effect of substituted position on the phenyl ring, mono-substitution on the aromatic 
ring at different position (5, 6 and 10–12) showed similar potency. By contrast to mono-substituted 
compounds, 3,4-disubstituted derivatives (14 and 16–18) were much less potent, whereas 
3,4,5-trisubstituted compound (15) showed comparable potency to the mono-substituted 
compounds. Comparing with phenyl ring substituted compounds, condensed ring substituted 
compounds (19–23) displayed equivalent activity. 

  For the effect of different substituent groups at 2-position on 1,3,4-oxadiazole scaffold (24–36), 
the available data analysis suggested that there was no significant difference on cytotoxic activity 
when changing thioxo group to oxo group (25–27) or amino group (28 and 29) except for compound 24. 
However, Compounds 30–34 with aliphatic groups or aromatic groups in the R2 position showed 
marginal to weak cytotoxicity (IC50 66.63 to 144.66 μM), even compounds 35 and 36 with 4-CH3-Ph 
and 4-Cl-Ph groups, respectively, were inactive (IC50 >1000 μM), indicating that electronegativity 
and size of substituents at 2-position on 1,3,4-oxadiazole scaffold are crucial. 

Figure 2. Synthesis of β-carboline 1,3,4-oxadiazole derivatives 2–37. Reagents and conditions: (a) For
compounds 2–23: i: CS2, KOH, EtOH, reflux, 24 h; ii: acidified 2N HCl; (b) For compounds 24–27:
triphosgene, CH2Cl2, reflux, 2 h; (c) For compounds 28 and 29: BrCN, NaHCO3, dioxane, water, r.t.,
4 h; (d) For compounds 30–36: acid, phosphorus oxychloride, reflux, 4–6 h; (e) triethyl orthoformate,
reflux, overnight; and (f) pyridine, reflux, 12 h.

As for the 1,3,4-oxadiazole series 2–29, the effects of different substituent groups at C-1 were
investigated. As shown in Table 1, changing the 1-substituent groups could lead to remarkable
change in activity. For instance, the activity of compounds with methyl group, such as compounds 2
and 24, were predominantly lower than those of derivatives with an aromatic or heterocycle group.
Moreover, the potency of derivatives with the aromatic group (3–18) significantly depended upon the
nature of substitutes and their position at the aromatic ring. Substitution of electron withdrawing
group on the aromatic ring at para position was more potent than that of electron donating group, while
compound 9 bearing 4-OCH3-Ph group displayed the highest cytotoxic activity (IC50 = 10.39 µM).
For the effect of substituted position on the phenyl ring, mono-substitution on the aromatic ring at
different position (5, 6 and 10–12) showed similar potency. By contrast to mono-substituted compounds,
3,4-disubstituted derivatives (14 and 16–18) were much less potent, whereas 3,4,5-trisubstituted
compound (15) showed comparable potency to the mono-substituted compounds. Comparing with
phenyl ring substituted compounds, condensed ring substituted compounds (19–23) displayed
equivalent activity.

For the effect of different substituent groups at 2-position on 1,3,4-oxadiazole scaffold (24–36),
the available data analysis suggested that there was no significant difference on cytotoxic activity
when changing thioxo group to oxo group (25–27) or amino group (28 and 29) except for compound
24. However, Compounds 30–34 with aliphatic groups or aromatic groups in the R2 position showed
marginal to weak cytotoxicity (IC50 66.63 to 144.66 µM), even compounds 35 and 36 with 4-CH3-Ph
and 4-Cl-Ph groups, respectively, were inactive (IC50 > 1000 µM), indicating that electronegativity and
size of substituents at 2-position on 1,3,4-oxadiazole scaffold are crucial.
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Table 1. In vitro cytotoxicity of compound 2–37 against sf9 cell.

Compound R1 X R2 IC50 (µmol L−1) 95% Confidence Interval

2 CH3 =S 35.49 23.87–49.90
3 Ph =S 45.44 28.69–70.64
4 4-CH3-Ph =S 47.35 29.99–87.66
5 4-F-Ph =S 16.25 0.11–61.37
6 4-Cl-Ph =S 12.80 6.36–20.96
7 4-Br-Ph =S 34.23 20.84–55.59
8 4-CF3-Ph =S 17.58 9.67–31.89
9 4-OCH3-Ph =S 10.39 8.09–12.95

10 2-Cl-Ph =S 27.69 7.99–57.07
11 3-Cl-Ph =S 13.83 1.08–42.37
12 3-F-Ph =S 22.37 16.71–29.03
13 3-NO2-Ph =S 63.97 32.36–134.99
14 3,4-di-OCH3-Ph =S 64.86 22.05–135.19
15 3,4,5-tri-OCH3-Ph =S 14.22 8.01–22.03
16 3,4-diF-Ph =S 213.34 171.16–293.30
17 3,4-diCl-Ph =S 98.74 48.67–316.92
18 3-F-4-OCH3-Ph =S 25.79 10.89–42.80

19
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2.2.2. Compounds 5 and 37 Could Induce Cell Apoptosis in Sf9 Cells 

We found that compounds 5 and 37 had apoptosis effect on Sf9 cells through morphology 
observation after treatment with the 36 β-carboline derivatives. We treated Sf9 cells with various 
concentrations of compound 5 for 24 h and observed cellular morphological changes under inverted 
phase contrast microscope (IPCM). As shown in Figure S1, addition of compound 5 to culture Sf9 
cells was found to induce membrane blebbing and a small amount of apoptotic bodies and floating 
cells at 10 μg mL−1, and apoptotic bodies increased while adherent cells decreased with increasing 
drug concentrations, whereas no apoptotic bodies were observed in 20 μg mL−1-treated group. 
Apoptosis was also confirmed by staining with acridine orange (AO); the non-apoptotic cells were 
stained uniformly green and the apoptotic cells had evident orange particles in their nuclei due to 
nuclear condensation or nuclear DNA fragmentation, which were typical early apoptotic characteristics. 
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2.2.2. Compounds 5 and 37 Could Induce Cell Apoptosis in Sf9 Cells

We found that compounds 5 and 37 had apoptosis effect on Sf9 cells through morphology
observation after treatment with the 36 β-carboline derivatives. We treated Sf9 cells with various
concentrations of compound 5 for 24 h and observed cellular morphological changes under inverted
phase contrast microscope (IPCM). As shown in Figure S1, addition of compound 5 to culture Sf9
cells was found to induce membrane blebbing and a small amount of apoptotic bodies and floating
cells at 10 µg mL−1, and apoptotic bodies increased while adherent cells decreased with increasing
drug concentrations, whereas no apoptotic bodies were observed in 20 µg mL−1-treated group.
Apoptosis was also confirmed by staining with acridine orange (AO); the non-apoptotic cells were
stained uniformly green and the apoptotic cells had evident orange particles in their nuclei due to
nuclear condensation or nuclear DNA fragmentation, which were typical early apoptotic characteristics.
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Analogously, we treated Sf9 cells with 12.5 µg mL−1 harmine, compounds 5 and 37 for 24 and 48 h and
found that compounds 5 and 37 could induce apoptotic bodies, and apoptotic bodies increased with
the extension of induction time (Figure 3a). However, both harmine-treated and untreated cells did
not exhibit typical morphologic features of apoptosis, such as cell shrinkage or formation of apoptotic
bodies, until the exposure time was extended to 48 h. Similar results could be obtained by AO staining.
Additionally, DNA fragmentation was detected through agarose gel electrophoresis and DNA ladder
was observed clearly after 24 h incubation with compounds 5 and 37 (Figure 3d), while no DNA
fragmentation were observed after treatment with various concentrations of harmine (Figure S2).
Subsequently, we detected the cell apoptosis using annexin V-FITC/PI staining and flow cytometry.
As shown in Figure 3b,c, the apoptotic rate of compounds 5 and 37 treatment increased dramatically
in comparison with untreated and harmine-treated groups, and the proportion of apoptotic cells was
23.9% and 29.8%, respectively. These results suggested that compounds 5 and 37 could cause apoptosis
in Sf9 cells and more effectively than harmine.

2.2.3. Compounds 5 and 37 Could Induce Cell Cycle Arrest in Sf9 Cells

We next assessed the cell cycle distribution of Sf9 cells by flow cytometry. Compounds 5 and 37
treated groups exhibited a high percentage of cells in S phase as compared to the harmine-treated and
untreated groups with a concomitant reduction of cell numbers in G1 phase, which suggested that
compounds 5 and 37 could arrest the cell cycle at the S phase (Figure 4a,b).

2.2.4. Compounds 5 and 37 Could Simulate Sf-Caspase-1 Activation

Caspases play a crucial role in controlling cell death. Executioner caspases (including caspase-3)
were activated by initiator caspases (such as caspase-9) and subsequently coordinate their activity to
affect main structural proteins and activate other enzymes, resulting in cell apoptosis. Sf-caspase-1,
which has the same activity as the mammalian caspase-3, is the main effector caspase in Sf9 cells [33].
To identify whether Sf-caspase-1 was involved in the apoptotic mechanism of compounds 5 and 37 in
Sf9 cells, we assessed the Sf-caspase-1 activity. The results demonstrated that compound 5 displayed
modest efficacy in Sf-caspase-1 activity; notably, Sf-caspase-1 activity increased significantly and
remains almost 3-fold higher in the compound 37 treated cells than that in untreated cells, whereas
an obvious decrease in Sf-caspase-1 activity of harmine treated group was observed, suggesting that
compounds 5 and 37 could induce Sf-caspase-1 activity in Sf9 cells (Figure 4c).

2.2.5. Compounds 5 and 37 Could Inhibit Larvae Growth of S. litura

In previous studies, effects of extracts and alkaloid of P. harmal on lepidopteran insects were
investigated. El-Gengaihi et al. [16] and Shonouda et al. [17] reported that harmine alkaloid caused an
increase in larval period and larval mortality but a decrease in the percentage of pupation of S. littoralis.
Additionally, Abbasipour et al. [15] reported that the extract of P. harmal displayed pronounced effect on
larval and pupal weight, oviposition deterrence, percent pupation, egg hatching and adult emergence
of P. xylostella. These findings indicated that β-carboline alkaloids might inhibit growth of lepidopteran
larvae. Therefore, based on the anti-feedant activity against S. litura in our previous studies, we further
evaluated the larvicidal activity and growth inhibitory activity of synthesized β-carboline derivatives
against S. litura. Unfortunately, there was no significant toxicity of all synthesized compounds against
S. litura at 500 µg mL−1. Subsequently, compounds 5 and 37, with superior cytotoxicity and apoptosis
property, were chosen to evaluate the growth inhibitory activity against 3rd instar S. litura and the
results is shown in Figure 5. We assessed the effect of compounds 5 and 37 on larvae weight at various
concentrations and showed that mean larvae weight of 5-treated and 37-treated groups significantly
decreased as compared to the control group, and the difference in larvae weight between treated
and untreated groups was positively correlated with drug concentrations. Interestingly, moreover,
the difference in larvae weight between 5-treated and 37-treated groups was consistent with their
cytotoxicity against Sf9 cells (Figure 5a–c). In addition, treatment with compounds 5 and 37 at various
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concentrations led to reduction in the weight of pupae (Figure 5d), but did not significantly affect the
percentage of pupation and adult emergence, which was similar to what Jbilou et al. described [13].
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Figure 3. Analysis of apoptosis in Sf9 cells treated with 12.5 µg mL−1 5 and 37. (a) Representative
photographs of cell morphological change induced by harmine, 5 and 37 for 24 and 48 h, respectively.
IPCM: inverted phase contrast microscopy; AO: acridine orange. Red and white arrows represent
apoptosis bodies; (b,c) Apoptotic rate of cells induced by 12.5 µg mL−1 5 and 37 for 24 h; (d) Agarose
gel electrophoresis analysis of genomic DNA of cells treated by 12.5 µg mL−1 5, 22 and 37 with CPT as
a positive control. CPT: camptotothecin. Note: (**) p < 0.01 in comparison to the control.
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37 for 24 h; (b) The percentage of cells in the G1, S and G2 phases of the cell cycle; (c) Sf-caspase-1 
activity of Sf9 cells after treatment with 12.5 μg mL−1 harmine, 5 and 37 for 24 h. Note: (*) p < 0.05 and 
(**) p < 0.01 in comparison to the control. 

 

Figure 5. The growth inhibitory activity of compounds 5 and 37 against S. litura. (a–c) Mean larvae 
weight of S. Litura after treatment with 5 and 37 for two weeks at the concentrations of 50, 100 and 
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Figure 4. Compounds 5 and 37 induced cell cycle arrest and stimulated Sf-caspase-1 activation in Sf9
cells. (a) Cell cycle analysis by flow cytometry. Cells were treated with 12.5 µg mL−1 harmine, 5 and
37 for 24 h; (b) The percentage of cells in the G1, S and G2 phases of the cell cycle; (c) Sf-caspase-1
activity of Sf9 cells after treatment with 12.5 µg mL−1 harmine, 5 and 37 for 24 h. Note: (*) p < 0.05 and
(**) p < 0.01 in comparison to the control.

Molecules 2017, 22, 1811 7 of 17 

 

 

Figure 4. Compounds 5 and 37 induced cell cycle arrest and stimulated Sf-caspase-1 activation in Sf9 
cells. (a) Cell cycle analysis by flow cytometry. Cells were treated with 12.5 μg mL−1 harmine, 5 and 
37 for 24 h; (b) The percentage of cells in the G1, S and G2 phases of the cell cycle; (c) Sf-caspase-1 
activity of Sf9 cells after treatment with 12.5 μg mL−1 harmine, 5 and 37 for 24 h. Note: (*) p < 0.05 and 
(**) p < 0.01 in comparison to the control. 

 

Figure 5. The growth inhibitory activity of compounds 5 and 37 against S. litura. (a–c) Mean larvae 
weight of S. Litura after treatment with 5 and 37 for two weeks at the concentrations of 50, 100 and 
200 μg mL−1, respectively. (d) Mean pupae weight of S. Litura after treatment with 5 and 37 at the 
concentrations of 50, 100 and 200 μg mL−1, respectively. Note: (*) p < 0.05 and (**) p < 0.01 in 
comparison to the control. 

Figure 5. The growth inhibitory activity of compounds 5 and 37 against S. litura. (a–c) Mean larvae
weight of S. Litura after treatment with 5 and 37 for two weeks at the concentrations of 50, 100 and
200 µg mL−1, respectively. (d) Mean pupae weight of S. Litura after treatment with 5 and 37 at the
concentrations of 50, 100 and 200 µg mL−1, respectively. Note: (*) p < 0.05 and (**) p < 0.01 in comparison
to the control.
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3. Materials and Methods

3.1. Chemistry

All reagents and solvents were of reagent grade or purified according to standard methods
before use. Analytical thin-layer chromatography and preparative thin-layer chromatography were
performed with silica gel plates using silica gel 60 GF254 (Qingdao Haiyang Chemical Co., Ltd.,
Qingdao, Shandong Province, China). 1H-NMR and 13C NMR spectra were recorded at 600 MHz on a
Bruker Avance-600 superconducting nuclear magnetic resonance instrument using TMS as a reference
(Bruker Company, Gemany). High-resolution mass spectrometry (HRMS) data were obtained on an
Uplc1290-6540B Q-TOF LC/MS instrument (Agilent Co., Santa Clara, CA, USA). The key intermediate
1-substituted-β-carboline-3-carbohydrazide derivatives 1 were prepared according to the procedure
reported previously [26].

3.1.1. General Synthetic Procedure for Target Compounds 2–23

A mixture of 1-substituted-β-carboline-3-carbohydrazide derivatives 1 (1 mmol), potassium
hydroxide (84 mg, 1.5 mmol) and carbon disulfide (0.3 mL, 5 mmol) in absolute ethanol (10 mL) was
refluxed with stirring for 24 h. Then, the solvent was removed by evaporation under reduced pressure.
The residue obtained was diluted with water and acidified with 2N HCl solution. The product was
collected by filtration, washed with water, dried and recrystallized from ethanol.

1-Methyl-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (2). Yield: 78%; 1H NMR (600 MHz,
DMSO-d6) δ: 12.09 (s, 1H, 9-NH), 8.71 (s, 1H, 4-H), 8.40 (d, J = 7.9 Hz, 1H, 5-H), 7.66 (d, J = 8.2 Hz, 1H,
8-H), 7.60 (t, J = 8.1 Hz, 1H, 7-H), 7.31 (t, J = 7.1 Hz, 1H, 6-H), 2.85 (s, 3H, 1-CH3); 13C NMR (151 MHz,
DMSO-d6) δ: 177.90, 161.71, 143.67, 141.26, 136.05, 130.53, 129.08, 127.50, 122.77, 121.52, 120.66, 113.55,
112.78, 20.82; HRMS Calcd for 283.0648 (C14H10N4OS, [M + H]+), found 283.0862.

1-Phenyl-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (3). Yield: 72%; 1H NMR (600 MHz,
DMSO-d6) δ: 11.99 (s, 1H, 9-NH), 8.88 (s, 1H, 4-H), 8.48 (d, J = 7.9 Hz, 1H, 5-H), 8.07–8.04 (m, 2H,
Ar-H), 7.71 (d, J = 8.2 Hz, 1H, 8-H), 7.67 (t, J = 7.6 Hz, 2H, Ar-H), 7.64–7.58 (m, 2H, 7-H, Ar-H), 7.35 (t,
J = 7.5 Hz, 1H, 6-H); 13C NMR (151 MHz, DMSO-d6) δ: 177.60, 161.14, 142.82, 141.61, 137.18, 134.02,
130.93, 129.53, 129.22, 128.98, 128.90, 128.62, 122.25, 120.88, 120.50, 113.94, 112.82; HRMS Calcd for
345.0805 (C19H12N4OS, [M + H]+), found 345.1062.

1-(4-Methylphenyl)-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (4). Yield: 74%; 1H NMR
(600 MHz, DMSO-d6) δ: 11.92 (s, 1H, 9-NH), 8.82 (s, 1H, 4-H), 8.44 (d, J = 7.4 Hz, 1H, 5-H), 7.95 (d,
J = 7.3 Hz, 2H, Ar-H), 7.70 (d, J = 8.0 Hz, 1H, 8-H), 7.64–7.58 (m, 1H, 7-H), 7.46 (d, J = 7.3 Hz, 2H, Ar-H),
7.36–7.30 (m, 1H, 6-H), 2.46 (s, 3H, 4′-CH3); 13C NMR (151 MHz, DMSO-d6) δ: 177.60, 161.15, 142.86,
141.53, 138.74, 134.37, 133.91, 130.89, 129.39, 128.85, 128.46, 122.14, 120.87, 120.40, 113.63, 112.77, 20.94;
HRMS Calcd for 359.0961 (C20H14N4OS, [M + H]+), found 359.0962.

1-(4-Fluorophenyl)-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (5). Yield: 65%; 1H NMR
(600 MHz, DMSO-d6) δ: 11.99 (s, 1H, 9-NH), 8.84 (s, 1H, 4-H), 8.45 (d, J = 7.8 Hz, 1H, 5-H), 8.09
(dd, J = 8.3, 5.6 Hz, 2H, Ar-H), 7.69 (d, J = 8.1 Hz, 1H, 8-H), 7.65–7.60 (m, 1H, 7-H), 7.48 (t, J = 8.7 Hz,
2H, Ar-H), 7.34 (t, J = 7.4 Hz, 1H, 6-H); 13C NMR (151 MHz, DMSO-d6) δ: 177.62, 161.10, 141.83, 141.64,
133.97, 133.63, 130.93, 130.91, 130.87, 129.65, 129.09, 122.31, 120.90, 120.59, 115.90, 115.76, 113.99, 112.81;
HRMS Calcd for 363.0710 (C19H11FN4OS, [M + H]+), found 363.0819.

1-(4-Chlorophenyl)-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (6). Yield: 80%; 1H NMR
(600 MHz, DMSO-d6) δ: 12.03 (s, 1H, 9-NH), 8.89 (s, 1H, 4-H), 8.48 (d, J = 7.9 Hz, 1H, 5-H), 8.08
(d, J = 8.5 Hz, 2H, Ar-H), 7.75–7.68 (m, 3H, 8-H, Ar-H), 7.66–7.61 (m, 1H, 7-H), 7.35 (t, J = 7.4 Hz, 1H,
6-H). 13C NMR (151 MHz, DMSO-d6) δ: 177.61, 161.02, 141.63, 141.44, 135.92, 133.99, 130.93, 130.43,
129.76, 129.12, 128.91, 122.30, 120.85, 120.60, 114.17, 112.77. HRMS Calcd for 379.0415 (C19H11ClN4OS,
[M + H]+), found 379.0604.
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1-(4-Bromophenyl)-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (7). Yield: 78%; 1H NMR
(600 MHz, DMSO-d6) δ: 12.02 (s, 1H, 9-NH), 8.89 (s, 1H, 4-H), 8.48 (d, J = 7.8 Hz, 1H, 5-H), 8.01
(d, J = 8.3 Hz, 2H, Ar-H), 7.85 (d, J = 8.3 Hz, 2H, Ar-H), 7.70 (d, J = 8.2 Hz, 1H, 8-H), 7.63 (t, J = 7.6 Hz,
1H, 7-H), 7.35 (t, J = 7.4 Hz, 1H, 6-H); 13C NMR (151 MHz, DMSO-d6) δ: 177.64, 161.04, 141.65, 141.55,
136.30, 133.99, 131.87, 131.01, 130.71, 129.80, 129.16, 122.73, 122.34, 120.87, 120.64, 114.22, 112.79. HRMS
Calcd for 422.9910 (C19H11BrN4OS, [M + H]+), found 423.0025.

1-(4-Trifluoromethylphenyl)-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (8). Yield: 76%; 1H
NMR (600 MHz, DMSO-d6) δ: 12.08 (s, 1H, 9-NH), 8.92 (s, 1H, 4-H), 8.49 (d, J = 7.9 Hz, 1H, 5-H), 8.25
(d, J = 8.1 Hz, 2H, Ar-H), 8.01 (d, J = 8.2 Hz, 2H, Ar-H), 7.69 (d, J = 8.2 Hz, 1H, 8-H), 7.64 (t, J = 7.6 Hz,
1H, 7-H), 7.36 (t, J = 7.4 Hz, 1H, 6-H); 13C NMR (151 MHz, DMSO-d6) δ: 177.62, 160.92, 141.68, 140.97,
134.16, 131.03, 129.96, 129.48, 129.21, 125.72, 125.70, 122.34, 120.79, 120.65, 114.53, 112.74. HRMS Calcd
for 413.0678 (C20H11F3N4OS, [M + H]+), found 413.0940.

1-(4-Methoxyphenyl)-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (9). Yield: 60%; 1H NMR
(600 MHz, DMSO-d6) δ: 11.88 (s, 1H, 9-NH), 8.76 (s, 1H, 4-H), 8.43 (d, J = 7.8 Hz, 1H, 5-H), 8.02 (d,
J = 8.6 Hz, 2H, Ar-H), 7.70 (d, J = 8.2 Hz, 1H, 8-H), 7.60 (t, J = 7.5 Hz, 1H, 7-H), 7.32 (t, J = 7.4 Hz,
1H, 6-H), 7.20 (d, J = 8.6 Hz, 2H, Ar-H), 3.89 (s, 3H, 4′-OCH3); 13C NMR (151 MHz, DMSO-d6) δ:
178.03, 161.34, 160.04, 142.51, 141.52, 133.55, 131.56, 130.15, 129.94, 129.74, 129.36, 128.71, 122.07, 120.94,
120.28, 114.24, 114.09, 112.89, 112.73, 55.35; HRMS Calcd for 375.0910 (C20H14N4O2S, [M + H]+),
found 375.1054.

1-(2-Chlorophenyl)-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (10). Yield: 64%; 1H NMR
(600 MHz, DMSO-d6) δ: 11.81 (s, 1H, 9-NH), 8.91 (s, 1H, 4-H), 8.47 (d, J = 7.9 Hz, 1H, 5-H), 7.72
(d, J = 8.0 Hz, 1H, 8-H), 7.67–7.57 (m, 5H, 7-H, Ar-H), 7.35–7.31 (m, 1H, 6-H); 13C NMR (151 MHz,
DMSO-d6) δ: 177.83, 161.13, 141.83, 141.49, 136.11, 134.87, 132.48, 131.89, 130.82, 129.80, 129.10, 128.74,
127.56, 122.45, 120.80, 120.42, 114.34, 112.53; HRMS Calcd for 379.0415 (C19H11ClN4OS, [M + H]+),
found 379.0415.

1-(3-Chlorophenyl)-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (11). Yield: 73%; 1H NMR
(600 MHz, DMSO-d6) δ: 12.06 (s, 1H, 9-NH), 8.87 (s, 1H, 4-H), 8.47 (d, J = 7.9 Hz, 1H, 5-H), 8.03 (s,
1H, Ar-H), 8.01 (d, J = 7.4 Hz, 1H, 8-H), 7.66 (m, 4H, 7-H, Ar-H), 7.35 (t, J = 7.4 Hz, 1H, 6-H); 13C
NMR (151 MHz, DMSO-d6) δ: 177.59, 160.95, 141.66, 141.03, 139.14, 134.00, 133.62, 130.93, 130.76,
129.88, 129.15, 129.09, 128.25, 127.30, 122.32, 120.82, 120.60, 114.37, 112.77; HRMS Calcd for 379.0415
(C19H11ClN4OS, [M + H]+), found 379.0415.

1-(3-Fluorophenyl)-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (12). Yield: 54%; 1H NMR
(600 MHz, DMSO-d6) δ: 12.03 (s, 1H, 9-NH), 8.87 (s, 1H, 4-H), 8.47 (d, J = 7.9 Hz, 1H, 5-H), 7.89 (d,
J = 7.7 Hz, 1H, Ar-H), 7.82 (d, J = 9.9 Hz, 1H, 8-H), 7.72–7.67 (m, 2H, Ar-H), 7.63 (t, J = 7.6 Hz, 1H, 7-H),
7.43 (dd, J = 8.6, 2.5 Hz, 1H, Ar-H), 7.35 (t, J = 7.5 Hz, 1H, 6-H); 13C NMR (151 MHz, DMSO-d6) δ:
177.60, 163.16, 161.54, 141.65, 141.17, 139.43 (139.38), 133.96, 130.97, 130.92, 129.87, 129.14, 124.78, 122.29,
120.82, 120.60, 116.12, 115.98, 115.38, 115.24, 114.31, 112.79; HRMS Calcd for 363.0710 (C19H11FN4OS,
[M + H]+), found 363.0712.

1-(3-Nitrophenyl)-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (13). Yield: 64%; 1H NMR
(600 MHz, DMSO-d6) δ: 12.12 (s, 1H, 9-NH), 8.88 (s, 1H, 4-H), 8.79 (s, 1H, Ar-H), 8.47 (d, J = 6.5 Hz, 2H,
Ar-H), 8.41 (d, J = 7.7 Hz, 1H, 5-H), 7.94 (t, J = 7.4 Hz, 1H, Ar-H), 7.68 (d, J = 7.6 Hz, 1H, 8-H), 7.66–7.61
(m, 1H, 7-H), 7.35 (t, J = 6.8 Hz, 1H, 6-H); 13C NMR (151 MHz, DMSO-d6) δ: 178.00, 160.97, 148.18,
141.68, 139.98, 138.65, 135.00, 133.97, 131.68, 130.50, 130.19, 129.25, 123.69, 123.31, 122.39, 120.84, 120.62,
114.35, 112.65; HRMS Calcd for 390.0655 (C19H11N5O3S, [M + H]+), found 390.0657.

1-(3,4-Dimethoxyphenyl)-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (14). Yield: 59%; 1H NMR
(600 MHz, DMSO-d6) δ: 11.95 (s, 1H, 9-NH), 8.82 (s, 1H, 4-H), 8.45 (d, J = 7.9 Hz, 1H, 5-H), 7.70 (d,
J = 8.2 Hz, 1H, 8-H), 7.61–7.59 (m, 2H, Ar-H), 7.57 (d, J = 1.9 Hz, 1H, 7-H), 7.35–7.32 (m, 1H, 6-H), 7.23
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(d, J = 8.4 Hz, 1H, Ar-H), 3.90 (s, 3H, 3′-OCH3), 3.89 (s, 3H, 4′-OCH3); 13C NMR (151 MHz, DMSO-d6)
δ: 177.56, 161.21, 149.84, 148.90, 143.13, 141.52, 133.97, 130.78, 129.78, 129.24, 128.86, 122.22, 121.36,
120.97, 120.46, 113.57, 112.83, 112.02 (112.98), 55.76, 55.59; HRMS Calcd for 405.1016 (C21H16N4O3S,
[M + H]+), found 405.1013.

1-(3,4,5-Trimethoxyphenyl)-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (15). Yield: 81%; 1H
NMR (600 MHz, DMSO-d6) δ: 11.85 (s, 1H, 9-NH), 8.78 (s, 1H, 4-H), 8.44 (d, J = 7.8 Hz, 1H, 5-H), 7.67
(d, J = 8.2 Hz, 1H, 8-H), 7.62–7.58 (m, 1H, 7-H), 7.32 (dd, J = 11.4, 4.4 Hz, 1H, 6-H), 7.22 (s, 2H, Ar-H),
3.93 (s, 6H, 3′, 5′-OCH3), 3.79 (s, 3H, 4′-OCH3); 13C NMR (151 MHz, DMSO-d6) δ: 178.99, 161.60,
153.08, 142.68, 141.49, 138.21, 133.41, 133.04, 129.40, 128.60, 122.03, 120.98, 120.06, 112.61, 112.43, 106.03,
60.06, 55.97; HRMS Calcd for 435.1122 (C22H18N4O4S, [M + H]+), found 435.1258.

1-(3,4-Difluorophenyl)-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (16). Yield: 76%; 1H NMR
(600 MHz, DMSO-d6) δ: 12.04 (s, 1H, 9-NH), 8.85 (s, 1H, 4-H), 8.46 (d, J = 7.9 Hz, 1H, 5-H), 8.06–8.02
(m, 1H, Ar-H), 7.89 (dd, J = 8.2, 3.7 Hz, 1H, Ar-H), 7.73–7.67 (m, 2H, 8-H, Ar-H), 7.65–7.61 (m, 1H, 7-H),
7.34 (t, J = 7.0 Hz, 1H, 6-H); 13C NMR (151 MHz, DMSO-d6) δ: 177.63, 160.94, 141.67, 133.91, 130.89,
129.92, 129.23, 125.85, 122.35, 120.83, 120.68, 118.11, 118.00, 117.84, 117.72, 114.34, 112.77; HRMS Calcd
for 381.0616 (C19H10F2N4OS, [M + H]+), found 381.0621.

1-(3,4-Dichlorophenyl)-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (17). Yield: 75%; 1H NMR
(600 MHz, DMSO-d6) δ: 12.08 (s, 1H, 9-NH), 8.85 (s, 1H, 4-H), 8.46 (d, J = 7.9 Hz, 1H, 5-H), 8.20
(d, J = 2.0 Hz, 1H, Ar-H), 8.01 (dd, J = 8.3, 2.0 Hz, 1H, Ar-H), 7.89 (d, J = 8.3 Hz, 1H, Ar-H), 7.69
(d, J = 8.2 Hz, 1H, 8-H), 7.63 (t, J = 7.6 Hz, 1H, 7-H), 7.34 (t, J = 7.4 Hz, 1H, 6-H); 13C NMR (151
MHz, DMSO-d6) δ: 177.59, 160.84, 141.64, 139.93, 137.56, 133.95, 131.89, 131.64, 131.00, 130.94, 130.30,
130.00, 129.21, 128.81, 122.33, 120.78, 120.64, 114.49, 112.71; HRMS Calcd for 413.0025 (C19H10Cl2N4OS,
[M + H]+), found 413.0029.

1-(3-Fluoro-4-methoxyphenyl)-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (18). Yield: 69%; 1H
NMR (600 MHz, DMSO-d6) δ: 11.95 (s, 1H, 9-NH), 8.80 (s, 1H, 4-H), 8.44 (d, J = 7.9 Hz, 1H, 5-H), 7.89
(s, 1H, Ar-H), 7.87 (d, J = 3.2 Hz, 1H, Ar-H), 7.70 (d, J = 8.2 Hz, 1H, 8-H), 7.62 (t, J = 7.6 Hz, 1H, 7-H),
7.43 (t, J = 8.7 Hz, 1H, Ar-H), 7.33 (t, J = 7.4 Hz, 1H, 6-H), 3.97 (s, 3H, 4′-OCH3); 13C NMR (151 MHz,
DMSO-d6) δ: 178.08, 161.23, 152.30, 150.68, 148.03 (147.96), 141.60, 141.14, 133.55, 129.71, 128.93, 125.21,
122.20, 120.92, 120.44, 116.01, 115.88, 114.04, 112.75, 56.27; HRMS Calcd for 393.0816 (C20H13FN4O2S,
[M + H]+), found 393.0814.

1-(1,3-Benzodioxole-5-yl)-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (19). Yield: 80%; 1H NMR
(600 MHz, DMSO-d6) δ: 11.92 (s, 1H, 9-NH), 8.80 (s, 1H, 4-H), 8.44 (d, J = 7.9 Hz, 1H, 5-H), 7.70 (d,
J = 8.2 Hz, 1H, 8-H), 7.62–7.56 (m, 3H, 7-H, Ar-H), 7.33 (t, J = 7.5 Hz, 1H, 6-H), 7.19 (d, J = 7.9 Hz, 1H,
Ar-H), 6.18 (s, 2H, -OCH2O-); 13C NMR (151 MHz, DMSO-d6) δ: 177.73, 161.18, 148.13, 147.68, 142.33,
141.51, 133.64, 131.22, 131.04, 129.45, 128.84, 122.85, 122.15, 120.90, 120.39, 113.39, 112.77, 108.72, 108.65,
101.47; HRMS Calcd for 389.0703 (C20H12N4O3S, [M + H]+), found 389.0709.

1-(2,3-Dihydro-benzofuran-5-yl)-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (20). Yield: 70%;
1H NMR (600 MHz, DMSO-d6) δ: 11.87 (s, 1H, 9-NH), 8.76 (s, 1H, 4-H), 8.43 (d, J = 7.9 Hz, 1H, 5-H),
7.93 (s, 1H, Ar-H), 7.82 (d, J = 8.2 Hz, 1H, Ar-H), 7.70 (d, J = 8.2 Hz, 1H, 8-H), 7.62–7.58 (m, 1H, 7-H),
7.32 (t, J = 7.4 Hz, 1H, 6-H), 7.01 (d, J = 8.2 Hz, 1H, Ar-H), 4.66 (t, J = 8.7 Hz, 2H, -OCH2CH2-), 3.35 (t,
J = 8.6 Hz, 2H, -OCH2CH2-); 13C NMR (151 MHz, DMSO-d6) δ: 177.84, 161.31, 160.68, 143.00, 141.46,
133.58, 131.24, 129.65, 129.27, 128.72, 128.12, 125.53, 122.10, 120.96, 120.30, 112.93, 112.71, 109.08, 71.49,
29.06; HRMS Calcd for 387.0910 (C21H14N4O2S, [M + H]+), found 387.0914.

1-(2,3-Dihydro-1,4-benzodioxine-6-yl)-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (21). Yield:
68%; 1H NMR (600 MHz, DMSO-d6) δ: 11.92 (s, 1H, 9-NH), 8.79 (s, 1H, 4-H), 8.44 (d, J = 7.9 Hz, 1H,
5-H), 7.71 (s, 1H, 8-H), 7.61 (t, J = 7.7 Hz, 1H, 7-H), 7.57–7.54 (m, 2H, Ar-H), 7.32 (t, J = 7.5 Hz, 1H,
6-H), 7.12 (d, J = 8.7 Hz, 1H, Ar-H), 4.36 (s, 4H, -OCH2CH2O-); 13C NMR (151 MHz, DMSO-d6) δ:
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177.85, 161.24, 144.44, 143.47, 142.17, 141.54, 133.56, 131.21, 130.46, 129.43, 128.78, 122.09, 121.72, 120.91,
120.34, 117.41, 117.16, 113.19, 112.80, 64.36, 64.16; HRMS Calcd for 403.0859 (C21H14N4O3S, [M + H]+),
found 403.0862.

1-(2-Naphthyl)-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (22). Yield: 78%; 1H NMR
(600 MHz, DMSO-d6) δ: 12.09 (s, 1H, 9-NH), 8.87 (s, 1H, 4-H), 8.60 (s, 1H, Ar-H), 8.48 (d, J = 7.9 Hz, 1H,
5-H), 8.18 (s, 2H, Ar-H), 8.17–8.13 (m, 1H, Ar-H), 8.08–8.04 (m, 1H, Ar-H), 7.72 (d, J = 8.2 Hz, 1H, 8-H),
7.65–7.62 (m, 3H, 7-H, Ar-H), 7.35 (t, J = 7.5 Hz, 1H, 6-H); 13C NMR (151 MHz, DMSO-d6) δ: 177.86,
161.23, 142.64, 141.63, 134.57, 134.19, 133.14, 132.80, 131.45, 129.62, 128.96, 128.83, 128.42, 128.00, 127.65,
127.00, 126.51, 126.30, 122.28, 120.96, 120.46, 113.74, 112.75. HRMS Calcd for 395.0961 (C23H14N4OS,
[M + H]+), found 395.0962.

1-(6-Quinolinyl)-3-(2-thioxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (23). Yield: 74%; 1H NMR
(600 MHz, DMSO-d6) δ: 12.16 (s, 1H, 9-NH), 9.03 (dd, J = 4.2, 1.7 Hz, 1H, Ar-H), 8.92 (s, 1H, 4-H), 8.67
(d, J = 1.9 Hz, 1H, Ar-H), 8.61 (d, J = 8.1 Hz, 1H, Ar-H), 8.50 (d, J = 7.9 Hz, 1H, 5-H), 8.43 (dd, J = 8.7,
2.0 Hz, 1H, Ar-H), 8.27 (d, J = 8.7 Hz, 1H, Ar-H), 7.72 (d, J = 8.2 Hz, 1H, 8-H), 7.68 (dd, J = 8.2, 4.2 Hz,
1H, Ar-H), 7.65 (t, J = 7.1 Hz, 1H, 7-H), 7.37 (t, J = 7.9 Hz, 1H, 6-H); 13C NMR (151 MHz, DMSO-d6) δ:
177.60, 161.03, 151.10, 141.87, 141.64, 137.62, 135.11, 134.34, 131.09, 130.16, 129.79, 129.14, 129.03, 128.32,
127.81, 122.37, 122.02, 120.90, 120.61, 114.25, 112.73; HRMS Calcd for 396.0914 (C22H13N5OS, [M + H]+),
found 396.0916.

3.1.2. General Synthetic Procedure for Target Compounds 24–27

To the solution of corresponding hydrazine derivatives 1 (1 mmol) in dry dichloromethane (10 mL)
was added dropwise triphosgene (103.86 mg, 0.35 mmol) in dry dichloromethane (2 mL) under an ice
bath and nitrogen atmosphere. After refluxed for 2 h, the solvent was removed by evaporation under
reduced pressure, and the product was recrystallized from ethanol.

1-Methyl-3-(2-oxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (24). Yield: 78%; 1H NMR (600 MHz,
DMSO-d6) δ: 12.69 (s, 1H, NH), 12.30 (s, 1H, 9-NH), 8.67 (s, 1H, 4-H), 8.41 (d, J = 7.6 Hz, 1H, 5-H), 7.68
(d, J = 8.2 Hz, 1H, 8-H), 7.63 (t, J = 7.6 Hz, 1H, 7-H), 7.33 (t, J = 7.4 Hz, 1H, 6-H), 2.88 (s, 3H, 1-CH3); 13C
NMR (151 MHz, DMSO-d6) δ: 163.50, 154.37, 142.54, 141.78, 136.13, 134.98, 129.29, 127.57, 122.46, 121.01,
120.48, 113.88, 112.45, 19.51. HRMS Calcd for 267.0877 (C14H10N4O2, [M + H]+), found 267.0884.

1-Phenyl-3-(2-oxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (25). Yield: 87%; 1H NMR (600 MHz,
DMSO-d6) δ: 12.60 (s, 1H, NH), 11.91 (s, 1H, 9-NH), 8.75 (s, 1H, 4-H), 8.44 (d, J = 7.8 Hz, 1H, 5-H),
8.06–8.03 (m, 2H, Ar-H), 7.69 (d, J = 8.1 Hz, 1H, 8-H), 7.66 (t, J = 7.6 Hz, 2H, Ar-H), 7.63–7.57 (m, 2H,
7-H, Ar-H), 7.33 (t, J = 7.5 Hz, 1H, 6-H); 13C NMR (151 MHz, DMSO-d6) δ: 154.85, 154.54, 142.49, 141.60,
137.36, 133.73, 132.35, 129.57, 129.11, 128.85, 128.59, 122.14, 120.87, 120.32, 112.75; HRMS Calcd for
329.1033 (C19H12N4O2, [M + H]+), found 329.1310.

1-(4-Trifluoromethylphenyl)-3-(2-oxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (26). Yield: 83%; 1H NMR
(600 MHz, DMSO-d6) δ: 12.65 (s, 1H, NH), 12.03 (s, 1H, 9-NH), 8.81 (s, 1H, 4-H), 8.47 (d, J = 7.9 Hz, 1H,
5-H), 8.26 (d, J = 8.0 Hz, 2H, Ar-H), 8.01 (d, J = 8.1 Hz, 2H, Ar-H), 7.69 (d, J = 8.2 Hz, 1H, 8-H), 7.63
(t, J = 7.6 Hz, 1H, 7-H), 7.35 (t, J = 7.0 Hz, 1H, 6-H); 13C NMR (151 MHz, DMSO-d6) δ: 154.76, 154.29,
141.70, 141.13, 140.62, 133.88, 132.45, 130.02, 129.77, 129.42, 129.06, 125.62, 120.76, 120.44, 113.35, 112.70;
HRMS Calcd for 397.0907 (C20H11F3N4O2, [M + H]+), found 397.0910.

1-(3,4,5-Trimethoxyphenyl)-3-(2-oxo-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b] indole (27). Yield: 90%; 1H NMR
(600 MHz, DMSO-d6) δ: 12.62 (s, 1H, NH), 11.90 (s, 1H, 9-NH), 8.71 (s, 1H, 4-H), 8.42 (d, J = 7.9 Hz,
1H, 5-H), 7.69 (d, J = 8.2 Hz, 1H, 8-H), 7.60 (t, J = 7.6 Hz, 1H, 7-H), 7.32 (t, J = 7.5 Hz, 1H, 6-H), 7.22 (s,
2H, Ar-H), 3.92 (s, 6H, 3′, 5′-OCH3), 3.79 (s, 3H, 4′-OCH3); 13C NMR (151 MHz, DMSO-d6) δ: 154.77,
154.44, 153.09, 142.84, 141.51, 138.33, 133.75, 132.70, 132.10, 129.30, 128.76, 122.09, 120.88, 120.25, 112.72
(112.67), 106.04, 60.07, 55.97; HRMS Calcd for 419.1350 (C22H18N4O5, [M + H]+), found 419.1403.
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3.1.3. General Synthetic Procedure for Target Compounds 28–29

To a solution of corresponding hydrazine derivatives 1 (1 mmol) in dioxane (5 mL) was added
sodium bicarbonate (84 mg, 1 mmol) in water (1.5 mL), and the mixture was stirred at ambient
temperature for 10 min, and then cyanogen bromide (81 µL, 1.1 mmol) was added. After stirring for
further 4 h, the reaction mixture was diluted with 15 mL water, and the product was collected by
filtration, washed with water, dried and crystallized from methanol.

1-Phenyl-3-(2-amino-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (28). Yield: 84%; 1H NMR (600 MHz,
DMSO-d6) δ: 11.79 (s, 1H, 9-NH), 8.77 (s, 1H, 4-H), 8.40 (d, J = 7.9 Hz, 1H, 5-H), 8.04 (d, J = 7.2 Hz, 2H,
Ar-H), 7.68 (d, J = 8.2 Hz, 1H, 8-H), 7.65 (t, J = 7.6 Hz, 2H, Ar-H), 7.61–7.56 (m, 2H, 7-H, Ar-H), 7.32
(t, J = 7.5 Hz, 1H, 6-H), 7.25 (s, 2H, 2′-NH2); 13C NMR (151 MHz, DMSO-d6) δ: 164.07, 158.41, 142.08,
141.62, 137.50, 133.34, 133.24, 129.76, 128.90, 128.69, 128.53, 121.98, 120.81, 120.08, 112.61, 112.04; HRMS
Calcd for 328.1193 (C19H13N5O, [M + H]+), found 328.1205.

1-(4-Trifluoromethylphenyl)-3-(2-amino-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (29). Yield: 78%; 1H
NMR (600 MHz, DMSO-d6) δ: 11.90 (s, 1H, 9-NH), 8.83 (s, 1H, 4-H), 8.42 (d, J = 7.8 Hz, 1H, 5-H), 8.23 (s,
2H, Ar-H), 8.00 (d, J = 8.1 Hz, 2H, Ar-H), 7.67 (d, J = 8.0 Hz, 1H, 8-H), 7.62 (t, J = 7.4 Hz, 1H, 7-H), 7.33
(t, J = 7.5 Hz, 1H, 6-H), 7.29 (s, 2H, 2′-NH2); 13C NMR (151 MHz, DMSO-d6) δ: 164.15, 158.26, 141.74,
141.38, 140.36, 133.60, 133.43, 130.23, 129.40, 129.02, 125.60 (125.58), 122.16, 120.75, 120.28, 112.82, 112.57;
HRMS Calcd for 396.1067 (C20H12F3N5O, [M + H]+), found 396.1067.

3.1.4. General Synthetic Procedure for Target Compounds 30–36

An equimolar mixture of 1-phenyl-β-carboline-3-carbohydrazide 1 (302 mg, 1 mmol) and
various substituted carboxylic acids (1 mmol) in phosphoryl chloride (5 mL) was refluxed for 4–6 h.
The reaction mixture was then cooled, poured into crushed ice and neutralized with 5% NaOH solution.
The product was collected by filtration, washed with water, dried and recrystallized from methanol.

1-Phenyl-3-(1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (30). Yield: 76%; 1H NMR (600 MHz, DMSO-d6)
δ: 11.97 (s, 1H, 9-NH), 9.39 (s, 1H, 2′-H), 9.03 (s, 1H, 4-H), 8.48 (d, J = 7.9 Hz, 1H, 5-H), 8.09–8.07 (m,
2H, Ar-H), 7.71 (d, J = 8.2 Hz, 1H, 8-H), 7.67 (t, J = 7.6 Hz, 2H, Ar-H), 7.62 (m, 2H, 7-H, Ar-H), 7.35 (t,
J = 7.1 Hz, 1H, 6-H); 13C NMR (151 MHz, DMSO-d6) δ: 164.44, 154.62, 142.74, 141.68, 137.30, 134.02,
131.94, 129.71, 129.19, 128.96, 128.89, 128.77, 128.65, 122.20, 120.90, 120.45, 114.39, 112.85; HRMS Calcd
for 313.1084 (C19H12N4O, [M + H]+), found 313.1087.

1-Phenyl-3-(2-methyl-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (31). Yield: 75%; 1H NMR (600 MHz,
DMSO-d6) δ: 11.93 (s, 1H, 9-NH), 8.97 (s, 1H, 4-H), 8.47 (d, J = 7.8 Hz, 1H, 5-H), 8.07–8.05 (m, 2H,
Ar-H), 7.70 (d, J = 8.2 Hz, 1H, 8-H), 7.67 (t, J = 7.6 Hz, 2H, Ar-H), 7.64–7.58 (m, 2H, 7-H, Ar-H), 7.34
(t, J = 7.2 Hz, 1H, 6-H), 2.64 (s, 3H, 2′-CH3); 13C NMR (151 MHz, DMSO-d6) δ: 164.75, 163.99, 142.63,
141.66, 137.32, 133.89, 132.24, 129.69, 129.13, 128.91, 128.86, 128.77, 128.64, 122.16, 120.89, 120.39, 113.85,
112.79, 10.78; HRMS Calcd for 327.1240 (C20H14N4O, [M + H]+), found 327.1285.

1-Phenyl-3-(2-ethyl-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (32). Yield: 80%; 1H NMR (600 MHz,
DMSO-d6) δ: 11.91 (s, 1H, 9-NH), 8.96 (s, 1H, 4-H), 8.45 (d, J = 7.9 Hz, 1H, 5-H), 8.06 (d, J = 7.4 Hz,
2H, Ar-H), 7.70 (d, J = 8.2 Hz, 1H, 8-H), 7.66 (t, J = 7.6 Hz, 2H, Ar-H), 7.61 (m, 2H, 7-H, Ar-H), 7.33 (t,
J = 7.4 Hz, 1H, 6-H), 3.00 (q, J = 7.5 Hz, 2H, 2′-CH2CH3), 2.50 (s, 3H, 2′-CH2CH3); 13C NMR (151 MHz,
DMSO-d6) δ: 167.82, 164.65, 142.64, 141.63, 137.35, 133.89, 132.29, 129.65, 129.09, 128.88, 128.85, 128.74,
128.62, 122.17, 120.88, 120.35, 113.92, 112.76, 18.52, 10.56; HRMS Calcd for 341.1397 (C21H16N4O,
[M + H]+), found 341.1400.

1-Phenyl-3-(2-cyclopropyl-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (33). Yield: 81%; 1H NMR (600 MHz,
DMSO-d6) δ: 11.91 (s, 1H, 9-NH), 8.93 (s, 1H, 4-H), 8.44 (d, J = 7.8 Hz, 1H, 5-H), 8.06 (d, J = 7.3 Hz, 2H,
Ar-H), 7.70 (d, J = 8.1 Hz, 1H, 8-H), 7.66 (t, J = 7.6 Hz, 2H, Ar-H), 7.63–7.57 (m, 2H, 7-H, Ar-H), 7.33 (t,
J = 7.3 Hz, 1H, 6-H), 2.36 (m, 1H), 1.22–1.12 (m, 4H); 13C NMR (151 MHz, DMSO-d6) δ: 153.38, 149.74,
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130.71, 129.84, 126.07, 122.96, 121.55, 119.24, 118.73, 118.53, 118.42, 118.33, 112.59, 111.49, 110.99, 105.27,
104.30, 11.56, 9.76; HRMS Calcd for 353.1397 (C22H16N4O, [M + H]+), found 353.1420.

1-Phenyl-3-(2-phenyl-1,3,4-oxadiazol-5-yl)-9H-pyrido[3,4-b]indole (34). Yield: 91%; 1H NMR (600 MHz,
DMSO-d6) δ: 11.96 (s, 1H, 9-NH), 9.08 (s, 1H, 4-H), 8.47 (d, J = 7.8 Hz, 1H, 5-H), 8.18–8.15 (m, 2H, Ar-H),
8.11 (d, J = 7.3 Hz, 2H, Ar-H), 7.73–7.58 (m, 8H, 8-H, 7-H, Ar-H), 7.35 (t, J = 7.3 Hz, 1H, 6-H); 13C NMR
(151 MHz, DMSO-d6) δ: 164.78, 164.07, 142.80, 141.63, 137.36, 134.01, 131.97 (131.94), 129.64, 129.46,
129.14, 128.89, 128.67, 126.65, 123.56, 122.15, 120.93, 120.43, 114.47, 112.82; HRMS Calcd for 389.1397
(C25H16N4O, [M + H]+), found 389.1895.

1-Phenyl-3-[2-(4-methylphenyl)-1,3,4-oxadiazol-5-yl]-9H-pyrido[3,4-b]indole (35). Yield: 89%; 1H NMR
(600 MHz, DMSO-d6) δ: 11.95 (s, 1H, 9-NH), 9.07 (s, 1H, 4-H), 8.48 (d, J = 8.0 Hz, 1H, 5-H), 8.11 (d,
J = 7.4 Hz, 2H, Ar-H), 8.05 (d, J = 7.9 Hz, 2H, Ar-H), 7.72 (d, J = 8.1 Hz, 1H, 8-H), 7.68 (t, J = 7.5 Hz, 2H,
Ar-H), 7.65–7.59 (m, 3H, 7-H, Ar-H), 7.45 (d, J = 7.8 Hz, 2H, Ar-H), 7.36 (t, J = 7.4 Hz, 1H, 6-H), 2.42 (s,
3H, 4′ ′-CH3); 13C NMR (151 MHz, DMSO-d6) δ: 164.50, 164.11, 142.75, 142.03, 141.60, 137.34, 133.94,
132.01, 129.93, 129.61, 129.06, 128.83, 128.61, 126.55, 122.08, 120.89, 120.77, 120.35, 114.32, 112.77, 21.11;
HRMS Calcd for 403.1553 (C26H18N4O, [M + H]+), found 403.1555.

1-Phenyl-3-[2-(4-chlorophenyl)-1,3,4-oxadiazol-5-yl]-9H-pyrido[3,4-b]indole (36). Yield: 84%; 1H NMR
(600 MHz, DMSO-d6) δ: 11.99 (s, 1H, 9-NH), 9.12 (s, 1H, 4-H), 8.49 (d, J = 7.9 Hz, 1H, 5-H), 8.19 (d,
J = 8.6 Hz, 2H, Ar-H), 8.11 (d, J = 7.0 Hz, 2H, Ar-H) , 7.74 (d, J = 8.7 Hz, 2H, Ar-H), 7.70 (dd, J = 15.3,
7.9 Hz, 3H, 8-H, Ar-H), 7.66–7.59 (m, 2H, 7-H, Ar-H), 7.37 (t, J = 7.1 Hz, 1H, 6-H); 13C NMR (151
MHz, DMSO-d6) δ: 164.86, 163.26, 142.80, 141.59, 137.31, 136.60, 134.00, 131.80, 129.56, 129.09, 128.84,
128.63, 128.37, 122.39, 122.07, 120.89, 120.40, 114.48, 112.79; HRMS Calcd for 423.1007 (C25H15ClN4O,
[M + H]+), found 423.1007.

3.1.5. General Synthetic Procedure for Ethyl Hydrazonoformate 37

A mixture of 1-phenyl-β-carboline-3-carbohydrazide 1 (302 mg, 1 mmol) in triethyl orthoformate
(5 mL) was refluxed overnight. Then, the formed solid was collected by filtration, washed with
petroleum ether, dried and recrystallized from methanol to give compound 37.

Ethyl 1-phenyl-β-carboline-3-carbonylhydrazonoformate (37). Yield: 92%; 1H NMR (600 MHz, DMSO-d6)
δ: 11.98 (s, 1H, 9-NH), 11.27 (s, 1H, -CONHN=), 8.90 (s, 1H, 4-H), 8.45 (d, J = 7.9 Hz, 1H, 5-H), 8.10 (d,
J = 7.1 Hz, 2H, Ar-H), 7.71 (d, J = 8.2 Hz, 1H, 8-H), 7.67 (t, J = 7.6 Hz, 2H, Ar-H), 7.63–7.59 (m, 2H, 7-H,
Ar-H), 7.34 (t, J = 7.5 Hz, 1H, 6-H), 7.16 (s, 1H), 4.28 (t, J = 7.1 Hz, 2H, OCH2CH3), 1.35 (t, J = 7.1 Hz, 3H,
OCH2CH3); 13C NMR (151 MHz, DMSO-d6) δ: 159.49, 146.47, 141.63, 140.44, 138.71, 137.71, 134.34, 130.22,
129.27, 128.83, 128.36, 122.15, 121.17, 120.42, 113.39, 112.76, 67.36, 15.19. ESI-MS: m/z 359.17 [M + H]+.

3.2. Biology

3.2.1. Cell Culture

Spodoptera frugiperda (Sf9) cells were grown in Grace′s insect medium supplemented 10% fetal
bovine serum (FBS), 0.33% yeast extract and 0.33% lactalbumin hydrolysate and cultivated at 28 ◦C
in a humidified incubator 2.5% CO2. Cells were seeded with 1 × 106 cells mL−1 density for the
following treatment.

3.2.2. Anti-Proliferation Assay

3-(4,5-Dimethylthiazole-2yl)-2,5-diphenyl (MTT) assay was utilized to evaluate the bioactivity of
β-carboline derivatives. Sf9 cells were subjected to treatment with various concentrations of β-carboline
derivatives. After 24 h incubation, 10 µL freshly prepared MTT (5 mg mL−1) was added, followed
by incubation for 4 h in darkness. The supernatants were carefully discarded and 150 µL of dimethyl
sulfoxide (DMSO) was added to dissolve the formazan crystal. The absorbance was measured at
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490 nm by a microplate reader (BioTek, Winooski, VT, USA). The cytotoxic effect was calculated by the
following formula.

Cell growth inhibition rate (%) =
ODcontrol −ODtreatment

ODcontrol
× 100

3.2.3. Cell Morphological Observation

Sf9 cells were treated with various concentrations of harmine, and compounds 5 and 37.
Morphological characteristics of Sf9 cells were recorded using inverted phase contrast microscope
(IPCM) (Lecia, Tokyo, Japan).

3.2.4. Acridine Orange (AO) Staining Analysis

Sf9 cells were subjected to treatment with various concentrations of harmine, and compounds
5 and 37. After 24 h incubation, cells were collected and resuspended by PBS, followed by staining
with 1 µM acridine orange and incubation for 15 min in darkness. The morphology of Sf9 cells was
observed and photographed using fluorescence microscopy (Olympus BX51, Olympus, Japan).

3.2.5. Apoptosis Rate Analysis

Apoptosis assay was performed using Annexin V/FITC Kit (Nanjing KeyGEN Biotech. Co. Ltd.,
Nanjing, China). Sf9 cells were subjected to treatment with 12.5 µg mL−1 harmine, and compounds 5
and 37, respectively. After 24 h incubation, the cells were collected, dyed by Annexin V-FITC and PI,
and incubated for 15 min in darkness. Subsequently, the samples were processed in a FACSCalibur
(Becton Dickinson, Franklin Lakes, NJ, USA) and data were analyzed using ModFit LT software
(Becton Dickinson, USA).

3.2.6. DNA Ladder Assay

Genomic DNA of different treatment groups was isolated by TIANamp Genomic DNA Kit
(TIANGEN) and was subjected to agarose gel electrophoresis.

3.2.7. Sf-Caspase-1 Activity Assay

Sf9 cells were treated with 12.5 µg mL−1 harmine, and compounds 5 and 37, respectively.
After 24 h incubation, cells were collected and suspended in lysis buffer at 4 ◦C for 15 min.
After centrifuged at 2000 rpm for 10 min at 4 ◦C, the supernatant was transferred to another tube and
protein concentration was determined by Brandford method. The supernatant of lysate (50 µL) was
added to 50 µL of Reaction Buffer and 5 µL caspase-3 substrate and incubated at 37 ◦C for 4 h in the
darkness. The samples were measured at 405 nm on Microplate Reader (Biotex, Winooski, VT, USA).

3.2.8. Cell Cycle Analysis

Sf9 cells were treated with 12.5 µg mL−1 harmine, and compounds 5 and 37, respectively.
After 24 h incubation, a suspension of cells was fixed in 70% ice-cold ethyl alcohol for more than
2 h, followed by labeling with propidium iodide (PI). The labeled cells were analyzed using a Flow
Cytometer. The percentage of cells in the G1, S and G2 phases of the cell cycle were determined using
the Flowjo 7.6.1 software (FlowJo, LLC, Ashland, OR, USA).

3.2.9. Insect Growth Inhibition against Tobacco Cutworm (Spodoptera litura)

The insect growth inhibition of compounds 5 and 37 against S. litura were evaluated using our
previously reported methods [34,35]. Firstly, the compounds were prepared to various concentrations
by dissolving compounds in DMSO and adding distilled water. Leaf discs (5 cm in diameter) were cut
from fresh taro leaves were dipped in the test solution for 5 s and then air dried. The leaf discs were
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placed in a petri dish lined with filter paper, and then 10 3rd-instar larvae were transferred to the petri
dish. Two days after treatment, larvae were provided with fresh, untreated leaves and maintained
under standard rearing conditions. Each treatment was performed 3 times. The surviving larvae were
weighed using an electron scale accurate to 0.0001 g before and after the treatment at 2, 4, 6, 8, 10, 12
and 14 days. The larvae were continued to rear until all butterflies in the control treatment emerged.
The pupation rate and mean pupae weight were calculated.

4. Conclusions

In conclusion, a series of novel β-carboline 1,3,4-oxadiazole derivatives were designed,
synthesized and investigated for in vitro cytotoxic activity against Sf9 cells and growth inhibitory
activity against S. litura. Bioassay results indicated that all of these compounds exhibited significant
in vitro cytotoxic activity and were more potent than harmine. Notably, compounds 5 and 37 not only
displayed superior cytotoxicity and were more potent than CPT, but also induced cell apoptosis and cell
cycle arrest at S phase and stimulated Sf-caspase-1 activation in Sf9 cells, indicating that Sf-caspase-1
was involved in the apoptotic mechanism of compounds 5 and 37 in Sf9 cells. Furthermore, in vivo
bioassay also demonstrated that compounds 5 and 37 could significantly inhibit larvae growth of
S. litura by decreasing the weight of larvae and pupae. From the result of bioassay, we can conclude
that compounds 5 and 37 could be used as potential lead compounds for the development of novel
insect growth regulators. Further studies on whether growth inhibition of insects is related to cell
apoptosis are in progress.

Supplementary Materials: The following are available online. Figure S1. Representative photographs of cell
morphological change induced by compound 5 at various concentrations for 24 h, respectively. Figure S1.
Agarose gel electrophoresis analysis of genomic DNA of cells treated by harmine at various concentrations.

Acknowledgments: This work was financially supported by the National Natural Science Foundation of China
(Grant No. 31572335), Specialized Research Fund for the Doctoral Program of Higher Education of China (Grant
No. 20134404110019), the Natural Science Foundation of Guangdong Province, China (Grant No. 2014A030313461)
and Public welfare industry (Agriculture) scientific research special fund project, China (Grant No. 201303017).

Author Contributions: Zhi-Jun Zhang designed and carried out the experimental and wrote the paper.
Jing-Jing Zhang and Zhi-Yan Jiang assisted in experiment. Guo-Hua Zhong provided study design and guidance.
All authors have read and approved the final manuscript.

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

References

1. Isman, M.B. Botanical insecticides, deterrents, and repellents in modern agriculture and an increasingly
regulated world. Annu. Rev. Entomol. 2006, 51, 45–66. [CrossRef] [PubMed]

2. Dayan, F.E.; Cantrell, C.L.; Duke, S.O. Natural products in crop protection. Bioorg. Med. Chem. 2009, 17,
4022–4034. [CrossRef] [PubMed]

3. Rosell, G.; Quero, C.; Coll, J.; Guerrero, A. Biorational insecticides in pest management. J. Pestic. Sci. 2008,
33, 103–121. [CrossRef]

4. Petroski, R.J.; Stanley, D.W. Natural compounds for pest and weed control. J. Agric. Food Chem. 2009,
57, 8171–8179. [CrossRef] [PubMed]

5. Crombie, L. Natural product chemistry and its part in the defence against insects and fungi in agriculture.
Pestic. Sci. 1999, 55, 761–774. [CrossRef]

6. Kartal, M.; Altun, M.L.; Kurucu, S. HPLC method for the analysis of harmol, harmalol, harmine and
harmaline in the seeds of Peganum harmala L. J. Pharm. Biomed. 2003, 31, 263–269. [CrossRef]

7. Li, S.P.; Cheng, X.M.; Wang, C.H. A review on traditional uses, phytochemistry, pharmacology,
pharmacokinetics and toxicology of the genus Peganum. J. Ethnopharmacol. 2017, 203, 127–162. [CrossRef]
[PubMed]

8. Bournine, L.; Bensalem, S.; Fatmi, S.; Bedjou, F.; Mathieu, V.; Iguer-Ouada, M.; Kiss, R.; Duez, P. Evaluation
of the cytotoxic and cytostatic activities of alkaloid extracts from different parts of Peganum harmala L.
(Zygophyllaceae). Eur. J. Integr. Med. 2017, 9, 91–96. [CrossRef]

http://dx.doi.org/10.1146/annurev.ento.51.110104.151146
http://www.ncbi.nlm.nih.gov/pubmed/16332203
http://dx.doi.org/10.1016/j.bmc.2009.01.046
http://www.ncbi.nlm.nih.gov/pubmed/19216080
http://dx.doi.org/10.1584/jpestics.R08-01
http://dx.doi.org/10.1021/jf803828w
http://www.ncbi.nlm.nih.gov/pubmed/19719128
http://dx.doi.org/10.1002/(SICI)1096-9063(199908)55:8&lt;761::AID-PS26&gt;3.0.CO;2-2
http://dx.doi.org/10.1016/S0731-7085(02)00568-X
http://dx.doi.org/10.1016/j.jep.2017.03.049
http://www.ncbi.nlm.nih.gov/pubmed/28359849
http://dx.doi.org/10.1016/j.eujim.2016.10.002


Molecules 2017, 22, 1811 16 of 17

9. Asgarpanah, J.; Ramezanloo, F. Chemistry, pharmacology and medicinal properties of Peganum harmala L.
Afr. J. Pharm. Pharmacol. 2012, 6, 1573–1580. [CrossRef]

10. Formagio, A.S.N.; Santos, P.R.; Zanoli, K.; Ueda-Nakamura, T.; Tonin, L.T.D.; Nakamura, C.V.;
Sarragiotto, M.H. Synthesis and antiviral activity of beta-carboline derivatives bearing a substituted
carbohydrazide at C-3 against poliovirus and herpes simplex virus (HSV-1). Eur. J. Med. Chem. 2009,
44, 4695–4701. [CrossRef] [PubMed]

11. Farouk, L.; Laroubi, A.; Aboufatima, R.; Benharref, A.; Chait, A. Evaluation of the analgesic effect of
alkaloid extract of Peganum harmala L.: Possible mechanisms involved. J. Ethnopharmacol. 2008, 115, 449–454.
[CrossRef] [PubMed]

12. Patel, K.; Gadewar, M.; Tripathi, R.; Prasad, S.K.; Patel, D.K. A review on medicinal importance,
pharmacological activity and bioanalytical aspects of beta-carboline alkaloid “Harmine”. Asian Pac. J.
Trop. Biomed. 2012, 2, 660–664. [CrossRef]

13. Jbilou, R.; Amri, H.; Boulayad, N.; Ghailani, N.; Ennabili, A.; Sayah, F. Insecticidal effects of extracts of seven
plant species on larval development, alpha-amylase activity and offspring production of Tribolium castaneum
(Herbst) (Insecta: Coleoptera: Tenebrionidae). Bioresour. Technol. 2008, 99, 959–964. [CrossRef] [PubMed]

14. Nenaah, G. Toxicity and growth inhibitory activities of methanol extract and the beta-carboline alkaloids
of Peganum harmala L. against two coleopteran stored-grain pests. J. Stored Prod. Res. 2011, 47, 255–261.
[CrossRef]

15. Abbasipour, H.; Mahmoudvand, M.; Rastegar, F.; Basij, M. Insecticidal activity of Peganum harmala seed
extract against the diamondback moth, Plutella xylostella. B Insectol. 2010, 63, 259–263.

16. ElGengaihi, S.E.; Dimetry, N.Z.; Mohamed, S.M. Chemical and biological investigation of harmal plant. 2.
Alkaloidal investigation. J. Appl. Entomol. 1997, 121, 165–167. [CrossRef]

17. Shonouda, M.; Osman, S.; Salama, O.; Ayoub, A. Toxical effect of Peganum harmala L. leaves on the cotton
leaf worm, Spodoptera littoralis boisd and its parasitoids Microplitis rufiventris Kok. Pak. J. Biol. Sci. 2008,
11, 546–552. [CrossRef] [PubMed]

18. Abbassi, K.; Atay-Kadiri, Z.; Ghaout, S. Biological effects of alkaloids extracted from three plants of Moroccan
arid areas on the desert locust. Physiol. Entomol. 2003, 28, 232–236. [CrossRef]

19. Rehman, J.U.; Wang, X.G.; Johnson, M.W.; Daane, K.M.; Jilani, G.; Khan, M.A.; Zalom, F.G. Effects of Peganum
harmala (Zygophyllaceae) seed extract on the olive fruit fly (Diptera: Tephritidae) and its larval parasitoid
Psyttalia concolor (Hymenoptera: Braconidae). J. Econ. Entomol. 2009, 102, 2233–2240. [CrossRef] [PubMed]

20. Ma, A.Q.; Zhong, G.H.; Hu, M.Y.; Wang, Q.; Wang, W.Q.; Su, Z.T. The insecticidal activity of the extract of
Peganum harmala and other plant species against pest insects. J. South China Agric. Univ. (Nat. Sci. Ed.) 2003,
24, 38–41.

21. Su, Z.T.; Ma, A.Q.; Hu, M.Y.; Zhong, G.H. Antifeedant property and physiological effect of total alkaloids of
Peganum harmala L. against Spodoptera litura F. J. Hubei Agric. Coll. 2004, 24, 85–89.

22. Zeng, Y.; Zhang, Y.M.; Weng, Q.F.; Hu, M.Y.; Zhong, G.H. Cytotoxic and insecticidal activities of derivatives
of harmine, a natural insecticidal component isolated from Peganum harmala. Molecules 2010, 15, 7775–7791.
[CrossRef] [PubMed]

23. Tabanca, N.; Ali, A.; Bernier, U.R.; Khan, I.A.; Kocyigit-Kaymakcioglu, B.; Oruc-Emre, E.E.; Unsalan, S.;
Rollas, S. Biting deterrence and insecticidal activity of hydrazide-hydrazones and their corresponding
3-acetyl-2,5-disubstituted-2,3-dihydro-1,3,4-oxadiazoles against Aedes aegypti. Pest Manag. Sci. 2013, 69,
703–708. [CrossRef] [PubMed]

24. Saitoh, M.; Kunitomo, J.; Kimura, E.; Iwashita, H.; Uno, Y.; Onishi, T.; Uchiyama, N.; Kawamoto, T.; Tanaka, T.;
Mol, C.D.; et al. 2-{3-[4-(Alkylsulpfinyl)phenyl]-1-benzofuran-5-yl}-5-methyl-1,3,4-oxadiazole derivatives as
novel inhibitors of glycogen synthase kinase-3 beta with good brain permeability. J. Med. Chem. 2009, 52,
6270–6286. [CrossRef] [PubMed]

25. Zou, X.J.; Lai, L.H.; Jin, G.Y.; Zhang, Z.X. Synthesis, fungicidal activity, and 3D-QSAR of
pyridazinone-substituted 1,3,4-oxadiazoles and 1,3,4-thiadiazoles. J. Agric. Food Chem. 2002, 50, 3757–3760.
[CrossRef] [PubMed]

26. Liu, Y.; Song, H.; Huang, Y.; Li, J.; Zhao, S.; Song, Y.; Yang, P.; Xiao, Z.; Liu, Y.; Li, Y.; et al. Design,
synthesis, and antiviral, fungicidal, and insecticidal activities of tetrahydro-beta-carboline-3-carbohydrazide
derivatives. J. Agric. Food Chem. 2014, 62, 9987–9999. [CrossRef] [PubMed]

http://dx.doi.org/10.5897/AJPP11.876
http://dx.doi.org/10.1016/j.ejmech.2009.07.005
http://www.ncbi.nlm.nih.gov/pubmed/19647908
http://dx.doi.org/10.1016/j.jep.2007.10.014
http://www.ncbi.nlm.nih.gov/pubmed/18054186
http://dx.doi.org/10.1016/S2221-1691(12)60116-6
http://dx.doi.org/10.1016/j.biortech.2007.03.017
http://www.ncbi.nlm.nih.gov/pubmed/17493805
http://dx.doi.org/10.1016/j.jspr.2011.04.004
http://dx.doi.org/10.1111/j.1439-0418.1997.tb01387.x
http://dx.doi.org/10.3923/pjbs.2008.546.552
http://www.ncbi.nlm.nih.gov/pubmed/18817124
http://dx.doi.org/10.1046/j.1365-3032.2003.00329.x
http://dx.doi.org/10.1603/029.102.0628
http://www.ncbi.nlm.nih.gov/pubmed/20069853
http://dx.doi.org/10.3390/molecules15117775
http://www.ncbi.nlm.nih.gov/pubmed/21060288
http://dx.doi.org/10.1002/ps.3424
http://www.ncbi.nlm.nih.gov/pubmed/23117879
http://dx.doi.org/10.1021/jm900647e
http://www.ncbi.nlm.nih.gov/pubmed/19775160
http://dx.doi.org/10.1021/jf0201677
http://www.ncbi.nlm.nih.gov/pubmed/12059155
http://dx.doi.org/10.1021/jf503794g
http://www.ncbi.nlm.nih.gov/pubmed/25280351


Molecules 2017, 22, 1811 17 of 17

27. Formagio, A.S.N.; Tonin, L.T.D.; Foglio, M.A.; Madjarof, C.; de Carvalho, J.E.; da Costa, W.F.; Cardoso, F.P.;
Sarragiotto, M.H. Synthesis and antitumoral activity of novel 3-(2-substituted-1,3,4-oxadiazol-5-yl) and
3-(5-substituted-1,2,4-triazol-3-yl) beta-carboline derivatives. Bioorg. Med. Chem. 2008, 16, 9660–9667.
[CrossRef] [PubMed]

28. Levins, C.G.; Wan, Z.K. Efficient phosphonium-mediated synthesis of 2-amino-1,3,4-oxadiazoles. Org. Lett.
2008, 10, 1755–1758. [CrossRef] [PubMed]

29. Akbarzadeh, T.; Tabatabai, S.A.; Khoshnoud, M.J.; Shafaghi, B.; Shafiee, A. Design and synthesis of
4H-3-(2-phenoxy)phenyl-1,2,4-triazole derivatives as benzodiazepine receptor agonists. Bioorg. Med. Chem.
2003, 11, 769–773. [CrossRef]

30. Sridhara, A.M.; Reddy, K.R.; Keshavayya, J.; Goud, P.S.; Somashekar, B.C.; Bose, P.; Peethambar, S.K.;
Gaddam, S.K. Synthesis and antimicrobial activity of 2-substituted [4-(1,3,4-oxadiazol-2-yl methyl)]
phthalazin-1(2H)-one derivatives. Eur. J. Med. Chem. 2010, 45, 4983–4989. [CrossRef] [PubMed]

31. Boyapati, S.; Kulandaivelu, U.; Sangu, S.; Vanga, M.R. Synthesis, antimicrobial evaluation, and docking
studies of novel 4-substituted quinazoline derivatives as DNA-gyrase inhibitors. Arch. Pharm. (Weinheim)
2010, 343, 570–576. [CrossRef] [PubMed]

32. Savariz, F.C.; Foglio, M.A.; Ruiz, A.L.; da Costa, W.F.; Silva Mde, M.; Santos, J.C.; Figueiredo, I.M.;
Meyer, E.; de Carvalho, J.E.; Sarragiotto, M.H. Synthesis and antitumor activity of novel 1-substituted
phenyl 3-(2-oxo-1,3,4-oxadiazol-5-yl) beta-carbolines and their Mannich bases. Bioorg. Med. Chem. 2014,
22, 6867–6875. [CrossRef] [PubMed]

33. Liu, Q.; Chejanovsky, N. Activation pathways and signal-mediated upregulation of the insect Spodoptera frugiperda
caspase-1. Apoptosis 2006, 11, 487–496. [CrossRef] [PubMed]

34. Zhong, G.H.; Hu, M.Y.; Weng, Q.F.; Ma, A.Q.; Xu, W.S. Laboratory and field evaluations of extracts from
Rhododendron molle flowers as insect growth regulator to imported cabbage worm, Pieris rapae L. (Lepidoptera:
Pieridae). J. Appl. Entomol. 2001, 125, 563–569. [CrossRef]

35. Zhong, G.H.; Liu, J.X.; Weng, Q.F.; Hu, M.Y.; Luo, J.J. Laboratory and field evaluations of rhodojaponin-III
against the imported cabbage worm Pieris rapae (L. (Lepidoptera: Pieridae). Pest. Manag. Sci. 2006, 62, 976–981.
[CrossRef] [PubMed]

Sample Availability: Samples of the compounds 1–37 are available from the authors.

© 2017 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
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.bmc.2008.10.008
http://www.ncbi.nlm.nih.gov/pubmed/18951806
http://dx.doi.org/10.1021/ol8004084
http://www.ncbi.nlm.nih.gov/pubmed/18396896
http://dx.doi.org/10.1016/S0968-0896(02)00469-8
http://dx.doi.org/10.1016/j.ejmech.2010.08.005
http://www.ncbi.nlm.nih.gov/pubmed/20813436
http://dx.doi.org/10.1002/ardp.201000065
http://www.ncbi.nlm.nih.gov/pubmed/20941729
http://dx.doi.org/10.1016/j.bmc.2014.10.031
http://www.ncbi.nlm.nih.gov/pubmed/25464885
http://dx.doi.org/10.1007/s10495-006-5059-5
http://www.ncbi.nlm.nih.gov/pubmed/16532278
http://dx.doi.org/10.1046/j.1439-0418.2001.00590.x
http://dx.doi.org/10.1002/ps.1267
http://www.ncbi.nlm.nih.gov/pubmed/16856122
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Chemistry 
	Biological Activity 
	Anti-Proliferative Activity against Sf9 Cells 
	Compounds 5 and 37 Could Induce Cell Apoptosis in Sf9 Cells 
	Compounds 5 and 37 Could Induce Cell Cycle Arrest in Sf9 Cells 
	Compounds 5 and 37 Could Simulate Sf-Caspase-1 Activation 
	Compounds 5 and 37 Could Inhibit Larvae Growth of S. litura 


	Materials and Methods 
	Chemistry 
	General Synthetic Procedure for Target Compounds 2–23 
	General Synthetic Procedure for Target Compounds 24–27 
	General Synthetic Procedure for Target Compounds 28–29 
	General Synthetic Procedure for Target Compounds 30–36 
	General Synthetic Procedure for Ethyl Hydrazonoformate 37 

	Biology 
	Cell Culture 
	Anti-Proliferation Assay 
	Cell Morphological Observation 
	Acridine Orange (AO) Staining Analysis 
	Apoptosis Rate Analysis 
	DNA Ladder Assay 
	Sf-Caspase-1 Activity Assay 
	Cell Cycle Analysis 
	Insect Growth Inhibition against Tobacco Cutworm (Spodoptera litura) 


	Conclusions 

