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Abstract: In this paper, a series of derivatives were synthesized by introducing the pharmacophore
pyrazole ring and piperazine ring into the structure of the natural product myricetin through an
amide bond. The structures were determined using carbon spectrum and hydrogen spectrum
high-resolution mass spectrometry. Biological activities of those compounds against bacteria, in-
cluding Xac (Xanthomonas axonopodis pv. Citri), Psa (Pseudomonas syringae pv. Actinidiae) and Xoo
(Xanthomonas oryzae pv. Oryzae) were tested. Notably, D6 exhibited significant bioactivity against
Xoo with an EC50 value of 18.8 µg/mL, which was higher than the control drugs thiadiazole-copper
(EC50 = 52.9 µg/mL) and bismerthiazol (EC50 = 69.1 µg/mL). Furthermore, the target compounds
were assessed for their antifungal activity against ten plant pathogenic fungi. Among them, D1
displayed excellent inhibitory activity against Phomopsis sp. with an EC50 value of 16.9 µg/mL, outper-
forming the control agents azoxystrobin (EC50 = 50.7 µg/mL) and fluopyram (EC50 = 71.8 µg/mL).
In vitro tests demonstrated that D1 possessed curative (60.6%) and protective (74.9%) effects on
postharvest kiwifruit. To investigate the active mechanism of D1, its impact on SDH activity was
evaluated based on its structural features and further confirmed through molecular docking. Subse-
quently, the malondialdehyde content of D1-treated fungi was measured, revealing that D1 could
increase malondialdehyde levels, thereby causing damage to the cell membrane. Additionally, the
EC50 value of D16 on P. capsici was 11.3 µg/mL, which was superior to the control drug azoxystrobin
(EC50 = 35.1 µg/mL), and the scanning electron microscopy results indicated that the surface of
drug-treated mycelium was ruffled, and growth was significantly affected.

Keywords: pyrazole; piperazine; myricetin; antifungal activity; SDH; P. capsici; Phomopsis sp.

1. Introduction

Phytopathogenic fungi and bacteria pose significant hazards to crop growth and the
quality of agricultural products, causing substantial economic losses [1,2]. Moreover, the
prolonged utilization of conventional fungicides in the market has led to drug resistance of
plant pathogens, resulting in recurring bacterial and fungal diseases in most plants [3–7].
In recent years, there has been a heightened emphasis on the ecological environment by
the government, prompting researchers in this field to search for efficient, environmentally
friendly, and non-polluting agricultural fungicides [8,9].

Flavonoids are a class of plant secondary metabolites found in various plant species,
exhibiting complex and distinct structural types. Flavonoids, as known as a natural
substance, possess a variety of beneficial physiological activities and are considered safe
and widely available. Myricetin is a flavanol compound extracted from the bark and
leaves of the Myricaceae plant. It is also found in many edible plants, including fruits and
vegetables, as well as many herbs and teas [10–14]. Chemically, myricetin is referred to
as 3,5,7,3′,4′,5′-hexahydroxyflavone and belongs to the class of myricetin flavonoids. It
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has various biological activities such as antibacterial [15], antiviral [16,17], antioxidant [18]
and hypoglycemic [19]. In addition, due to its planar structure and multiple phenolic
hydroxyl groups, myricetin faces challenges in its poor water solubility and stability. These
limitations, which affect its bioavailability and routes of administration, pose significant
hurdles to developing myricetin as a pharmaceutical drug. Therefore, finding solutions to
enhance the solubility of myricetin and improve its utilization will also be an important
area of future research. The structural formula of myricetin is depicted in Figure 1.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 2 of 18 
 

 

3,5,7,3′,4′,5′-hexahydroxyflavone and belongs to the class of myricetin flavonoids. It has 
various biological activities such as antibacterial [15], antiviral [16,17], antioxidant [18] 
and hypoglycemic [19]. In addition, due to its planar structure and multiple phenolic 
hydroxyl groups, myricetin faces challenges in its poor water solubility and stability. 
These limitations, which affect its bioavailability and routes of administration, pose 
significant hurdles to developing myricetin as a pharmaceutical drug. Therefore, finding 
solutions to enhance the solubility of myricetin and improve its utilization will also be an 
important area of future research. The structural formula of myricetin is depicted in 
Figure 1. 

 
Figure 1. The structure of myricetin. 

With the development of pesticide research, researchers have turned their attention 
to the direction of natural products in search of green and non-polluting pesticides [20]. 
Our group discovered myricetin as a promising compound in natural products. We 
studied myricetin due to its diverse biological activities and incorporated various active 
heterocyclic groups into its structure. As a result, we obtained compounds that 
demonstrated significant pesticide activities, including antibacterial and antiviral 
properties. For example, Jiang [21,22] synthesized compound 1 with an EC50 value of 1.58 
µg/mL for Xanthomonas oryzae pv. Oryzae, compound 2 with an EC50 value of 1.1 µg/mL 
against Xanthomonas axonopodis pv. Citri. Chen [23] synthesized compound 3 with an EC50 
value of 8.2 µg/mL against Xanthomonas oryzae pv. Oryzae. Additionally, Peng [24] 
synthesized compound 4, demonstrating curative and protective activities against TMV 
with EC50 values of 195.2 and 189.9 µg/mL, respectively. These findings have laid the 
foundation for discovering more efficient and environmentally friendly botanical 
pesticides (Figure 2). 

 
Figure 2. The structure of myricetin derivatives. 

Amides contain a unique -C(=O)-NH structure, where the oxygen can form hydrogen 
bonds with the ubiquinone binding site in succinate dehydrogenase (SDH), and the 
aromatic ring at the amino terminus binds to the Q site through hydrophobic and π-π 

Figure 1. The structure of myricetin.

With the development of pesticide research, researchers have turned their attention to
the direction of natural products in search of green and non-polluting pesticides [20]. Our
group discovered myricetin as a promising compound in natural products. We studied
myricetin due to its diverse biological activities and incorporated various active hetero-
cyclic groups into its structure. As a result, we obtained compounds that demonstrated
significant pesticide activities, including antibacterial and antiviral properties. For example,
Jiang [21,22] synthesized compound 1 with an EC50 value of 1.58 µg/mL for Xanthomonas
oryzae pv. Oryzae, compound 2 with an EC50 value of 1.1 µg/mL against Xanthomonas
axonopodis pv. Citri. Chen [23] synthesized compound 3 with an EC50 value of 8.2 µg/mL
against Xanthomonas oryzae pv. Oryzae. Additionally, Peng [24] synthesized compound 4,
demonstrating curative and protective activities against TMV with EC50 values of 195.2
and 189.9 µg/mL, respectively. These findings have laid the foundation for discovering
more efficient and environmentally friendly botanical pesticides (Figure 2).
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Amides contain a unique -C(=O)-NH structure, where the oxygen can form hydro-
gen bonds with the ubiquinone binding site in succinate dehydrogenase (SDH), and the
aromatic ring at the amino terminus binds to the Q site through hydrophobic and π-π
interaction, resulting in good biological activity. Amides find extensive applications in pes-
ticides and pharmaceuticals [25]. Among the amide fungicides, succinate dehydrogenase
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inhibitors (SDHI) are a class of fungicides with novel mechanisms of action, high efficiency
and low toxicity, and significant development potential [26].

Pyrazoles are a class of nitrogen-containing five-membered heterocyclic compounds
with a wide range of insecticidal [27,28], fungicidal [29,30] and herbicidal [31] activities.
pyrazole-4-carbonyl compounds have exhibited good fungicidal activities, making them
a hot structure in the research and development of agricultural fungicides [32]. Recent
surveys indicated that among the 24 SDHI fungicides on the market, 12 are amide-based
fungicides bearing pyrazole heterocycles in their acid components. This highlights the
significant role of the pyrazole structure as a crucial pharmacophore in this class of fungi-
cides. Notable commercialized examples of such fungicides include fluxapyroxad, py-
diflumetofen, etc., all of which possess broad spectra and excellent antifungal activities
(Figure 3) [33,34].
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Figure 3. Commercialized SDHIs bearing a pyrazole-4-carboxamide fragment as agricultural fungicides.

Piperazine is an N-heterocyclic basic group that is easy to form multiple hydrogen
bonds or ionic bonds. In medicinal chemistry, adjusting the physicochemical properties
of compounds can enhance their water solubility, basicity, and biological activities [35].
Piperazine derivatives have attracted considerable interest in medicinal chemistry due to
their therapeutic activities, including anti-mycobacterial, antibacterial, antiviral, antifungal,
and antitumor effects [36–39]. In addition, piperazine derivatives have shown promis-
ing activities in combating phytopathogenic bacteria, making them valuable subjects for
research [40].

Therefore, we introduced the pyrazole amide structure and the piperazine ring into
the skeleton of myricetin to synthesize 19 derivatives, aiming to improve the biological
activity of myricetin derivatives. The design strategy of the target compound is shown
in Figure 4. In addition, their biological activities were evaluated, and the preliminary
mechanism of compounds exhibiting excellent biological activity was explored.
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2. Result and Discussion
2.1. Chemistry

The synthetic route of title compounds D1–D19 is illustrated in Scheme 1, based on
the synthesis method outlined in reference [41–46]. The intermediate a was synthesized
using substituted phenylhydrazine, ethyl acetoacetate or ethyl benzoylacetate, DMF (N,N-
Dimethylformamide) and POCl3 (phosphorus oxychloride). Subsequently, intermediat a
reacted with potassium permanganate (KMnO4) under heating conditions, and interme-
diate b was obtained by adjusting pH. Further, Intermediate b was reacted with HATU
(2-(7-Azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate), DIPEA
(N,N-Diisopropylethylamine) and N-BOC-piperazine (tert-Butyl 1-piperazinecarboxylate)
to synthesize intermediate c at room temperature. Intermediate d was obtained by adding
methanol and HCl solution to the reaction bottle containing intermediae c. After adjusting
the pH to neutral, DMF, K2CO3 and intermediat e were added to synthesize the target com-
pounds D1–D19, and their structures were confirmed by 1H NMR, 13C NMR, and HRMS
data; the spectra information (Figures S1–S87) are provided in the Supporting Information.
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2.2. In Vitro Antibacterial Bioassay

The turbidimetric method was used to detect the inhibitory effects of D1–D19 on the
plant pathogenic bacteria Psa, Xac and Xoo. The results are shown in Table 1. Compound D6
demonstrated an impressive 86.5% inhibition of Xoo at 100 µg/mL, superior to the commer-
cial drugs thiodiazole-copper (85.8%) and bismerthiazol (78.2%). At the concentration of
50 µg/mL, the inhibition of D6 against Xoo was 76.7%, outperforming thiodiazole-copper
(62.1%) and bismerthiazol (57.4%). In addition, at 100 µg/mL, D6 (49.7%), D9 (39.5%) and
D13 (44.2%) showed higher inhibition against Xac than the control drugs, bismerthiazol
(35.6%) and myricetin (22.9%).
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Table 1. In Vitro Antibacterial Activity of the Target Compounds at 100 µg/mL a.

b Psa Xac Xoo

Compd. 100 µg/mL 50 µg/mL 100 µg/mL 50 µg/mL 100 µg/mL 50 µg/mL

D1 37.0 ± 0.6 11.0 ± 0.2 14.7 ± 2.7 11.1 ± 2.9 14.9 ± 1.0 9.6 ± 2.1
D2 12.6 ± 0.2 9.0 ± 0.3 25.7 ± 0.3 16.8 ± 1.4 6.9 ± 0.4 1.6 ± 0.4
D3 31.6 ± 0.7 25.7 ± 0.5 32.7 ± 1.3 11.7 ± 5.3 5.7 ± 0.2 3.5 ± 1.6
D4 9.0 ± 1.6 7.2 ± 0.3 28.6 ± 2.1 20.0 ± 1.4 6.0 ± 1.3 1.4 ± 0.8
D5 42.2 ± 0.9 30.4 ± 0.9 9.4 ± 1.7 4.2 ± 1.5 16.8 ± 3.2 9.2 ± 1.8
D6 10.8 ± 0.7 8.5 ± 0.7 49.7 ± 1.4 31.3 ± 0.9 86.5 ± 1.8 76.7 ± 0.7
D7 10.2 ± 0.2 9.42 ± 0.3 23.4 ± 0.9 11.1 ± 0.9 21.5 ± 1.1 16.4 ± 1.5
D8 10.7 ± 1.1 8.7 ± 0.6 27.6 ± 0.2 17.2 ± 0.3 19.6 ± 0.9 15.3 ± 1.9
D9 38.8 ± 0.2 22.8 ± 0.4 39.5 ± 2.2 20.8 ± 3.5 4.3 ± 0.2 3.6 ± 0.2
D10 18.6 ± 0.4 12.8 ± 0.5 8.0 ± 2.7 7.0 ± 1.6 28.3 ± 1.9 19.2 ± 1.0
D11 16.0 ± 0.1 11.6 ± 0.5 12.9 ± 0.7 10.8 ± 0.3 14.4 ± 1.1 10.6 ± 0.2
D12 13.0 ± 2.0 12.1 ± 0.4 19.0 ± 0.4 17.8 ± 1.1 15.3 ± 0.0 7.7 ± 0.1
D13 12.5 ± 0.9 11.6 ± 0.3 44.2 ± 0.6 24.3 ± 0.3 12.1 ± 0.6 9.5 ± 0.7
D14 8.4 ± 0.4 8.0 ± 0.54 30.4 ± 3.1 18.5 ± 2.4 14.2 ± 1.1 11.8 ± 1.7
D15 14.9 ± 0.5 9.4 ± 0.3 19.5 ± 2.8 11.8 ± 3.0 15.2 ± 0.5 9.3 ± 1.5
D16 9.7 ± 0.6 9.1 ± 0.6 34.7 ± 0.7 28.0 ± 2.1 15.6 ± 2.5 7.0 ± 5.0
D17 16.7 ± 0.9 11.8 ± 0.8 9.9 ± 2.4 8.0 ± 0.8 12.1 ± 3.2 5.1 ± 3.9
D18 12.4 ± 0.3 11.5 ± 0.2 31.0 ± 0.5 29.6 ± 1.4 16.4 ± 3.4 11.2 ± 1.4
D19 18.0 ± 0.9 13.4 ± 0.63 20.6 ± 0.9 16.5 ± 0.7 12.0 ± 1.1 7.8 ± 0.9
TC c 65.8 ± 0.3 20.0 ± 0.2 80.1 ± 3.4 53.0 ± 0.3 85.8 ± 0.9 62.1 ± 0.7
BT c 26.5 ± 0.2 24.8 ± 0.5 35.6 ± 4.7 27.4 ± 4.0 78.2 ± 0.6 57.4 ± 1.0

Myr. c 18.5 ± 0.3 11.5 ± 0.2 22.9 ± 1.3 20.3 ± 1.9 32.0 ± 4.5 15.1 ± 0.3
a Values are mean ± SD of three replicates. b Xac (Xanthomonas axonopodis pv. Citri), Psa (Pseudomonas syringae
pv. Actinidiae) and Xoo (Xanthomonas oryzae pv. Oryzae); c BT (bismerthiazol), TC (thiodiazole copper) and
Myr. (myricetin).

Table 1 data shows that when n = 3, R1 = −CH3, the series of compounds have better
inhibitory activity against Psa, such as D1, D3, D5, D9. In addition, the inhibitory activity
of D5 (42.2%) against Psa was better than that of D1 (37%), D3 (31.6%) and D9 (38.8%).
At the same time, when n = 3, R1 = −Ph, the inhibitory activity of compound D6 against
Xac (49.7%) and Xoo (86.5%) was higher. In summary, it is shown that when n = 3, the
substituent−Cl on the benzene ring can improve the antibacterial activity of the compound.
Subsequently, the EC50 values of D6, which had excellent inhibitory activity against Xoo,
were further evaluated, and the results are presented in Table 2. The results revealed that
D6 had an EC50 value of 18.8 µg/mL, which was significantly higher than that of the
commercial agents thiodiazole-copper (52.9 µg/mL) and bismerthiazol (69.1 µg/mL).

Table 2. The EC50 values of Compound D6 against Xoo a.

Compound EC50 (µg/mL) Toxic Regression Equation r2

D6 18.8 ± 1.2 y = 1.4509x + 2.7846 0.9518
BT 69.1 ± 2.4 y = 2.0188x + 1.6209 0.9414
TC 52.9 ± 1.5 y = 0.9657x + 2.3405 0.9589

a Values are mean ± SD of three replicates.

2.3. In Vitro Antifungal Bioassay

The inhibitory activities of the compounds against ten plant pathogenic fungi were
determined at 100 µg/mL using azoxystrobin as a control agent. The results are presented
in Table 3. The inhibitory effects of D1 (82.3%), D2 (72.1%), D3 (80.5%) and D9 (81.4%)
against Phomopsis sp. were better than that of commercial drug azoxystrobin (59.5%).
Similarly, D1 (67.9%) displayed a comparable inhibitory effect to the azoxystrobin (72.8%)
against B. dothidea. Furthermore, D1 (37.9%) showed a similar inhibitory effect azoxystrobin
(45.1%) against C. gloeosporioides. And it also had inhibitory activities against P. capsici
and N. dimidiatum, with inhibition rates of 50.4% and 67.4%, respectively. In summary,
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compound D1 showed inhibitory activity against various fungi. To further investigate its
mechanism of action, fluopyram was selected as the control agent and Phomopsis sp. as the
test strain. Its biological activity was measured, and the results showed that the inhibitory
activity of D1 (82.3%) against Phomopsis sp. was better than that of fluopyram (48.2%).

Table 3. In Vitro Antifungal Activities of the Title Compounds D1–D19 at 100 µg/mL a.

Compd. bPs Pc1 Bd Bc Cg Fg Fd Ss Pc Nd

D1 82.3 ± 0.0 81.2 ± 1.2 67.9 ± 1.6 66.1 ± 0.0 37.9 ± 2.6 24.8 ± 2.9 31.9 ± 1.6 25.6 ± 3.0 50.4 ± 1.0 67.4 ± 1.0
D2 72.1 ± 1.6 45.2 ± 1.7 41.5 ± 2.4 59.0 ± 2.1 15.6 ± 2.3 18.4 ± 1.2 - 46.8 ± 2.0 43.0 ± 1.0 22.2 ± 2.8
D3 80.5 ± 1.2 37.8 ± 1.1 32.9 ± 3.5 52.2 ± 1.4 19.9 ± 2.4 20.4 ± 7.8 11.3 ± 2.2 59.8 ± 1.2 28.5 ± 1.5 24.4 ± 2.5
D4 - 33.0 ± 2.7 - 36.2 ± 2.1 16.8 ± 1.8 - - 15.6 ± 3.1 26.3 ± 0.8 -
D5 64.3 ± 2.2 76.2 ± 1.2 65.7 ± 2.1 64.9 ± 1.2 30.1 ± 0.9 16.0 ± 6.1 60.1 ± 1.8 53.2 ± 1.6 46.7 ± 0.0 57.8 ± 2.1
D6 55.8 ± 3.5 50.6 ± 1.2 23.9 ± 2.2 62.2 ± 2.3 17.6 ± 1.6 15.5 ± 1.2 10.5 ± 1.4 33.8 ± 1.7 31.1 ± 1.3 18.9 ± 2.1
D7 11.2 ± 1.0 69.0 ± 1.2 22.6 ± 2.3 35.5 ± 2.9 20.7 ± 6.4 23.4 ± 3.4 - 19.8 ± 1.8 36.3 ± 1.6 -
D8 - 22.8 ± 2.3 - 39.4 ± 2.0 18.4 ± 0.9 15.5 ± 1.8 - 14.4 ± 2.2 24.4 ± 1.8 -
D9 81.4 ± 1.3 77.0 ± 0.9 57.8 ± 1.9 74.5 ± 1.8 27.3 ± 1.3 29.3 ± 2.2 35.9 ± 1.2 54.8 ± 2.6 44.1 ± 0.8 65.2 ± 1.6

D10 - 68.2 ± 1.2 19.6 ± 3.9 28.9 ± 3.7 12.9 ± 4.5 20.0 ± 2.9 12.1 ± 1.1 26.8 ± 2.8 24.8 ± 1.9 17.8 ± 2.1
D11 20.3 ± 2.9 27.7 ± 1.2 45.5 ± 3.9 28.5 ± 1.8 16.0 ± 3.8 13.6 ± 4.5 - 15.8 ± 3.0 24.4 ± 1.3 -
D12 17.7 ± 3.0 45.2 ± 1.7 40.0 ± 3.5 41.0 ± 2.5 17.2 ± 4.3 10.4 ± 5.0 - 33.8 ± 1.7 21.5 ± 1.0 -
D13 11.2 ± 1.0 36.4 ± 2.3 40.4 ± 3.9 41.4 ± 3.5 14.8 ± 1.7 23.4 ± 2.3 - 38.0 ± 2.8 23.3 ± 2.1 11.1 ± 0.0
D14 - 39.0 ± 1.2 10.7 ± 1.8 37.4 ± 1.9 10.9 ± 1.3 30.1 ± 1.7 - 40.9 ± 2.3 20.4 ± 1.5 21.9 ± 0.8
D15 15.1 ± 2.2 47.8 ± 2.0 32.9 ± 3.5 63.8 ± 0.9 - 19.2 ± 1.7 - 46.8 ± 1.4 29.3 ± 0.8 10.0 ± 1.1
D16 - 72.8 ± 0.9 - 40.2 ± 1.7 - 27.6 ± 2.6 10.9 ± 1.6 41.8 ± 1.4 28.2 ± 1.0 -
D17 25.1 ± 2.4 59.0 ± 1.2 - 35.5 ± 1.9 17.6 ± 6.7 21.8 ± 4.8 - 27.4 ± 2.7 35.6 ± 0.0 23.7 ± 1.6
D18 13.5 ± 1.6 56.1 ± 1.9 - 41.8 ± 1.0 12.5 ± 1.1 24.3 ± 3.0 - 46.4 ± 1.7 28.2 ± 1.6 -
D19 14.7 ± 1.7 76.2 ± 1.2 - 21.9 ± 1.4 13.3 ± 1.3 11.2 ± 5.9 - 25.2 ± 2.2 28.2 ± 1.0 19.6 ± 1.5
Az c 59.5 ± 0.7 58.2 ± 3.4 72.8 ± 1.5 90.7 ± 1.5 45.1 ± 0.9 44.8 ± 1.4 55.8 ± 1.5 74.4 ± 1.2 91.1 ± 2.8 91.1 ± 2.8

Myr. c 22.8 ± 3.4 46.4 ± 2.2 - 22.8 ± 1.8 - - - 25.2 ± 1.1 18.5 ± 2.1 -
Fl c 48.2 ± 1.4

a Values are mean ± SD of three replicates. b Ps, Phomopsis sp.; Pc1, P. capsici; Bd, B. dothidea; Bc, B. cinerea;
Cg, C. gloeosporioides; Cc, C. capsici; Fg, F. graminearum; Fd, F. dimerum; Ss, S. Sclerotiorum; Rs, R. solani; Pc,
P. cucumerina; Nd, N. dimidiatum. c Azoxystrobin (Az), Fluopyram (Fl) and Myricetin (Myr.) were used as the
control agents.

Table 3 demonstrated that introducing pyrazole piperazine amide can enhance the
antifungal activity of myricetin. In this study, we investigated the association of the pyrazole
ring with the parent structure of myricetin and the structures of the substituent group
on the pyrazole ring of the compound and analyzed their structure-activity relationships.
First, the inhibition activity of the compounds was generally higher when n = 3 (n =
number of carbons) than n = 4, demonstrating that the inhibition activity of the target
compounds generally decreased with the growth of the carbon chain. Also, we found that
the inhibition activity of compounds with R1 = −CH3 was generally superior to compounds
with R1 = −Ph (phenyl), such as D1 > D2, D3 > D4, D5 > D6, D7 > D8, D9 > D10. In
addition, when R2 = −Ph, −4-NO2-Ph, −4-Cl-Ph and −4-OMe-Ph, it has inhibitory activity
against various fungi, such as D1, D3, D5, and D9. In addition, from compounds D16
(72.8%) and D19 (76.2%), it can be speculated that the inhibition activity may depend
on the exposed heterocyclic structure when the heterocyclic group is far away from the
parent structure of myricetin. Based on the in vitro antifungal experiment demonstrated
that the introduction of the pyrazole piperazine amide group into the myricetin parent
structure could generally improve its biological activity. And when n = 3 and R1 = −CH3
can effectively improve the antibacterial activity of the compound. To verify the antifungal
activity of these compounds more accurately and visually, we determined the half-maximal
effective concentration values (EC50) of the compounds with higher inhibition than the
control agent at 100 µg/mL, and the results are shown in Table 4. The results showed that
inhibitory activities of D1 (16.9 µg/mL), D2 (19.7 µg/mL) and D9 (20.3 µg/mL) against
Phomopsis sp. were superior to control drugs azoxystrobin (50.7 µg/mL) and fluopyram
(71.8 µg/mL). In addition, the EC50 values of D1, D5, D9, D10 and D16 showed between
11.3 and 30.2 µg/mL against P. capsici, which were higher than azoxystrobin (35.1 µg/mL)
and D16 (11.3 µg/mL) showed the best performance.



Int. J. Mol. Sci. 2023, 24, 10442 7 of 16

Table 4. EC50 values of Several Target Compounds a.

Compound Phytopathogen EC50 (µg/mL) Toxic Regression Equation r2

D1 Ps 16.9 y = 1.1324x + 3.6102 0.9642
D2 Ps 19.7 y = 0.5472x + 4.2918 0.9355
D9 Ps 20.3 y = 0.7801x + 3.9800 0.9744

Fluopyram Ps 71.8 y = 0.5860x + 3.9123 0.9086
Azoxystrobin Ps 50.7 y = 0.7262x + 3.7617 0.9935

D1 Pc1 29.6 y = 0.7650x + 3.8744 0.9893
D5 Pc1 18.5 y = 0.3051x + 4.6137 0.9319
D9 Pc1 21.7 y = 0.4435x + 4.4074 0.9535

D16 Pc1 11.3 y = 0.3550x + 4.6266 0.9241
Azoxystrobin Pc1 35.1 y = 0.4919x + 4.2402 0.9717

a The experiments were repeated three times.

2.4. Inhibitory Effect of D1 on Phomopsis sp. In Vitro

Fresh, uniformly sized kiwifruits with no surface damage were selected for experi-
mental studies using the agricultural fungicide fluopyram as a controlled drug. D1 showed
better fungicidal activity against Phomopsis sp. than the control drug. Therefore, D1 was
chosen to perform the test to verify its in vitro curative and protective activities against
kiwifruit inoculated with Phomopsis sp. As shown in Table 5 and Figure 5, the treatment of
kiwifruits with D1 displayed 74.9% protective and 60.6% curative effects, superior to the
protective and curative effects of fluopyram (41.4 and 32.5%, respectively). Based on these
facts, we can conclude that D1 has good antifungal activity in vitro.

Table 5. Curative and Protective Activities of D1 Against Phomopsis sp. In Vitro.

Concentration
(200 µg/mL)

Curative Effect Protective Effect

Treatment Lesion Length a

(mm ± SD)
Controlling
Efficacy (%)

Lesion Length a

(mm ± SD)
Controlling
Efficacy (%)

D1 18.3 ± 1.5 60.6 ± 3.9 13.5 ± 1.5 74.9 ± 3.9
fluopyram b 27.8 ± 1.7 32.5 ± 4.4 24.8 ± 1.2 41.4 ± 3.0

control 38.8 ± 2.5
a Values are mean ± SD of three replicates. b The commercial antifungal agent.
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2.5. Light Microscope Observation of Compound D1 on the Hyphae Morphology

After D1 (12.5 µg/mL) treatment, Phomopsis sp. hyphae were observed under a
microscope (100 × 1.25), as depictedas in Figure 6. Specifically, compared to the blank
control group (0.5% DMSO), the growth of Phomopsis sp. Mycelia were inhibited upon
being treated with D1. Additionally, increased branching, production of short hyphae and
uneven thickness distribution were observed.
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2.6. Inhibitory Effect of D1 on SDH In Vitro

Since the structure of this series of compounds is similar to that of succinate dehydro-
genase inhibitors, to explore whether SDH is the action site of compound D1, the following
experiments were carried out. The effects of the target compound D1 and fluopyram
on SDH activity were compared under the same conditions. The experiments involved
treating the Phomopsis sp. with different concentrations of the drugs and incubating them at
a constant temperature of 28 ◦C for 24 h. The results are shown in Figure 7. Compared with
the control drug fluopyram, D1 had a greater effect on SDH activity and could effectively
inhibit SDH activity in a concentration-dependent manner. This result indicates that SDH
may be one of the action sites of compound D1.
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2.7. Molecular Docking of D1 to SDH

The molecular docking results are shown in Figure 8. In this figure, the compounds
D1 and fluopyram are embedded in similar binding modes into the active protein pocket of
SDH. These conformations interact with the surrounding amino acid residues via carbon-
hydrogen, conventional hydrogen, Pi-alkyl, alkyl, and Pi-sigma. D1 formed three carbon-
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hydrogen bonds with THR79 (3.30 Å), SER54 (3.04 Å) and LEU51 (4.50 Å) active sites
of SDH, respectively, and fluopyram formed a conventional hydrogen bond with GLY71
(2.07 Å). D1 formed four Pi-alkyl hydrophobic interactions and alkyl interactions with
ILE55 (4.83 Å), LEU72 (4.20 Å), LEU75 (4.86 Å) and VAL54 (4.90 Å). Fluopyram formed
five alkyl and Pi-alkyl interactions with LEU75 (4.50, 5.00 and 5.00 Å), ILE78 (4.27 Å) and
LEU58 (4.11 Å). In addition, D1 forms four Pi-sigma interactions with multiple amino
acid residues of SDH, such as LEU51 (3.92 Å), LEU58 (3.28 Å) and ILE78 (3.58 and 3.61 Å).
Fluopyram forms a Pi-sigma interaction with LEU58 (3.65 Å) and a halogen interaction
with LEU75 (3.34 Å). In summary, D1 forms multiple interactions with the amino acid
residues of SDH, making it tightly bound to SDH. At the same time, the docking fraction of
D1 was −5.50, which was better than that of fluopyram at −4.55. It is further proved that
SDH may be one of the action sites of D1. It is proved that D1 may affect the tricarboxylic
acid cycle by combining with SDH, leading to the final death of fungi.
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2.8. Effect of D1 on the Cytoplasmic Leakage of Phomopsis sp.

To explore other possible modes of action of compound D1, the damage degree of
mycelium after drug action was determined. Among them, the malondialdehyde (MDA)
content can indirectly reflect the degree of tissue peroxidation damage in the membrane of
mycelium, and the higher the content, the more serious the damage to the cell membrane.
The results are shown in Figure 9. The content of MDA in Phomopsis sp. mycelium treated
with different concentrations of D1 (0, 12.5, 25, 50 and 100 µg/mL) gradually increased
with increasing concentration and was better than the control group. The results show
that D1 can cause damage to the cell membrane, and the degree of damage increases with
the increase in concentration. It indicates that compound D1 may also damage the cell
membrane structure by destroying the permeability of the cell membrane so that the drug
penetrates the bacteria and binds to certain enzymes, affecting the enzyme activity and
thereby achieving the antibacterial effect.
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2.9. Effect of Compound D16 on Mycelial Morphology of P. capsici

Mycelium of P. capsici was treated with 100 µg/mL DMSO (A) and D16 (B). As shown
in Figure 10, the results showed that the mycelium had a smooth surface, great growth,
and intact structure after DMSO treatment. However, after D16 treatment, it experienced
shrinkage and folding, with shortened and prominent branches. These changes altered the
morphology of the mycelium and significantly inhibited its growth.
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3. Materials and Methods
3.1. Instruments and Chemicals

All reagents were purchased from Shanghai Titan Chemical Co., Ltd. (Shanghai,
China) and Ptsrti, Ltd. (Chongqing, China). Enzyme activity kits were purchased from
Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China). The melting point data
were measured by the X-4B melting point instrument (Shanghai INESA Co., Ltd., Shang-
hai, China) without correction. Spectral data was measured by a 400 NMR spectrometer
with dimethylsulfoxide-d6 as the solvent (Bruker, Karlsruhe, Germany). HRMS data were
recorded using a hybrid quadrupole mass spectrometer (Thermo Scientific, Waltham, MA,
USA). Image data was obtained on the Olympus CX21FS1 microscope (Tokyo, Japan). Scan-
ning electron microscopy (SEM), data were obtained on FEI Nova Nano 450 (Hillsboro, OR,
USA). Thin layer chromatography (TLC) analysis was adopted by a WFH-203B ultraviolet
analyzer (Shanghai Jingke Industrial Co., Ltd., Shanghai, China).

3.1.1. Synthesis of Intermediate a

Substituted phenylhydrazine (10.4 mmol) and 10 mL anhydrous ethanol were stirred
and heated in a 50 mL reaction flask to about 50 ◦C. Ethyl acetoacetate or ethyl benzoylac-
etate (10.4 mmol) was then added dropwise. The reaction was refluxed for 5 h to complete,
and the solvent was evaporated under reduced pressure to obtain pyrazolone. Take an-
other 100 mL reaction flask, add DMF (29.63 mmol) was added, ice bath to 0 ◦C, POCl3
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(70.26 mmol) was slowly added and stirred for 20 min. The above pyrazolone compound
was then added slowly. The mixture warmed up to 85 ◦C and refluxed for 5 h. The progress
of the reaction was monitored using TLC (Ethyl acetate: Petroleum ether = 2:1). After
cooling to room temperature. The reaction mixture was slowly poured into ice water with
constant stirring to accelerate heat dissipation. It was then cooled and left to stand, and
intermediate a was obtained by filtration, washing, and drying, with a yield of 32–92%.

3.1.2. Synthesis of Intermediate b

The intermediate a (7.07 mmol) was taken in a 250 mL reaction bottle, and then KMnO4
solution (9.2 mmol) was added. The reaction was heated to 80 ◦C and refluxed for about
8 h. TLC (ethyl acetate: petroleum ether = 2:1) was monitored until the intermediate a was
completely consumed. After the reaction was cooled to room temperature, the pH was
adjusted to alkaline with freshly prepared 10% KOH solution. The insoluble material was
removed through filtration, and the resulting transparent filtrate was collected. The pH
of the filtrate was then adjusted to acidic by using 10% HCl. The precipitated solid was
filtered and dried to obtain intermediate b. The yield was 36–91%.

3.1.3. Synthesis of Intermediate c

The intermediate b (5.52 mmol) was taken in a 100 mL round bottom flask, and mixed
with 20 mL DCM (dichloromethane), HATU (6.63 mmol), and DIPEA (8.29 mmol), stirred
for 30–45 min at room temperature. Subsequently, N-BOC-piperazine (6.08 mmol) was
added and reacted overnight. Then extracted with DCM, the lower extract was collected,
the solvent was removed by distillation under reduced pressure, and intermediate c was
purified by column chromatography with a 14–86% yield.

3.1.4. Synthesis of Intermediate d

Weigh intermediate c (3.61 mmol) in a 100 mL reaction flask. Add 20 mL of methanol
to the flask, slowly add HCl (18 mmol) and react at room temperature until complete.
Then, distil under reduced pressure several times to remove HCl and solvent to obtain
intermediate d. The intermediate d was adjusted to neutral pH and entered the next
reaction directly.

3.1.5. Synthesis of Intermediate e

2.5 g (6.4 mmol) of methylated myricetin and 2.67 g (19.3 mmol) of anhydrous K2CO3
were taken in a 100 mL reaction flask. 50 mL of DMF was added and stirred for about
30 min at room temperature. Subsequently, 1.96 mL (19.3 mmol) of 1,3-dibromo butane
was added dropwise and stirred for 10 h at room temperature. Then the reaction mixture
was dispersed in 100 mL of distilled water, leading to the precipitate of a white solid. The
solid was then filtered, dried, and poured into a mixed solvent reaction vial containing
60 mL (petroleum ether: ethyl acetate = 1:3, V/V). The mixture was stirred for 4–5 h at room
temperature, and then filtered and dried to obtain intermediate e. The yield was 72%.

3.1.6. Synthesis of Intermediate D1–D19

DMF (20 mL) and anhydrous K2CO3 (17.68 mmol) were added to the reaction flask
in Section 3.1.4 and then stirred at room temperature for about 45 min. The intermediate e
(2.95 mmol) was added. And the reaction was carried out at 100 ◦C for about 5–7 h. After
the complete reaction, the reaction system was slowly dispersed in 100 mL of ice water and
extracted with DCM (3 × 20 mL). The crude product was obtained by distillation under
reduced pressure to remove the solvent and finally purified by column chromatography (ethyl
acetate:methanol = 80:1–60:1, V/V) to obtain the target compounds D1–D19, in 4–64% yield.

3.2. Antibacterial Activity Bioassay In Vitro

According to the literature [47], the in vitro antibacterial activity of compounds D1–
D19 against three plant pathogenic bacteria was determined by the turbidimetric method.
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Xanthomonas oryzae pv. Oryzae (Xoo), Xanthomonas axonopodis pv. Citri (Xac) and Pseudomonas
syringae pv. Actinidiae (Psa) were used as test strains. The prepared NB (Nutrient Broth)
medium was sterilized at 121 ◦C for 20 min. Then the compounds to be tested were dis-
solved in DMSO and mixed with NB medium to obtain a final concentration of 100 µg/mL.
The mixture was added to a 96-well plate, followed by the addition of the prepared bac-
terial culture (DMSO mixture containing bacteria was used as the negative control, and
thiramycin and chlorothalonil were used as the positive control). Another 96-well plate
(NB medium with drug and no bacteria) was used as a blank control. The two well plates
were sealed and incubated in a constant temperature shaker until the OD595 nm value of the
negative control was 0.6–0.7. The OD595 nm values of all bacterial cultures were measured.
Triplicates were set for each treatment, and each experiment was repeated three times. The
formula was calculated as follows:

I(%) = (C− T)/C× 100%

I—inhibition rate
C—OD595 nm (control medium after correction)
T—OD595 nm (drug-containing medium after correction)
According to the above method, the inhibition rates of 100, 50, 25, 12.5, and 6.25 µg/mL

were tested. The inhibition rate was converted into probability value (y), and the concentra-
tion of the drug solution was converted into logarithmic value (x). The data were processed
by Excel software (2021) to obtain the virulence regression equation (y = ax + b) and cor-
relation coefficient (R) to calculate the half maximal effective concentration (EC50) of the
excellent compound against the pathogen.

3.3. Scanning Electron Microscope (SEM) Observation

To further investigate the mechanism of action of these compounds, scanning electron
microscopy experiments were carried out with reference to the literature [48,49]. The
mycelium treated with D16 (P. capsici) was washed with 0.1 mol/L phosphate buffer
(pH = 7.2), fixed in 2.5% glutaraldehyde overnight (4 ◦C), dehydrated with gradient ethanol,
and finally fixed in tert-butanol for 10 min, freeze-dried for about 3 h. The Specimens have
been loaded on SEM stubs, sputter-coated with gold, and observed under SEM.

3.4. Antifungal Activity Bioassay In Vitro

According to the method reported in the literature, the antifungal activities of the
compounds were evaluated with the mycelial growth rate method [50–52]. Phytophthora
capsici (Pc1), Phomopsis sp. (Ps), Botryosphaeria dothidea (Bd), Botrytis cinerea (Bc), Fusarium
graminearum (Fg), Fusarium dimerum (Fd), Colletotrichum gloeosporioides (Cg), plectosphaerella
cucumerina (Pc), Sclerotinia sclerotiorun (Ss) and Neoscytalidium dimidiatum (Nd) were used as
test strains. Firstly, the prepared PDA (Potato Dextrose Agar) medium was sterilized at
121 ◦C for 20 min. DMSO (0.5%) was the blank control, and azoxystrobin and fluopyram
as a positive control. Then the compound to be tested was dissolved in DMSO to make
a solution. The solution was then added to the PDA medium to a final concentration of
100 µg/mL. The mixture was thoroughly shaken well and poured into a sterile petri dish.
A 5-mm diameter sterile punch was used to punch holes at the edge of the newly activated
strains. Subsequently, the blocks were picked with a sterile needle and placed in the center
of the drug-containing medium in the above spare petri dishes. Triplicates were set for
each treatment, and each experiment was repeated three times. When the mycelium of the
blank control group grew until it spread all over the petri dish, the diameter of mycelium
growth was measured by the crossover method. The calculation formula was as follows:

I(%) = (C− T)/(C− 5)× 100%.

“I”—inhibition rate; “C”—blank control; “T”—drug treatment.
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3.5. In Vitro Antifungal Experiment of D1 on Kiwifruit

In vitro, bioactivity assay tests were conducted according to the references [53,54]. The
in vitro control effect of compound D1 against Phomopsis sp. was determined using the
kiwifruit variety “Miliang No 1” as experimental material and the fluopyram as a control
drug. To study the curative and protective effects of D1 on kiwifruit, fresh, uniformly
sized kiwifruit fruits with undamaged surfaces were selected for the experimental study,
disinfected by immersion in 1% NaClO solution and washed with sterile water. Then
the surface water was wiped with filter paper. To evaluate the protective activity, the
fruit surface was punched holes (5-mm), and then the prepared D1 (200 µg/mL) was
sprayed uniformly on the surface of kiwifruit fruit, with aqueous DMSO (1%) solution
as a blank control. And 5-mm agar blocks containing mycelium were placed on the fruit
perforations after 24 h in the incubator. To evaluate the curative activity, agar blocks
containing mycelium were inoculated at the fruit perforations and placed in the incubator
for 24 h. D1 (200 µg/mL) was sprayed evenly on the surface of the fruit. The fruits were
incubated in an incubator (25 ◦C, 85% relative humidity) for 96 h after inoculation with
pathogens, and then the diameter of the spots was measured. Calculations were performed
as follows:

C (%) = [(ACK − A1)/(ACK − 5)] × 100.

C—control effect;
ACK—lesion diameter of the blank control group;
A1—lesion diameter after compound treatment.
C represents the control effect (%);
There were three parallel sets for each concentration, and the experiments were

repeated at least twice.

3.6. In Vitro SDH Inhibition Assay

The succinate dehydrogenase assay kit used in the experiment was procured from
Beijing Solarbio Technology Co, Beijing, China [55]. It was used to determine the inhibition
of the target compound D1 against SDH in vitro, and the commercial SDHI fluopyram was
used as a positive control. The newly activated bacteria were put into the sterilized PDB
(Potato Dextrose Broth) medium and incubated in a constant temperature shaker (25 ◦C,
180 rpm/min). The drug solution was added to the above medium containing mycelium
to a final concentration of 100, 50, 25 and 12.5 µg/mL and incubated in a shaker for 24 h.
The mycelium was collected, freeze-dried, and ground in liquid nitrogen. Weigh 0.1 g of
mycelium treated with different concentrations, assay according to the kit's instructions,
set up three parallels each time, and repeat three times.

3.7. Molecular Docking

To further investigate whether SDH is a potential target for action, we performed molecu-
lar docking of D1 and commercially available SDHI fluopyram with SDH (PDB:2FBW) [56,57].
The experimental results were further validated at the molecular level.

3.8. Determination of Malondialdehyde Content

To further study the mechanism of action of these compounds, we conducted a malon-
dialdehyde content test. Malondialdehyde (MDA) is one of the main products of membrane
lipid peroxidation. Its content is usually used as an indicator of lipid peroxidation, re-
flecting the degree of cell membrane damage [54,58]. The MDA content detection kit
used in the experiment was purchased from Beijing Soleibao Technology Co. The young
viable Phomopsis sp. strains were selected in a sterilized PDB medium and incubated
in a constant temperature shaker for 48 h. The strains were incubated in a D1 solution
containing concentrations (0, 25, 50, 100, 200 µg/mL) for 24 h. Rinse the medium with
sterile water, then collect the mycelium and freeze-dried. 0.1 g of mycelium treated with
different concentrations of the solution was weighed separately and tested according to the
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instructions of the kit. Finally, the absorbance of each sample was measured at 532 nm and
600 nm.

4. Conclusions

We designed and synthesized 19 myricetin derivatives containing pyrazole-piperazinamide
in this study and conducted their biological activities tests. The in vitro antibacterial
experiments revealed that D6 exhibited good inhibitory activity against Xoo, with an EC50
value of 18.8 µg/mL. In vitro antifungal experiments demonstrated that D16 displayed
potent inhibitory activity against P. capsici, with an EC50 value of 11.3 µg/mL. The SEM
analysis showed that D16 induced folding and curing and inhibited the growth of the
P. capsici mycelium. Moreover, compound D1 exhibited remarkable inhibitory effects
against Phomopsis sp., with an EC50 value of 16.9 µg/mL. The in vitro protective effect
of D1 against Phomopsis sp. was 74.9%, and the curative effect was 60.6%. Microscopic
experiments demonstrated that D1 inhibited mycelial growth. And D1 can effectively
inhibit the activity of SDH, and molecular docking studies confirmedits strong binding
affinity with SDH protein. Additionally, D1 increased the malondialdehyde level, leading
to cell membrane damage. Based on these findings, it can be concluded that myricetin
derivatives containing pyrazole piperazine amide offer new insights and a theoretical basis
for developing potential fungicides.
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