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ABSTRACT

1 Herbicide safeners selectively protect crops from herbicide damage without 

2 reducing the herbicidal efficiency on target weed species. The title compounds were 

3 designed by intermediate derivatization approach and fragment splicing in order to 

4 exploit novel potential safeners. A total of thirty-one novel diazabicyclo derivatives 

5 were synthesized by microwave-assistant method using isoxazole-4-carbonyl chloride 

6 and diazabicyclo derivatives. All synthetic compounds were confirmed by IR, 1H 

7 NMR, 13C NMR, HRMS. The bioassay results demonstrated that most of the title 

8 compounds could reduce the nicosulfuron phytotoxicity on maize. The 

9 glutathione-S-transferase (GST) activity in vivo was assayed and compound 4 (S15) 

10 revealed an inspiring safener activity comparable to commercialized safeners 

11 isoxadifen-ethyl and BAS-145138. The molecular docking model exhibited that the 

12 competition at the active sites of target enzymes between compound 4 (S15) and 

13 nicosulfuron was investigated with respect to herbicide detoxification. The current 

14 work not only provided a powerful supplement to the intermediate derivatization 

15 approach and fragment splicing in design pesticide bioactive molecules, but also 

16 assisted safener development and optimization.

17 Keywords: Fragment splicing, Intermediate derivatization approach, N-substituted 

18 diazabicyclo, Microwave-assistant Synthesis, Herbicide safener

19
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INTRODUCTION

20 The history of agriculture has shown that humans must effectively control weeds 

21 all times. One of the most effective and modern methods of controlling weeds in 

22 growing crops is the use of herbicides.1 The development of chemical herbicides 

23 began with the discovery of selective herbicide 2, 4-D. So far, herbicides have entered 

24 an efficient development stage, and the variety has been continuously updated.2 

25 Herbicides mainly used in wheat, rice, potato, cotton, and maize fields around the 

26 world, which greatly improve the crop production and agricultural productivity.3,4

27 Sulfonylurea herbicides were the most widely used herbicides in the world with 

28 the widest range of applications and the deepest research. The sulfonylurea herbicide 

29 nicosulfuron is a broad-spectrum, flexible and inner-absorption conducting herbicide, 

30 which is used to control annual grasses and certain broadleaf weeds in maize or other 

31 field crops.5-7 Nicosulfuron has a wide maize safety margin, but due to large amounts 

32 of its application and toxigenic potential, certain maize hybrids and inbreds can be 

33 severely injured by nicosulfuron.8,9 Some researches showed that maize seedlings can 

34 be severely inhibited after nicosulfuron treatment from 7 to 14 days.10 Nicosulfuron is 

35 easy to cause phytotoxicity to sensitive crops and may have adverse effects on later 

36 crops.11 For sensitive maize, it caused severe injury to lipids and changed the 

37 ascorbate-glutathione cycle, with symptoms ranging from severe stunting of plant 

38 growth to death.12 In order to solve these serious problems, many methods have been 

39 reported, including the development of new herbicides and so on.13-15 Other than these 

40 methods, using herbicide safeners, is also an effective solution.
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41 Herbicide safeners selectively protect crops from certain herbicides without 

42 affecting weed control effectiveness.16,17 Since the first phenomenon of herbicide 

43 safening was discovered, the mechanisms of action of safeners have received 

44 considerable attention. Nevertheless, due to the complexity of the interactions 

45 between the safeners and the molecular mechanisms and the expression of the 

46 enzyme, there is no conclusive mechanism explaining action of the available 

47 safeners.18,19 It is widely accepted that safeners can improve crop metabolism and 

48 detoxification by upregulating cytochrome-P450-monooxygenases (CYPs), 

49 glutathione-S-transferases (GSTs), glutathione (GSH) and ATP-binding casette 

50 (ABC) transporter proteins that detoxify herbicides.20-23 The use of a suitable safener 

51 can reduce or eliminate herbicide damage to crop without affecting the herbicidal 

52 activity. As a result, it is highly urgent to develop new safeners to provide new 

53 solutions to weed control problems.

54 Isoxadifen-ethyl was the first safener launched by Bayer CropScience AG.16 It 

55 can protect maize from herbicide damage with various modes of action, which could 

56 increase the absorption, translocation and detoxification of sulfonylurea herbicides in 

57 maize.24 Isoxadifen-ethyl can effectively alleviate the phytotoxicity of nicosulfuron to 

58 maize and increase the plant's metabolism of nicosulfuron through 

59 non-P450-catalyzed routes.25 BAS-145138, diazabicyclo herbicide safener, can 

60 protect sorghum and reduce herbicide toxicity by enhancing the metabolism of lauric 

61 acid.26 Also, BAS-145138 can accelerate the metabolic rate of chlorimuron ethyl in 

62 leaves and roots of maize without affecting the absorption of chlorimuron ethyl in 
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63 maize.27 It was shown that the concentration of safety agent was linear with GSH 

64 content and GST activity.

65 The Intermediate Derivatization Methods (IDM) is a new approach for 

66 discovering and developing novel patentable leads or target compounds by chemical 

67 reaction utilizing various intermediates.28 The key to the success of the IDM is to find 

68 the right intermediate. Successful examples such as the development of herbicides 

69 pyribenzoxim (derivatives of bispyribac-sodium), butafenacil (derivatives of 

70 flupropacil), and herbicide safener fenchlorazole-ethyl.29-31 Fragment splicing is also 

71 the main strategy to design and optimize of new skeleton structures with target 

72 biological activity. For instance, the new fungicide fluopyram was designed by 

73 fragment splicing of fluopicolide and flutolanil.32 Combining the structural features of 

74 diphenylmethoxyacetic acid and the experimental Monsanto safener benzhydryloxy 

75 acetic acid led to the strong maize safener isoxadifen-ethyl.33 In connection with the 

76 facts mentioned above, the attempt to design novel compounds with safener activity 

77 will be valuable for alleviating the toxity of herbicides. Based on our work on 

78 synthesis of nitrogen-containing heterocyclic compound,34,35 herein we use 

79 N-substituted diazabicyclo as the key intermediate, then designed a series of novel 

80 substituted diazabicyclo derivatives utilizing the IDM combined with fragment 

81 splicing (Scheme 1). The bioassay was also conducted for evaluating the safener 

82 activity of the title compounds. Furthermore, molecular structure comparisons and 

83 molecular docking were performed to determine the possible detoxifcation 

84 mechanism for the safener and to design more effective new safeners.

Page 5 of 50

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



6

85 MATERIALS AND METHODS

86 Equipment and Materials

87 The melting points were obtained on a Beijing Taike X-4 stage apparatus and 

88 uncorrected. Infrared (IR) spectra were measured as KBr pellets on ALPHA-T. The 

89 NMR spectra were recorded on a Bruker AV-400 spectrometer, using TMS as an 

90 internal standard. The high-resolution mass spectrum (HRMS) were recorded on a 

91 Xevo TQ spectrometer. X-ray diffraction data were collected on a Rigaku R-AXIS 

92 RAPID diffractometer. The four isoxazole-4-carbonyl chlorides 

93 (5-methyl-3-phenylisoxazole-4-carbonyl chloride, 

94 3-(2-chloro-6-fluorophenyl)-5-methylisoxazole-4-carbonyl chloride, 

95 3-(2,6-dichlorophenyl)-5-methylisoxazole-4-carbonyl chloride and 

96 3-(2-chlorophenyl)-5-methylisoxazole-4-carbonyl chloride) were purchased from 

97 Hubei Xinmingtai Chemical Co., Ltd. Purification by column chromatography on 

98 silica gel. Microwave activation was performed using an XH-100A focused 

99 microwave.

100 General Procedure for the Synthesis of Compounds 4

101 Diamine (0.05 mol), ethyl levulinate (0.05 mol) (or ethyl 4-acetobutyrate) and 

102 montmorillonite k10 (3 g) were added to 100mL three-necked flask sequentially, the 

103 reaction was stirred for 12 min under the microwave conditions (300 W, 25℃). The 

104 products obtained above without reprocessing and anhydrous K2CO3 (1.5 eq) were 

105 dissolved in CHCl3 at room temperature. The isoxazole-4-carbonyl chloride (1.5 eq) 

106 was added to the mixture slowly at 0℃  and the reaction was monitored by TLC. 
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107 After the reaction was over, the solution was washed with water. The organic phase 

108 was dried over anhydrous MgSO4. After the solvent was removed off under reduced 

109 pressure, the crude products were purified by column chromatography on silica gel 

110 eluting with ethyl acetate and petroleum ether (6:1) or recrystallized with ethyl acetate 

111 and light petroleum ether.

112 3-phenyl-4-(5-methyl-8-oxa-1,4-diazabicyclo[3.3.0]octane)-5-methyl-isoxazolec

113 arboxamide 4 (S1). Yield: 65%; m.p. 169.9-171.0℃; 1H NMR (CDCl3): δ 7.69-7.28 

114 (m, 5H, Ar-H), 3.92-3.87 (m, 2H, N-CH2-CH2-N), 3.21-2.94 (m, 2H, N-CH2-CH2-N), 

115 2.76-2.67 (m, 2H, N-CH2-CH2-N), 2.52 (S, 3H, CH3), 2.49-2.43 (m, 2H, 

116 N-CH2-CH2-N), 1.73 (s, 3H, CH3); 13C NMR (CDCl3): δ 175.21, 169.12, 160.90, 

117 159.23, 130.69, 129.16, 129.16, 128.36, 127.11, 127.11, 112.64, 83.53, 47.52, 38.95, 

118 34.06, 32.15, 22.81, 11.35; HRMS (ESI) calcd for C18H19N3O3 ([M+H]+) 326.1499, 

119 found 326.1495.

120 3-(2'-chloro-phenyl)-4-(5-methyl-8-oxa-1,4-diazabicyclo[3.3.0]octane)-5-methyl

121 -oxazole carboxamide 4 (S2). Yield: 51%; m.p. 219.5-220.6℃; 1H NMR (CDCl3): δ 

122 7.55-7.39 (m, 4H, Ar-H), 3.97-3.40(m, 2H, N-CH2-CH2-N), 3.26-3.05 (m, 2H, 

123 N-CH2-CH2-N), 2.70-2.67 (m, 2H, C-CH2-CH2-C=O), 2.58 (s, 3H, CH3), 2.54-2.30 

124 (m, 2H, C-CH2-CH2-C=O), 1.66 (s, 3H, CH3); 13C NMR (CDCl3): δ 175.60, 169.00, 

125 160.40, 158.86, 132.67, 131.63, 131.43, 130.27, 127.81, 127.40, 114.25, 83.74, 47.33, 

126 39.26, 33.59, 32.11, 22.97, 12.37; HRMS (ESI) calcd for C18H18ClN3O3 ([M+H]+) 

127 360.1109, found 360.1107.
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128 3-(2',6'-dichloro-phenyl)-4-(5-methyl-8-oxa-1,4-diazabicyclo[3.3.0]octane)-5-me

129 thyl-isoxazole carboxamide 4 (S3). Yield: 57%; m.p. 197.4-198.3℃; 1H NMR 

130 (CDCl3): δ 7.48-7.38 (m, 3H, Ar-H), 4.05-3.56 (m, 2H, N-CH2-CH2-N), 3.45-3.10 (m, 

131 2H, N-CH2-CH2-N), 2.81-2.67 (m, 2H, C-CH2-CH2-C=O), 2.60 (s, 3H, CH3), 

132 2.54-2.32 (m, 2H, C-CH2-CH2-C=O), 1.62 (s, 3H, CH3); 13C NMR (CDCl3): δ 175.66, 

133 168.48, 159.72, 157.00, 135.71, 135.04, 131.75, 128.65, 128.20, 127.19, 114.52, 

134 83.81, 47.20, 39.33, 33.60, 32.09, 22.80, 12.75; HRMS (ESI) calcd for 

135 C18H17Cl2N3O3 ([M+H]+) 394.0720, found 394.0719.

136 3-(2'-fluoro-6'-chloro-phenyl)-4-(5-methyl-8-oxa-1,4-diazabicyclo[3.3.0]octane)

137 -5-methyl-isoxazolecarboxamide 4 (S4). Yield: 50%; m.p. 166.7-167.8℃; 1H NMR 

138 (CDCl3): δ 7.47-7.34 (m, 3H, Ar-H), 4.02-3.50 (d, 2H, N-CH2-CH2-N), 3.40-2.59 (d, 

139 2H, N-CH2-CH2-N), 2.80-2.64 (m, 2H, C-CH2-CH2-C=O), 2.55-2.34 (m, 2H, 

140 C-CH2-CH2-C=O), 2.59 (S, 3H, CH3), 1.64 (s, 3H, CH3); 13C NMR (CDCl3): δ 

141 175.62, 168.58, 161.87, 159.86, 159.35, 153.68, 134.68, 132.16, 125.99, 116.75, 

142 114.67, 83.73, 47.22, 39.26, 33.61, 32.08, 22.76, 12.47; HRMS (ESI) calcd for 

143 C18H17ClFN3O3 ([M+H]+) 378.1015, found 378.1019.

144 3-phenyl-4-(5-methyl-9-oxa-1,4-diazabicyclo[3.4.0]nonane)-5-methyl-isoxazolec

145 arboxamide 4 (S5). Yield: 74%; m.p. 152.9-154.5℃; 1H NMR (CDCl3): δ 7.61-7.29 

146 (m, 5H, Ar-H), 3.97-3.94 (d, 2H, N-CH2-C-CH2-N), 3.15-2.81 (m, 4H, 

147 N-CH2-C-CH2-N), 2.53 (S, 3H, CH3), 2.52-1.76 (m, 4H, N-CH2-CH2-N), 1.69 (s, 3H, 

148 CH3), 1.36-1.32 (d, 2H, N-CH2-C-CH2-N); 13C NMR (CDCl3): δ 172.81, 172.74, 

149 172.72, 172.67, 163.56, 163.54, 160.13, 160.11, 130.52, 128.98, 128.15, 127.83, 
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150 112.21, 43.99, 34.64, 33.99, 29.25, 22.53, 20.53, 11.89; HRMS (ESI) calcd for 

151 C19H21N3O3 ([M+Na]+) 362.1477, found 362.1475.

152 3-(2'-chloro-phenyl)-4-(5-methyl-9-oxa-1,4-diazabicyclo[3.4.0]nonane)-oxazole 

153 carboxamide 4 (S6). Yield: 66%; m.p. 181.7-183.1℃; 1H NMR (CDCl3): δ 7.53-7.40 

154 (m, 4H, Ar-H), 4.04-2.71 (m, 4H, N-CH2-CH2-CH2-N), 2.58 (s, 3H, CH3), 2.39-1.71 

155 (m, 4H, C-CH2-CH2-C=O), 1.63 (s, 3H, CH3), 1.51-1.47 (m, 2H, 

156 N-CH2-CH2-CH2-N); 13C NMR (CDCl3): δ 172.67, 163.64, 132.91, 131.55, 131.43, 

157 131.43, 130.14, 130.14, 127.71, 127.38, 127.38, 113.40, 44.58, 35.00, 33.79, 29.25, 

158 23.37, 19.37, 12.25; HRMS (ESI) calcd for C19H20ClN3O3 ([M+H]+) 374.1266, found 

159 374.1268.

160 3-(2',6'-dichloro-phenyl)-4-(5-methyl-9-oxa-1,4-diazabicyclo[3.4.0]nonane)-5-m

161 ethyl-isoxazole carboxamide 4 (S7). Yield: 71%; m.p. 200-201℃; 1H NMR (CDCl3): 

162 δ 7.47-7.34 (m, 3H, Ar-H), 3.98-2.67 (m, 4H, N-CH2-CH2-CH2-N), 2.60 (s, 3H, CH3), 

163 2.39-2.25 (m, 2H, C-CH2-CH2-C=O), 1.57 (s, 3H, CH3), 1.51-1.49 (m, 2H, 

164 C-CH2-CH2-C=O), 0.85-0.81 (m, 2H, N-CH2-CH2-CH2-N); 13C NMR (CDCl3): δ 

165 172.59, 163.37, 156.56, 135.53, 135.37, 131.80, 131.80, 128.80, 128.80, 128.27, 

166 127.04, 113.63, 44.46, 35.05, 33.64, 29.21, 23.51, 19.17, 12.43; HRMS (ESI) calcd 

167 for C19H19Cl2N3O3 ([M+H]+) 408.0876, found 408.0873.

168 3-(2'-fluoro-6'-chloro-phenyl)-4-(5-methyl-9-oxa-1,4-diazabicyclo[3.4.0]nonane)

169 -5-methyl-isoxazolecarboxamide 4 (S8). Yield: 60%; m.p. 183.0-183.8℃; 1H NMR 

170 (CDCl3): δ 7.47-7.12 (m, 3H,  Ar-H), 4.02-3.98 (m, 2H, N-CH2-C-CH2-N), 

171 3.44-3.20 (m, 2H, N-CH2-C-CH2-N), 2.85-2.69 (m, 2H, N-CH2-C-CH2-N), 2.62 (S, 
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172 3H, CH3), 2.36-1.67 (m, 4H, N-CH2-CH2-N), 1.61 (s, 3H, CH3), 1.54-1.51 (m, 2H, 

173 N-CH2-C-CH2-N); 13C NMR (CDCl3): δ 172.55, 163.48, 161.98, 159.44, 134.81, 

174 134.77, 132.30, 128.01, 125.98, 114.72, 114.50, 113.71, 44.49, 36.00, 33.70, 29.19, 

175 23.47, 19.13, 12.28; HRMS (ESI) calcd for C19H19ClFN3O3 ([M+Na]+) 414.0989, 

176 found 414.0991.

177 3-phenyl-4-(2 or 

178 3,5-dimethyl-8-oxa-1,4-diazabicyclo[3.3.0]octane)-5-methyl-isoxazole formamide 4 

179 (S9). Yield: 61%; m.p. 156.5-157.5℃; 1H NMR (CDCl3): δ 7.69-7.48 (m, 5H, Ar-H), 

180 4.07-4.05 (m, 1H, N-CH-CH2-N), 2.90-2.86 (m, 2H, N-CH-CH2-N), 2.74-2.67 (m, 

181 2H, C-CH2-CH2-C=O), 2.53 (s, 3H, CH3), 2.44-2.32 (m, 2H, C-CH2-CH2-C=O), 1.78 

182 (s, 3H, CH3), 0.96-0.94 (d, J=8, 3H, CH3); 13C NMR (CDCl3): δ 175.47, 169.48, 

183 160.98, 159.45, 130.68, 129.18, 129.18, 127.35, 127.35, 127.35, 112.58, 83.83, 54.66, 

184 47.91, 36.53, 32.54, 24.57, 20.81, 11.78; HRMS (ESI) calcd for C19H21N3O3 

185 ([M+H]+) 340.1656, found 340.1653.

186 3-(2'-chloro-phenyl)-4-(2 or 

187 3,5-dimethyl-8-oxa-1,4-diazabicyclo[3.3.0]octane)-5-methyl-isoxazolecarboxamide 4 

188 (S10). Yield: 42%; m.p. 170.4-172.3℃; 1H NMR (CDCl3): δ 7.56-7.38 (m, 4H, 

189 Ar-H), 4.08-4.04 (m, 1H, N-CH-CH2-N), 3.63-3.09 (m, 2H, N-CH-CH2-N), 2.77-2.61 

190 (m, 2H, C-CH2-CH2-C=O), 2.59 (s, 3H, CH3), 2.56-2.29 (m, 2H, C-CH2-CH2-C=O), 

191 1.70 (s, 3H, CH3), 1.06 (s, 3H, CH3); 13C NMR (CDCl3): δ 175.76, 169.51, 160.50, 

192 158.79, 132.88, 131.63, 131.47, 130.32, 127.89, 127.39, 114.00, 83.96, 54.49, 48.21, 
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193 36.13, 32.55, 24.52, 20.63, 12.25; HRMS (ESI) calcd for C19H20ClN3O3 ([M+H]+) 

194 374.1266, found 374.1262.

195 3-(2',6'-dichloro-phenyl)-4-(2 or 

196 3,5-dimethyl-8-oxa-1,4-diazabicyclo[3.3.0]octane 

197 Alkyl)-5-methyl-isoxazolecarboxamide 4 (S11). Yield: 55%; m.p. 162.1-163.8℃; 1H 

198 NMR (CDCl3): δ 7.52-7.40 (m, 3H, Ar-H), 4.03-4.00 (m, 1H, N-CH-CH2-N), 

199 3.81-3.14 (m, 2H, N-CH-CH2-N), 2.63 (s, 3H, CH3), 2.48-2.40 (m, 2H, 

200 C-CH2-CH2-C=O), 1.94-1.62 (m, 2H, C-CH2-CH2-C=O), 1.41 (s, 3H, CH3), 0.99 (s, 

201 3H, CH3); 13C NMR (CDCl3): δ 170.46, 168.39, 159.66, 155.51, 136.30, 135.45, 

202 131.84, 131.84, 128.70, 128.45, 127.26, 115.12, 78.84, 52.82, 46.22, 35.01, 30.08, 

203 21.64, 17.55, 12.08; HRMS (ESI) calcd for C19H19Cl2N3O3 ([M+H]+) 408.0876, found 

204 408.0881.

205 3-(2'-fluoro-6'-chloro-phenyl)-4-(2 or 

206 3,5-dimethyl-8-oxa-1,4-diazabicyclo[3.3.0]octane)-5-methyl-isoxazolecarboxamide 4 

207 (S12). Yield: 39%; m.p. 187.3-187.9℃; 1H NMR (CDCl3): δ 7.48-7.14 (m, 3H, 

208 Ar-H), 4.08-4.17 (m, 1H, N-CH-CH2-N), 3.73-3.20 (m, 2H, N-CH-CH2-N), 2.61 (s, 

209 3H, CH3), 1.60-1.15 (m, 4H, C-CH2-CH2-C=O), 1.68 (s, 3H, CH3), 1.13 (s, 3H, CH3); 

210 13C NMR (CDCl3): δ 175.81, 169.21, 160.01, 132.30, 132.21, 126.07, 126.04, 114.72, 

211 114.50, 83.93, 54.47, 48.28, 36.01, 32.56, 30.99, 28.29, 24.37, 20.73, 12.36; HRMS 

212 (ESI) calcd for C19H19ClFN3O3 ([M+H]+) 392.1172, found 392.1175.

213 3-phenyl-4-(3,3,6-trimethyl-9-oxa-1,5-diazabicyclo[3.4.0]nonane)-5-methyl-isox

214 azole formamide 4 (S13). Yield: 81%; m.p. 135.1-137℃; 1H NMR (CDCl3): δ 
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215 7.64-7.45 (m, 5H, Ar-H), 3.75-3.02 (m, 2H, N-CH2-CH2-N), 2.79-2.76 (m, 2H, 

216 N-CH2-CH2-N), 2.53 (s, 3H, CH3), 2.52-2.48 (m, 2H, C-CH2-CH2-C=O), 2.44-2.38 

217 (m, 2H, C-CH2-CH2-C=O), 1.60 (s, 3H, CH3), 0.81-0.49 (m, 3H, CH3); 13C NMR 

218 (CDCl3): δ 172.23, 165.19, 130.51, 129.08, 129.08, 129.08, 128.23, 127.58, 112.55, 

219 55.68, 46.09, 35.31, 30.31, 30.31, 29.66, 24.50, 21.54, 21.52, 21.39, 17.67, 11.70, 

220 11.70; HRMS (ESI) calcd for C21H25N3O3 ([M+H]+) 368.1969, found 368.1966.

221 3-(2'-chloro-phenyl)-4-(3,3,6-trimethyl-9-oxa-1,5-diazabicyclo[3.4.0]nonane)-5-

222 methyl-isoxazolecarboxamide 4 (S14). Yield: 70%; m.p. 174.9-176.3℃; 1H NMR 

223 (CDCl3): δ 7.53-7.37 (m, 4H, Ar-H), 3.75-3.11 (m, 2H, N-CH2-CH2-N), 2.93-2.82 (m, 

224 2H, N-CH2-CH2-N), 2.54 (s, 3H, CH3), 2.51-2.30 (m, 4H, C-CH2-CH2-C=O), 1.52 (s, 

225 3H, CH3), 0.86 (s, 3H, CH3), 0.48 (s, 3H, CH3); 13C NMR (CDCl3): δ 172.34, 164.96, 

226 133.05, 131.58, 131.58, 130.44, 127.79, 127.33, 113.93, 77.26, 77.20, 55.92, 46.25, 

227 34.80, 30.43, 29.63, 24.58, 24.58, 21.20, 17.39, 12.23; HRMS (ESI) calcd for 

228 C21H24ClN3O3 ([M+H]+) 402.1579, found 402.1577.

229 3-(2',6'-dichloro-phenyl)-4-(3,3,6-trimethyl-9-oxa-1,5-diazabicyclo[3.4.0]nonan

230 e alkyl)-5-methyl-isoxazolecarboxamide 4 (S15). Yield: 78%; m.p. 218.2-219.2℃; 1H 

231 NMR (CDCl3): δ 7.48-7.35 (m, 3H, Ar-H), 3.77-3.21 (m, 2H, N-CH2-CH2-N), 

232 2.92-2.85 (m, 2H, N-CH2-CH2-N), 2.57 (s, 3H, CH3), 2.53-2.26 (m, 4H, 

233 C-CH2-CH2-C=O), 1.48 (s, 3H, CH3), 0.92 (s, 3H, CH3), 0.61 (s, 3H, CH3); 13C NMR 

234 (CDCl3): δ 172.35, 169.49, 169.47, 164.45, 156.56, 136.14, 135.18, 131.74, 128.93, 

235 128.27, 127.22, 114.21, 55.86, 46.37, 34.87, 30.52, 29.60, 24.59, 21.37, 17.29, 12.50; 

236 HRMS (ESI) calcd for C21H23Cl2N3O3 ([M+H]+) 436.1189, found 436.1187.

Page 12 of 50

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



13

237 3-(2'-fluoro-6'-chloro-phenyl)-4-(3,3,6-trimethyl-9-oxa-1,5-diazabicyclo[3.4.0]n

238 onane)-5-methyl-isoxazole carboxamide 4 (S16). Yield: 62%; m.p. 198.6-200.3℃; 1H 

239 NMR (CDCl3): δ 7.45-7.11 (m, 3H, Ar-H), 3.78-3.21 (m, 2H, N-CH2-CH2-N), 

240 2.92-2.86 (m, 2H, N-CH2-CH2-N), 2.58 (s, 3H, CH3), 2.56-2.27 (m, 4H, 

241 C-CH2-CH2-C=O), 1.50 (s, 3H, CH3), 0.92 (s, 3H, CH3), 0.64 (s, 3H, CH3); 13C NMR 

242 (CDCl3): δ 172.34, 164.56, 135.01, 132.19, 132.10, 126.20, 126.16, 114.68, 114.46, 

243 114.38, 77.26, 77.20, 55.96, 46.28, 34.85, 30.48, 29.61, 24.66, 21.56, 17.19, 12.34; 

244 HRMS (ESI) calcd for C21H23ClFN3O3 ([M+H]+) 420.1485, found 420.1486.

245 3-phenyl-4-(6-methyl-9-oxa-1,4-diazabicyclo[4.3.0]nonane)-5-methyl-isoxazolec

246 arboxamide 4 (S17). Yield: 63%; m.p. 127.4-128.7℃; 1H NMR (CDCl3): δ 7.71-7.46 

247 (m, 5H, Ar-H), 4.24-3.18 (m, 2H, N-CH2-CH2-N), 3.13-2.93 (m, 2H, N-CH2-CH2-N), 

248 2.52 (S, 3H, CH3), 2.49-1.86 (m, 4H, N-CH2-CH2-N), 1.71 (s, 3H, CH3); 13C NMR 

249 (CDCl3): δ 168.93, 167.57, 161.33, 159.26, 130.65, 129.12, 129.12, 128.39, 127.19, 

250 127.19, 113.12, 78.42, 45.35, 39.86, 32.90, 30.47, 22.18, 17.52, 11.78; HRMS (ESI) 

251 calcd for C19H21N3O3 ([M+H]+) 340.1656, found 340.1656.

252 3-(2'-chloro-phenyl)-4-(6-methyl-9-oxa-1,4-diazabicyclo[4.3.0]nonane) oxazole 

253 carboxamide 4 (S18). Yield: 48%; m.p. 172.6-174.1℃; 1H NMR (CDCl3): δ 7.55-7.38 

254 (m, 4H, Ar-H), 4,26-3.11 (m, 4H, N-CH2-CH2-N), 3.04-3.01 (m, 2H, 

255 C-CH2-CH2-CH2-C=O), 2.57 (s, 3H, CH3), 2.52-1.81 (m, 2H, C-CH2-CH2-CH2-C=O), 

256 1.65 (s, 3H, CH3), 1.60-1.53 (m, 2H, C-CH2-CH2-CH2-C=O); 13C NMR (CDCl3): δ 

257 168.81, 167.67, 160.83, 159.05, 132.67, 131.59, 131.48, 130.19, 127.81, 127.35, 

Page 13 of 50

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



14

258 114.64, 78.53, 45.30, 40.05, 32.81, 30.53, 22.03, 17.47, 12.39; HRMS (ESI) calcd for 

259 C19H20ClN3O3 ([M+H]+) 374.1266, found 374.1269.

260 3-(2',6'-dichloro-phenyl)-4-(6-methyl-9-oxa-1,4-diazabicyclo[4.3.0]nonane)-5-m

261 ethyl-isoxazole carboxamide 4 (S19). Yield: 54%; m.p. 244.1-245.6℃; 1H NMR 

262 (CDCl3): δ 7.48-7.35 (m, 3H, Ar-H), 4,35-3.19 (m, 4H, N-CH2-CH2-N), 3.01-2.97 (m, 

263 2H, C-CH2-CH2-CH2-C=O), 2.60 (s, 3H, CH3), 2.51-1.88 (m, 2H, 

264 C-CH2-CH2-CH2-C=O), 1.59 (s, 3H, CH3), 1.56-1.48 (m, 2H, C-CH2-CH2-CH2-C=O); 

265 13C NMR (CDCl3): δ 168.47, 167.66, 160.16, 157.11, 135.95, 134.80, 131.71, 128.81, 

266 127.97, 127.22, 114.91, 78.58, 45.23, 40.10, 32.91, 30.56, 21.87, 17.46, 12.74; HRMS 

267 (ESI) calcd for C19H19Cl2N3O3 ([M+H]+) 408.0876, found 408.0872.

268 3-(2'-fluoro-6'-chloro-phenyl)-4-(6-methyl-9-oxa-1,4-diazabicyclo[4.3.0]nonane)

269 -5-methyl-isoxazolecarboxamide 4 (S20). Yield: 39%; m.p. 236.3-237.8℃; 1H NMR 

270 (CDCl3): δ 7.45-7.12 (m, 3H, Ar-H), 4.35-3.52 (m, 2H, N-CH2-CH2-N), 3.26-3.22 (m, 

271 2H, N-CH2-CH2-N), 3.03-3.00 (m, 2H, C-CH2-CH2-CH2-C=O), 2.60 (s, 3H, CH3), 

272 2.49-1.91 (m, 2H, C-CH2-CH2-CH2-C=O), 1.63 (s, 3H, CH3), 1.54-1.53 (m, 2H, 

273 C-CH2-CH2-CH2-C=O); 13C NMR (CDCl3): δ 168.54, 167.69, 160.36, 153.82, 

274 134.74, 134.70, 132.20, 132.10, 125.98, 125.94, 114.66, 78.54, 45.19, 40.08, 32.93, 

275 30.58, 21.85, 17.48, 12.49; HRMS (ESI) calcd for C19H19ClFN3O3 ([M+H]+) 

276 392.1172, found 392.1176.

277 3-phenyl-4-(6-methyl-10-oxa-1,5-diazabicycl 

278 [4.4.0]decane)-5-methyl-isoxazolecarboxamide 4 (S21). Yield: 59%; m.p. 

279 163.5-164.9℃; 1H NMR (CDCl3): δ 7.67-7.50 (m, 5H, Ar-H), 4.50-2.60 (m, 4H, 
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280 N-CH2-CH2-CH2-N), 2.52 (s, 3H, CH3), 2.33-1.42 (m, 6H, C-CH2-CH2-CH2-C=O), 

281 1.28 (s, 3H, CH3), 1.06-0.69 (m, 2H, N-CH2-CH2-CH2-N); 13C NMR (CDCl3): δ 

282 173.55, 161.98, 160.18, 130.50, 130.43, 129.07, 129.07, 128.98, 128.95, 127.81, 

283 113.40, 111.19, 36.10, 33.46, 32.00, 29.73, 29.57, 16.92, 12.89, 11.79; HRMS(ESI) 

284 calcd for C20H23N3O3 ([M+H]+) 354.1812, found 354.1819.

285 3-(2'-chloro-phenyl)-4-(6-methyl-10-oxa-1,5-diazabicyclo[4.4.0]decane) oxazole 

286 carboxamide 4 (S22). Yield: 43%; m.p. 197.7-198.7℃; 1H NMR (CDCl3): δ 7.55-7.40 

287 (m, 4H, Ar-H), 4.61-2.98 (m, 4H, N-CH2-CH2-CH2-N), 2.90-2.79 (m, 2H, 

288 C-CH2-CH2-CH2-C=O), 2.61 (s, 3H, CH3), 2.55-2.35 (m, 2H, C-CH2-CH2-CH2-C=O), 

289 1.79-1.64 (m, 2H, N-CH2-CH2-CH2-N), 1.44-1.27 (m, 2H, C-CH2-CH2-CH2-C=O), 

290 1.88 (s, 3H, CH3); 13C NMR (CDCl3): δ 170.31, 169.01, 162.37, 159.42, 133.04, 

291 131.60, 131.46, 130.02, 130.02, 127.90, 127.43, 114.74, 43.21, 33.81, 32.61, 31.73, 

292 24.68, 22.67, 16.90, 12.30; HRMS (ESI) calcd for C20H22ClN3O3 ([M+H]+) 388.1422, 

293 found 388.1427.

294 3-(2',6'-dichloro-phenyl)-4-(6-methyl-10-oxa-1,5-diazabicyclo[4.4.0]decane)-5-

295 methyl-isoxazole carboxamide 4 (S23). Yield: 47%; m.p. 232.1-233.5℃; 1H NMR 

296 (CDCl3): δ 7.48-7.38 (m, 3H, Ar-H), 4.61-2.92 (m, 4H, N-CH2-CH2-CH2-N), 2.61 (s, 

297 3H, CH3), 2.41-2.23 (m, 4H, C-CH2-CH2-CH2-C=O), 1.88 (s, 3H, CH3), 1.66-1.65 (m, 

298 2H, N-CH2-CH2-CH2-N), 1.60-1.58 (m, 2H, C-CH2-CH2-CH2-C=O); 13C NMR 

299 (CDCl3): δ 169.42, 161.74, 157.01, 135.87, 135.76, 135.48, 131.62, 128.61, 128.55, 

300 128.20, 127.32, 115.01, 43.62, 33.89, 32.82, 31.90, 25.25, 22.89, 16.91, 12.55; HRMS 

301 (ESI) calcd for C20H21Cl2N3O3 ([M+H]+) 422.1033, found 422.1035.
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302 3-(2'-fluoro-6'-chloro-phenyl)-4-(6-methyl-10-oxa-1,5-diazabicyclo[4.4.0]decan

303 e)-5-methyl-isoxazolecarboxamide 4 (S24). Yield: 31%; m.p. 183.7-185.6℃; 1H NMR 

304 (CDCl3): δ 7.44-7.14 (m, 3H, Ar-H), 4.64-3.54 (m, 4H, N-CH2-CH2-CH2-N), 2.59 (s, 

305 3H, CH3), 3.14-2.86 (m, 4H, C-CH2-CH2-CH2-C=O), 2.42-2.16 (m, 2H, 

306 C-CH2-CH2-CH2-C=O), 1.88 (s, 3H, CH3), 1.82-1.21 (m, 2H, N-CH2-CH2-CH2-N); 

307 13C NMR (CDCl3): δ 170.49, 169.28, 162.04, 161.89, 159.53, 153.94, 134.97, 132.10,  

308 125.87, 115.15, 114.67, 114.45, 43.38, 33.88, 32.69, 31.88, 24.98, 22.78, 16.85, 

309 12.34; HRMS (ESI) calcd for C20H21ClFN3O3 ([M+H]+) 406.1328, found 406.1331.

310 3-(2'-chloro-phenyl)-4-(2 or 

311 3,5-dimethyl-9-oxa-1,4-diazabicyclo[4.3.0]nonane)-5-methyl-isoxazolecarboxamide 4 

312 (S25). Yield: 33%; m.p. 223.3-224.5℃; 1H NMR (CDCl3): δ 7.56-7.39 (m, 4H, 

313 Ar-H), 4.34-4.32 (m, 1H, N-CH-CH2-N), 3.45-3.11 (m, 2H, N-CH-CH2-N), 3.04-3.01 

314 (m, 2H, C-CH2-CH2-CH2-C=O), 2.58 (s, 3H, CH3), 2.38-1.89 (m, 2H, 

315 C-CH2-CH2-CH2-C=O), 1.71 (s, 3H, CH3), 1.15 (s, 3H, CH3), 1.48-1.17 (m, 2H, 

316 C-CH2-CH2-CH2-C=O); 13C NMR (CDCl3): δ 169.07, 168.16, 161.12, 158.95, 

317 132.82, 131.60, 131.50, 130.25, 127.82, 127.36, 114.56, 78.78, 51.49, 49.53, 33.30, 

318 29.91, 24.43, 20.37, 16.85, 12.26; HRMS (ESI) calcd for C20H22ClN3O3 ([M+H]+) 

319 388.1422, found 388.1428.

320 3-(2',6'-dichloro-phenyl)-4-(2 or 

321 3,5-dimethyl-9-oxa-1,4-diazabicyclo[4.3.0]nonane 

322 alkyl)-5-methyl-isoxazolecarboxamide 4 (S26). Yield: 38%; m.p. 187.3-189.3℃; 1H 

323 NMR (CDCl3): δ 7.50-7.40 (m, 3H, Ar-H), 4.03-4.00 (m, 1H, N-CH-CH2-N), 
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324 3.81-3.15 (m, 3H, N-CH-CH2-N), 2.69-2.64 (m, 2H, C-CH2-CH2-CH2-C=O), 2.63 (s, 

325 3H, CH3), 2.62-1.62 (m, 4H, C-CH2-CH2-CH2-C=O), 1.41 (s, 3H, CH3), 0.99-1.01 (d, 

326 J=8, 3H, CH3); 13C NMR (CDCl3): δ 170.47, 168.38, 159.67, 155.51, 136.29, 135.45, 

327 131.84, 131.84, 128.70, 128.45, 127.26, 115.12, 78.84, 52.82, 46.24, 30.01, 30.09, 

328 21.66, 17.56, 12.09; HRMS (ESI) calcd for C20H21Cl2N3O3 ([M+H]+) 422.1033, found 

329 422.1035.

330 3-(2'-fluoro-6'-chloro-phenyl)-4-(2 or 

331 3,5-dimethyl-9-oxa-1,4-diazabicyclo[4.3.0]nonane)-5-methyl-isoxazole carboxamide 

332 4 (S27). Yield: 21%; m.p. 226.5-227.7℃; 1H NMR (CDCl3): δ 7.44-7.14 (m, 3H, 

333 Ar-H), 4.35-4.34 (m, 1H, N-CH-CH2-N), 3.68-3.19 (m, 2H, N-CH-CH2-N), 3.01-2.98 

334 (m, 2H, C-CH2-CH2-CH2-C=O), 2.60 (s, 3H, CH3), 2.47-1.84 (m, 2H, 

335 C-CH2-CH2-CH2-C=O), 1.44-1.25 (m, 2H, C-CH2-CH2-CH2-C=O), 1.68 (s, 3H, CH3), 

336 1.23 (s, 3H, CH3); 13C NMR (CDCl3): δ 169.05, 161.94, 160.72, 159.42, 153.74, 

337 134.78, 132.32, 126.04, 116.75, 114.84, 114.68, 78.91, 51.46, 50.01, 33.28, 29.77, 

338 24.13, 20.32, 16.74, 12.44; HRMS (ESI) calcd for C20H21ClFN3O3 ([M+H]+) 

339 406.1328, found 406.1331.

340 3-phenyl-4-(3,3,6-trimethyl-10-oxa-1,5-diazabicyclo[4.4.0]decane)-5-methyl-iso

341 xazole formamide 4 (S28). Yield: 79%; m.p. 178.8-179.5℃; 1H NMR (CDCl3): δ 

342 7.70-7.44 (m, 5H, Ar-H), 4.42-2.63 (m, 2H, N-CH2-CH2-N), 2.49 (s, 3H, CH3), 

343 2.43-2.31 (m, 2H, C-CH2-CH2-CH2-C=O), 2.04-1.94 (m, 2H, N-CH2-CH2-N), 

344 2.01-1.91 (m, 4H, C-CH2-CH2-CH2-C=O), 2.05 (s, 3H, CH3), 0.89-0.39 (m, 6H, CH3); 

345 13C NMR (CDCl3): δ 169.09, 130.44, 129.12, 129.10, 129.04, 128.53, 127.55, 127.49, 
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346 113.50, 54.47, 54.44, 54.38, 54.35, 46.00, 33.63, 33.63, 32.20, 26.64, 25.71, 17.11, 

347 11.76, 11.71; HRMS (ESI) calcd for C22H27N3O3 ([M+H]+) 382.2125, found 

348 382.2123.

349 3-(2'-chloro-phenyl)-4-(3,3,6-trimethyl-10-oxa-1,5-diazabicyclo[4.4.0]decane)-5

350 -methyl-isoxazolecarboxamide 4 (S29). Yield: 65%; m.p. 111.5-113.5℃; 1H NMR 

351 (CDCl3): δ 7.54-7.35 (m, 4H, Ar-H), 4.43-2.92 (m, 2H, N-CH2-CH2-N), 2.55 (s, 3H, 

352 CH3), 2.52-1.99 (m, 6H, C-CH2-CH2-CH2-C=O), 1.95 (s, 3H, CH3), 1.69-1.50 (m, 2H, 

353 N-CH2-CH2-N), 0.86-0.83 (d, J=12, 6H, CH3); 13C NMR (CDCl3): δ 169.41, 162.66, 

354 158.21, 133.40, 131.37, 131.37, 130.38, 130.38, 127.92, 127.03, 127.03, 115.05, 

355 55.07, 45.84, 33.30, 32.46, 32.06, 26.67, 25.87, 25.25, 16.95, 11.87; HRMS (ESI) 

356 calcd for C22H26ClN3O3 ([M+H]+) 416.1735, found 416.1732.

357 3-(2',6'-dichloro-phenyl)-4-(3,3,6-trimethyl-10-oxa-1,5-diazabicyclo[4.4.0]decan

358 e alkyl)-5-methyl-isoxazolecarboxamide 4 (S30). Yield: 72%; m.p. 177.2-178.6℃; 1H 

359 NMR (CDCl3): δ 7.48-7.37 (m, 3H, Ar-H), 4.46-3.08 (m, 2H, N-CH2-CH2-N), 2.59 (s, 

360 3H, CH3), 2.56-2.08 (m, 6H, C-CH2-CH2-CH2-C=O), 1.95 (s, 3H, CH3), 1.64-1.39 (m, 

361 2H, N-CH2-CH2-N), 0.95-0.89 (d, J=24, 6H, CH3); 13C NMR (CDCl3): δ 170.15, 

362 169.58, 162.18, 155.92, 136.07, 135.57, 131.77, 131.77, 128.73, 128.27, 127.46, 

363 115.34, 76.43, 55.35, 45.83, 33.30, 32.33, 26.94, 26.02, 25.81, 16.91, 12.08; HRMS 

364 (ESI) calcd for C22H25Cl2N3O3 ([M+H]+) 450.1346, found 450.1348.

365 3-(2'-fluoro-6'-chloro-phenyl)-4-(3,3,6-trimethyl-10-oxa-1,5-diazabicyclo[4.4.0]

366 decane)-5-methyl-isoxazole carboxamide 4 (S31). Yield: 54%; m.p. 120.9-121.9℃; 

367 1H NMR (CDCl3): δ 7.48-7.12 (m, 3H, Ar-H), 4.47-3.00 (m, 2H, N-CH2-CH2-N), 
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368 2.58 (s, 3H, CH3), 2.55-2.00 (m, 6H, C-CH2-CH2-CH2-C=O), 1.95 (s, 3H, CH3), 

369 1.66-1.43 (m, 2H, N-CH2-CH2-N), 0.94-0.87 (d, J=28, 6H, CH3); 13C NMR (CDCl3): 

370 δ 169.53, 162.22, 159.49, 153.31, 135.33, 132.26, 125.93, 125.89, 117.08, 116.90, 

371 115.43, 114.37, 55.20, 45.83, 33.21, 32.57, 32.27, 26.75, 25.97, 25.42, 16.91, 12.03; 

372 HRMS (ESI) calcd for C22H25ClFN3O3 ([M+H]+) 434.1641, found 434.1638.

373 X-ray Crystal Structure of Compound 4 (S14)

374 A crystal of compound 4 (S14), with dimensions of 0.15 mm × 0.12 mm × 0.10 

375 mm, was measured at 293 K on a Rigaku R-AXIS-RAPID area detector 

376 diffractometer (Japan) with graphite-monochromated Mo-Kα radiation (λ=0.71073 

377 Å). θmax=28.318; 22323 measured reflections; 5167 independent reflections 

378 (Rint=0.0227). The structure was solved by direct methods using SHELXS 97 and 

379 refined with SHELXL 97. Full-matrix least-squares refinement based on F2 using the 

380 weight of ω=1/[σ2(F2
o)+(0.0702P)2+0.0736P] gave final values of R1=0.0585, 

381 ωR2=0.1696 with I >2σ(I), Δρmax=1.053 e Å3 and Δρmin=-0.493e Å3. Crystallographic 

382 data has been deposited at the Cambridge Crystallographic Data Centre as 

383 supplementary publication number 1912712.

384 Biological Assay

385 Maize seeds (Kennian 1, Shuangji Seed Industry Co., Ltd., Jilin) were moistened 

386 with warm water for 30 min, and then soaked with 0.6% carbendazim about 30 min. 

387 The seeds were immersed in a solution comprising a mixture of the title compounds 

388 (10 mg/kg) at 26.5 °C for 12 h, and then germinated in an incubator for 24 h. The 

389 injury recovery rate (IRR) of the growth indices (root length, plant height, root and 
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390 plant fresh weights) were calculated after treated with nicosulfuron for 7 d. IRR was 

391 calculated as follows:

392 100%
onnicosulfur with Treated-Contrast 

on nicosulfur with Treated-on nicosulfurandsafener  with Treated
(%)RateRecovery Injury 

393 GST Enzyme Extraction and Assay in vivo

394 The GST was extracted and determined as described by Jablnkai.36 All test 

395 procedures were carried out at 0-4°C. To measure the GST activity, 200 mg frozen 

396 maize seedling tissue was ground into powder under liquid nitrogen in 1 mL of 

397 enzyme extracting solution. The homogenate was centrifuged for 20 minutes, and the 

398 supernatant was taken. 1 mM CDNB and 1 mM GSH were added to the enzyme to be 

399 measured. The reaction mixture was measured through spectrophotometry at 340 nm 

400 for 6 minutes. The absorbance of the crude enzyme solution at 595 nm was 

401 determined by Coomassie Brilliant Blue method.37

402 Statistical Analysis

403 Each reported value represents the mean±standard deviation (SD) of data from at 

404 least three replicates of each assay. For the determinations of growth indexes, three 

405 different plant batches were repeated. Statistical analyses were conducted in SPSS 20 

406 (IBM Corp., Armonk, NY, USA). Significant differences between treatment means 

407 were identified by Duncan’s tests at p < 0.05.

408 Docking Study

409 The docking method was based on the reported method in references.32,35 The 

410 three-dimensional structure of compound 4 (S15) was generated in the Sketch module 

411 of SYBYL-X 2.0. Gasteiger-Huckel charges were calculated and the molecule was 
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412 optimized. The crystal structure of acetolactate synthase (ALS) was adopted from the 

413 Protein Data Bank (PDB ID 3EA4). Docking modeling used the “CDOCKER” 

414 method in Accelrys Discovery Studio 3.0. Before docking, the CHARMm force field 

415 was applied to the protein structure and water and certain co-crystallized small 

416 molecules were removed. The active site for the docking studies was determined with 

417 a subset region 13.0 Å from the center of the known ligand. The Top Hits was set to 

418 100, the remaining parameters were used “CDOCKER” as the default value.38 The 

419 binding energy of the small molecule-receptor protein complex was used as an 

420 evaluation index, with the largest negative representation of the most stable 

421 conformation. Based on the molecular docking results, the essential amino acids in the 

422 binding pocket were then confirmed by site-directed mutagenesis.

423 RESULTS AND DISCUSSION

424 Chemistry

425 The synthetic route of compounds 4 was outlined in Scheme 2. The synthesis of 

426 compounds 4 was performed by reacting isoxazole-4-carbonyl chloride with 

427 diazabicyclo derivatives in CHCl3 for stirring 1-2 h with 21%~81% yields (Table 1). 

428 As shown in Table 1, the structure of the substituent greatly affected the yields. The 

429 yields of compounds 4 (S1)-4 (S16) which were obtained by the ethyl levulinate were 

430 significantly better than those of compounds 4 (S17)-4 (S31) with ethyl acetobutylate 

431 as the raw material. For compounds 4 (S1)-4 (S16), when the substituent R1 was 

432 five-membered ring, the target compounds with substitution at R2 being -(CH2)3- 

433 showed better yields than the substituent being -(CH2)2-. So the yields of compounds 
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434 4 (S5)-4 (S7) were better than others, which were 66%-74%, this may due to the 

435 six-membered ring had a more stable structure than the five-membered ring. Notably, 

436 the yields of compound 4 (S4), with F substituent at R3 and Cl substituent at R4, were 

437 the lowest among all compounds. This was because the five-membered ring was 

438 unstable, and the more obvious steric hindrance effect caused by 

439 electron-withdrawing group F. When the substituents R1
 and R2 were the same, the 

440 yields of compounds 4 (S9)-4 (S12) were generally higher than those of compounds 4 

441 (S13)-4 (S16). Presumably, the six-membered ring was more stable. For dihalogen 

442 substituted compounds, the yields of 4 (S12) and 4 (S16), with F atom at R3 and Cl 

443 atom at R4, were the lowest among all compounds with 39% and 62%, respectively. 

444 This was most likely because introduction of halogen, the electron-withdrawing 

445 groups such as F, Cl had a large steric hindrance, resulting in decreased yields. 

446 Meanwhile, when the R3 and R4 positions were replaced by different halogen groups, 

447 which made the structure not symmetrical and had poor stability, thus the yields were 

448 lower.

449 Data presented in Table 1 revealed that when the substituent -(CH2)3- was at R1 

450 position could find the same conclusion. Compounds with no substituents (R3=R4=H) 

451 showed the highest yields. However, the yields of the compounds decreased when the 

452 substituent was halogen. For example, the yield of compound 4 (S28) was 79%, but 

453 compound 4 (S31) was only obtained in 54% yield. The main reason for this 

454 phenomenon may probably because the H atom with a small steric effect, which was 

455 favorable for the progress of the reaction. As a general trend, phenyl groups bearing 
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456 electron-withdrawing groups (Cl; F), in the final compounds gave bad yields. 

457 Interestingly, when Cl atoms were placed both on the R3 position and R4 position of 

458 benzene ring, compounds showed greatly enhanced yields. For example, the yield of 

459 compound 4 (S30) increased to 72%. The result showed that when R3 position and R4 

460 position were both replaced by the same atom, the structure of the compound had 

461 good symmetry and can improve the reaction yield.

462 Biological Activity and Structure-Activity Relationships (SARs).

463 The safener activity of the target compounds 4 were evaluated in the greenhouse 

464 environment. All the novel compounds were evaluated for their protection of maize 

465 (Kennian 1) in vivo against the injury of nicosulfuron at the concentration of 60 

466 g.a.i/hm2 (Table 2). The results indicated that BAS-145138 showed better recovery 

467 rates than isoxadifen-ethyl. Most of the target compounds showed excellent growth 

468 index recovery, indicating the successful design of the title compounds.

469 As shown in Table 2 most of the synthesized compounds improved recovery rate 

470 of growth index. Among the series, compound 4 (S15) exhibited the best activity 

471 against nicosulfuron, even better than both two commercialized safeners BAS-145138 

472 and isoxadifen-ethyl. The IRR of compound 4 (S15) on root length, root fresh weight, 

473 plant height and plant fresh weight were 88.4%, 81.8%, 76.6% and 71.6%, 

474 respectively, which verified that compound 4 (S15) was the best among all target 

475 compounds. The substituent on benzene ring played a key role in the biological 

476 activity. Herein, we found that different substituents exhibited diverse biological 

477 activity. For the same substitutions of R1 and R2, the target compounds with 
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478 substitution at R3 and R4 being Cl displayed better biological activity than those with 

479 H at R3 and R4 positions. For example, compound 4 (S23) exhibited 2.3 times higher 

480 recovery of root length than its corresponding compound 4 (S21). In terms of overall 

481 biological activity, the introduction of F atom was not conducive to the increase in 

482 safety activity. For example, compounds 4 (S4) and 4 (S8) showed lower biological 

483 activity in the same series of compounds. In addition, it was also found that the 

484 difference in root length injury recovery rate was more obvious in biological 

485 indicators. For example, the IRR of root length of compound 4 (S22) (R3=H; R4=Cl) 

486 was about 3.5 times that of compound 4 (S24) (R3=F; R4=Cl). The IRR of root length 

487 was only 0.4% for compound 4 (S31) (R3=F; R4=Cl), while it was 27.2% for 

488 compound 4 (S29) (R3=H; R4=Cl). The results indicated that the F atom on the 

489 benzene ring induced the biological activity descend.

490 For the same substituents in the benzene ring (R3 and R4), the target compounds 

491 with different substitutions of the N-substituted diazabicyclo affected the biological 

492 activity considerably. To be specific, R1 and R2 affected the safening activities 

493 significantly. The target compounds 4 with ethyl at the R1 position revealed a better 

494 biological activity compared with the corresponding methyl substitution. As 

495 anticipated, the recovery of root length of compound 4 (S28) was 84.0%, which was 

496 better than that of compound 4 (S13) with 20.6%. Compounds with 

497 3,3-dimethylpentane groups at R2 exhibited better biological activity than that of the 

498 compound with an isopentane group. Replacement of propyl group by ethyl group 

499 diminished the protective effects of compounds 4.
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500 The SAR at the R2 can be summarized as following (Scheme 3): 

501 3,3-dimethylpentane>propyl>isopentane>ethyl. The SAR results suggested that the 

502 structure of compound 4 (S15) was more similar to the combination of 

503 isoxadifen-ethyl and BAS-145138, indicating that the structure-activity correlations 

504 were useful methods for discovering bioactivity because they provided favorable 

505 information about substituents that are necessary for the required biological activity.

506 GST Activity 

507 GST is present in all plant tissues and plays an important role in the process of 

508 safener detoxification. Here we aimed to investigate the specific effect of compounds 

509 4 on GST activity, compound 4 (S15) with the best biological activity was selected for 

510 the experimental study on detoxification mechanism, and commercialized safener 

511 BAS-145138 was used as control. It turned out that GST activity increased obviously 

512 in vivo (Table 3).

513 The GST activity of maize treated by compound 4 (S15) was similar to that of 

514 BAS-145138. There was a significant effect on GST activity after treatment with 

515 BAS-145138 and compound 4 (S15). The GST activity reached the maximum value 

516 when the concentration of BAS-145138 was 5 mg/kg, and then gradually decreased. It 

517 turned out that high concentrations were not conducive to GST activity. Similarly, 

518 compound 4 (S15) also exhibited a negative correlation at 50 mg/kg. This is due to the 

519 high concentration, compound 4 (S15) acted as xenobiotics against maize. When the 

520 concentration of compound 4 (S15) was 10 mg/kg, the largest GST activity value in 

521 the root was attained. Therefore, it can be inferred that compound 4 (S15) can induce 
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522 the GST activity to the greatest extent, thereby enhancing its detoxification effect on 

523 nicosulfuron in maize.

524 Molecular Structure Comparisons

525 Molecular structure comparisons provided an increased understanding of lead 

526 compounds and demonstrated promise in drug discovery. Comparing the 

527 physicochemical properties of compound 4 (S15), isoxadifen-ethyl and BAS-145138 

528 (Table 4), it was observed that log p and aromatic rings (ARs) of compound 4 (S15) 

529 were similar to that of isoxadifen-ethyl, rotatable bonds (RBs) and the 

530 electronegativity of compound 4 (S15) were similar to BAS-145138. Moreover, 

531 hydrogen bond acceptors (HBAs) and hydrogen bond donors (HBDs) of compound 4 

532 (S15) were similar to both kinds of safeners. According to the investigated features, 

533 the compound 4 (S15)/safener BAS-145138 were quite similar at the molecular level. 

534 As shown in Figure 2, the visual assessment of the molecular overlay revealed 

535 BAS-145138 and compound 4 (S15) were perfectly aligned in common skeleton. This 

536 indicated that, on the basis of its physicochemical properties, compound 4 (S15) and 

537 BAS-145138 may share the similar mechanism of action. Compound 4 (S15) has 

538 great potential for the future development of novel safener.

539 Molecular Docking Studies

540 Molecular docking is a perfect way for exploring the binding modes of two 

541 interacting molecules.39,40 To further investigate the interaction between these 

542 safeners and target enzyme of herbicides, molecular docking experiment was 

543 conducted (Figure 3). The representative compound 4 (S15), the most potent 
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544 compound of this series, revealed excellent shape complementarity between ligand 

545 and the binding pocket. As shown in Figure 3, among all three safeners interact with 

546 ARG-377 and TRP-574, compound 4 (S15) had the binding mode similar to that of 

547 BAS-145138 as we expected. BAS-145138 and TRP-574 have one π-alkyl 

548 interaction, while compound 4 (S15) has three π-alkyl interactions, which suggested 

549 that compound 4 (S15) had a stronger binding effect and was more likely to occupy 

550 the acetolactate synthase (ALS) binding site. The molecular docking models showed 

551 that nicosulfuron prevented the substrate from binding to the active site by effectively 

552 blocking the active pocket inlet.41,42 Nicosulfuron had three H-bond interactions and a 

553 π-π interaction with ARG-377, and had a π-π interaction with TRP-574, which in turn 

554 occupied the ALS binding site. (Figure 3D). In contrast, compound 4 (S15) only 

555 partially blocked the entrance of the channel, and small substrate molecules could still 

556 enter the channel and catalyzed the active site. To our delight and amazement, the 

557 minimum distance between the oxygen atom and residue of nicosulfuron was 2.0 Å, 

558 while the corresponding distances of compound 4 (S15) was only 1.8 Å. (Figure 4A 

559 and 4B). The shorter the distance between the oxygen atom and the binding residue in 

560 compound, the easier it is to combine. This result indicated that when compound 4 

561 (S15) was combined or previously applied with nicosulfuron, it can compete with 

562 nicosulfuron on the active site of ALS by preventing herbicide action or by reaching 

563 the target active site. Based on docking research and combined with biometric results, 

564 compound 4 (S15) might be as a potential candidate for novel safeners discovery.

565 CONCLUSIONS
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566 In conclusion, this series of novel diazabicyclo derivatives with different 

567 substituents were designed and synthesized via intermediate derivatization methods 

568 and fragment splicing. The bioassay showed that most of target compounds exhibited 

569 different safening activity to sensitive maize from nicosulfuron injury. In particular, 

570 compound 4 (S15) displayed the best activity against nicosulfuron and improved the 

571 tolerance of maize by enhancing GST activity. The molecular structure comparisons 

572 indicated that compound 4 (S15) was quite similar to safener BAS-145138 at 

573 molecular level. Molecular docking revealed that the promising safener efficacy may 

574 be attributed to the competition between compound 4 (S15) and nicosulfuron in the 

575 active pocket of ALS. The current work will provide a new insight for the design of 

576 new safeners in the future.
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Figure captions:

Scheme 1. Design of the target compounds.

Scheme 2. Route for the synthesis of title compounds.

Scheme 3. Sequence of activity with different substitution.

Figure 1. X-ray crystal structure for compound 4 (S14).

Figure 2. Superimposed molecular structure modeling. The structure of BAS-145138 

is shown in green, and compound 4 (S15) is shown in red.

Figure 3. The docking modeling of isoxadifen-ethyl (A), BAS-145138 (B) and 

compound 4 (S15) (C) and nicosulfuron (D) with ALS. Yellow, light orange, red, 

green and light purple represent carbon atoms, sulfur atoms, oxygen atoms, chlorine 

atoms and nitrogen atoms respectively.

Figure 4. Compounds 4 (S15) (A) and nicosulfuron (B) interact with receptor-ligands 

of amino acid residues at the active sites: yellow dotted line indicates hydrogen bonds.
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Tables

Table 1. The structures of target compounds 4 (S1)-4 (S31)

R4

R3

O

N
O

N

R1

N
O

R2

Compound R1 R2 R3 R4

4 (S1) -CH2- -(CH2)2- H H
4 (S2) -CH2- -(CH2)2- H Cl
4 (S3) -CH2- -(CH2)2- Cl Cl
4 (S4) -CH2- -(CH2)2- F Cl
4 (S5) -CH2- -(CH2)3- H H
4 (S6) -CH2- -(CH2)3- H Cl
4 (S7) -CH2- -(CH2)3- Cl Cl
4 (S8) -CH2- -(CH2)3- F Cl
4 (S9) -CH2- H H
4 (S10) -CH2- H Cl
4 (S11) -CH2- Cl Cl
4 (S12) -CH2- F Cl
4 (S13) -CH2- H H
4 (S14) -CH2- H Cl
4 (S15) -CH2- Cl Cl
4 (S16) -CH2- F Cl
4 (S17) -(CH2)2- -(CH2)2- H H
4 (S18) -(CH2)2- -(CH2)2- H Cl
4 (S19) -(CH2)2- -(CH2)2- Cl Cl
4 (S20) -(CH2)2- -(CH2)2- F Cl
4 (S21) -(CH2)2- -(CH2)3- H H
4 (S22) -(CH2)2- -(CH2)3- H Cl
4 (S23) -(CH2)2- -(CH2)3- Cl Cl
4 (S24) -(CH2)2- -(CH2)3- F Cl
4 (S25) -(CH2)2- H Cl
4 (S26) -(CH2)2- Cl Cl
4 (S27) -(CH2)2- F Cl
4 (S28) -(CH2)2- H H
4 (S29) -(CH2)2- H Cl
4 (S30) -(CH2)2- Cl Cl
4 (S31) -(CH2)2- F Cl
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Table 2. Protective effect of target compounds on the growth indexes of maizei, ii, iii

Compound
Root Length 

IRR (%)
Plant Height 

IRR (%)
Root Fresh Weight 

IRR (%)
Plant Fresh Weight 

IRR (%)

isoxadifen-ethyl 21.0±0.9cde 15.5±0.7cde 50.9±0.7c 39.7±0.5cde

BAS-145138 40.8±1.4cde 46.8±0.9b 48.0±0.8bcde 46.0±0.4abcde

4(S1) 19.6±1.1de 17.9±0.7cde 43.8±0.6d 38.7±1.0cde

4(S2) 48.5±0.8bcd 3.4±0.4e 38.6±1.0d 22.4±0.4de

4(S3) 31.0±1.4cde 35.8±0.8cde -5.9±0.9e 26.1±0.6de

4(S4) 13.3±0.7de 22.8±0.8cde 27.1±0.7b 31.6±1.3de

4(S5) 28.0±1.2cde 73.5±1.0ab 32.4±0.4b 67.0±0.8abc

4(S6) 27.9±0.7cde 19.2±0.3cde 25.0±0.8b 18.2±0.6e

4(S7) 27.3±0.9cde 37.2±0.6cde 26.8±0.8b 35.3±0.9de

4(S8) -0.1±0.2e 24.8±0.6cde 14.8±0.5de 20.6±1.1de

4(S9) 61.0±0.8abc 61.0±1.6ab 66.0±1.4bc 69.7±0.5abc

4(S10) 26.0±0.9cde 48.9±1.2cd 30.6±1.1d 45.7±0.6bcde

4(S11) 22.9±1.3cde 57.5±0.4bc 44.4±1.4d 34.9±0.7de

4(S12) 35.6±0.8cde 21.8±0.6cde 28.1±0.7d 15.6±0.6e

4(S13) 20.6±0.5cde 54.9±0.8bc 31.7±0.5d 45.3±0.9bcde

4(S14) 10.4±0.4de 59.6±1.3ab 19.7±0.8de 48.1±1.0bcde

4(S15) 88.4±1.1a 76.6±0.8ab 81.8±0.6ab 78.1±1.1ab

4(S16) 25.2±0.9cde 60.9±0.7ab 32.7±1.1d 71.6±1.3abc

4(S17) 23.5±0.7cde 70.9±1.4ab 95.4±1.0a 73.7±0.3abc

4(S18) 24.3±0.4cde 64.8±0.7ab 54.8±0.8bc 64.7±0.5abc

4(S19) 46.8±1.0bcd 36.0±0.4cde 39.3±0.5d 41.4±1.1cde

4(S20) 48.3±0.9bcd 5.9±0.3e 34.5±0.9d 28.6±1.0de

4(S21) 33.0±0.8cde 54.9±0.8bc 77.5±1.4abc 44.8±1.3bcde

4(S22) 80.3±1.7ab 10.9±0.9de 27.8±1.0d 31.7±0.5de

4(S23) 77.3±0.9ab 67.7±1.2ab 27.0±0.9d 65.4±0.8abc

4(S24) 23.2±0.8cde 44.0±1.4cde 66.5±1.2bc 38.1±0.7cde

4(S25) 67.7±1.1ab 17.3±0.8cde 37.5±0.7d 27.9±0.9de

4(S26) 29.3±0.5cde 95.3±1.2ab 49.3±0.5c 89.2±1.6a

4(S27) 22.1±0.8cde 99.4±1.1a 38.9±0.7d 74.5±1.0abc

4(S28) 84.0±1.4ab 42.7±0.9cde 53.9±0.9bc 56.8±0.6abcd

4(S29) 27.2±1.3cde 70.5±1.1ab 30.1±0.3d 73.6±0.4abc

4(S30) 76.2±0.6ab 57.3±0.5bc 67.1±1.1bc 64.1±0.7abc

4(S31) 0.4±0.2e 94.8±1.0ab 29.4±0.9d 79.9±1.2ab

iData are means of three replicates
iiWater treated was used as contrast
iiiSPSS 20 software (IBM Corp., Armonk, NY, USA) was used for the statistical analyses of the 
data, and different lowercase letters in the figure indicate significant difference (p < 0.05)
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717 Table 3. Effect of compound 4 (S15) and BAS-145138 on GST activityi, ii, iii

iData are means of three replicates
iiCK (Control check) was treated by water
iiiSPSS 20 software (IBM Corp., Armonk, NY, USA) was used for the statistical analyses of the 
data, and different lowercase letters in the figure indicate significant difference (p < 0.05)

Compound Concentration GST vitality
(μmol min-1 mg-1 protein)

Increase in GST 
activity (%)

CK - 9.17±0.57a -
0 - 6.93±0.38ab -

1mg/kg 8.27±0.61a 23.67±0.47abc

5mg/kg 10.20±0.57a 53.07±1.14a

10mg/kg 8.63±0.45a 26.70±0.79ab

25mg/kg 7.93±0.82a 15.97±0.56abc

BAS-145138

50mg/kg 2.87±0.66c -49.27±1.04bc

1mg/kg 7.43±0.54ab 12.57±0.61abc

5mg/kg 8.83±1.10a 32.53±1.03ab

10mg/kg 10.17±0.62a 47.57±0.42a

25mg/kg 7.67±0.76ab 10.73±0.56abc

compound 4(S15)

50mg/kg 4.13±0.37bc -36.87±0.66bc
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718 Table 4. Chemical properties comparisons of compound 4 (S15), isoxadifen-ethyl, 

719 and BAS-145138

Compound log pa RBsa ARsa HBAsa HBDsa Electronegativityb

Isoxadifen-ethyl 3.338 5 2 4 0

BAS-145138 0.378 1 0 2 0

4 (S15) 3.385 2 2 3 0

aThe parameters were calculated by Accelrys Discovery Studio 3.0. (Catalyst, Version 4.10. 
Accelrys Inc., San Diego, CA, USA, 2005).
bThe electronegativity was predicted by SYBYL-X 2.0 (Tripos Inc., St. Louis, MO, USA).

720
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Figure 1

Figure 2
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Figure 3

Figure 4
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Figure 1. X-ray crystal structure for compound 4(S14). 
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Figure 2. Superimposed molecular structure modeling. The structure of BAS-145138 is shown in green, and 
compound 4(S15) is shown in red. 
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Figure 3. The docking modeling of isoxadifen-ethyl (A), BAS-145138 (B) and compound 4(S15) (C) and 
nicosulfuron (D) with ALS. Yellow, light orange, red, green and light purple represent carbon atoms, sulfur 

atoms, oxygen atoms, chlorine atoms and nitrogen atoms respectly. 
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Figure 4. Compounds 4(S15) (A) and nicosulfuron (B) interact with receptor-ligands of amino acid residues 
at the active sites: yellow dotted line indicates hydrogen bonds. 
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Scheme 1. Design of the target compounds. 
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Scheme 2. Route for the synthesis of title compounds. 
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Scheme 3. Sequence of activity with different substitution. 

233x56mm (300 x 300 DPI) 

Page 50 of 50

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry


