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ve-assisted synthesis, bioactivity
and SAR of novel substituted 2-phenyl-2-
cyclohexanedione enol ester derivatives†

Fei Ye, Peng Ma, Yue Zhai, Fei Yang, Shuang Gao, Li-Xia Zhao and Ying Fu *

Based on the structure–activity relationship and active substructure combination, a novel class of

substituted 2-phenyl-2-cyclohexanedione enol ester derivatives was designed for use as potential

herbicide safeners. A microwave-assisted synthetic route was developed for the substituted 2-phenyl-2-

cyclohexenone enol ester derivatives via coupling and acylation reactions. In the modified protocol, the

reactions were performed under microwave irradiation, resulting in significant improvements in the

yields and reaction times. All of the structures were characterized using IR, 1H NMR, 13C NMR and HRMS

spectroscopies. The bioassay results demonstrated that most of these compounds could alleviate

clethodim injury to maize. Molecular docking modeling showed that the potential antagonism between

compound 3(S24) and clethodim plays a key role in the metabolism of herbicides. This paper presents

a new safener candidate for maize protection.
Introduction

Clethodim, an acetyl CoA carboxylase (ACCase) inhibitor that
belongs to the chemical family of cyclohexenone herbicides,
specically targets the carboxylase-transferase (CT) domain of
the plastidic ACCase, which inhibits fatty acid biosynthesis and
ultimately causes crop death.1,2 Cyclohexenone herbicides are
toxic to non-target organisms that also contain this enzyme.3,4

Clethodim has been shown to cause albinism in canola via the
inhibition of fatty acid biosynthesis, which not only causes
dramatic crop yield losses but also die-off. As a consequence,
the continuous development of new safeners to protect crops is
urgently required to expand the application and increase the
safety of herbicides.

It is widely accepted that broad-spectrum herbicides can be
combined with a safener for crop protection and efficient weed
management. The safener induces the degradation of the
herbicides only in the crops, not in the weeds.5 This effect is
connected with the increased expression of gene coding for the
enzymes responsible for herbicide degradation in crops, such
as the cytochrome P450 monooxygenases (CYP), glutathione S-
transferases (GST) and ATP-binding cassette (ABC) trans-
porters.6–9 For example, isoxadifen-ethyl exhibited safening
activity to protect corn against injury caused by the herbicide
foramsulfuron by inducing CYP or glycosyl transferase
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activity.10–12 Several studies have reported that the safener
isoxadifen-ethyl enhances GST activity and herbicide toler-
ance.13,14 A new era in safener research began with the discovery
of 1,2,4-triazolcarboxylates and fenchlorazole-ethyl was devel-
oped as a post-emergence safener for wheat against the ACCase
inhibitor fenoxaprop-ethyl.15 Similarly, the dihydropyrazol
dicarboxylate mefenpyr-diethyl has been used against ACCase
inhibitors, including fenoxaprop herbicides.16

The structure–activity relationship (SAR), an important
measure for novel agrochemical discovery, has been introduced
into many research works focused on the search for bioactive
compounds.17 Stephenson et al. showed that compounds that
share structural similarities to the thiocarbamate herbicides
were found to be highly active antidotes for those herbicides in
corn.18 Sulfamide compounds have been used as safeners to
protect plants from the injury caused by sulfonylurea herbi-
cides. Cyprosulfamide, designed based on the SAR, could
protect plants from the injury caused by thiencarbazone-
methyl.19 Safeners, having structural features closely resem-
bling those of herbicides, may interfere in the metabolism of
herbicides that protect crops.20

In recent years, the active substructure combination has
become an effective method for improving the hit of
compounds. The safener benzhydryloxy-acetic acid combined
with the potential safener 5-phenyl-4,5-dihydroisoxazole-3-ethyl
ester led to the production of the strong rice safener isoxadifen-
ethyl.21 A class of new isoquinolinium-like compounds and
novel chiral succinate dehydrogenase inhibitors was also
designed by utilizing the active substructure combination
theory, and they exhibited excellent and broad spectrum anti-
fungal activity.22,23 In connection with the facts mentioned
RSC Adv., 2018, 8, 19883–19893 | 19883
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above and our earlier work on the design and synthesis of
N-containing heterocyclic safeners,24–26 herein substituted
2-phenyl-2-cyclohexanedione enol ester derivatives were
designed based on the SAR and active substructure combina-
tion (Scheme 1). Greenhouse experiments demonstrated that
some of them exhibited promising safener activity for protect-
ing crops from injury by clethodim.
Experimental
Chemicals and instruments

Infrared (IR) spectra were recorded on FTIR-8400S and ALPHA-T
infrared spectrophotometers as KBr pellets. The nuclear
magnetic resonance (NMR) spectra were recorded on Bruker
AVANVE 400 MHz and Bruker AVANVE 600 MHz spectrometers,
using CDCl3 as the solvent and TMS as the internal standard.
The melting points were determined on a Beijing Taike melting
point apparatus (X-4) and were uncorrected. The mass spectra
were obtained by a Xevo TQ spectrometer. Microwave activation
was carried out using an XH-100A focused microwave (2450
MHz, 1000 W, 40 L, normal pressure, Beijing Xiang Hu Sci. and
Tech., Beijing, NC, China). All reagents used were of analytical
grade (purchased from Aladdin Industrial Inc., Shanghai,
China).
General procedure for the preparation of substituted 3-
hydroxy-2-phenylcyclohex-2-en-1-one derivatives, 2

To dimethylsulfoxide (DMSO, 50 ml) kept at 90 �C under
microwave irradiation (800 W), iodobenzene (1.02 g, 5 mmol), L-
proline (0.12 g, 1 mmol) and CuI (0.10 g, 0.5 mmol) were added.
Substituted 1,3-cyclohexanedione 1 (15 mmol) was added via
syringe. Aer 40 min, the organic phase was dried over anhy-
drous Na2SO4 and the solvent was removed by vacuum distil-
lation. The pure products were obtained by column
chromatography on silica gel eluted with petroleum ether and
ethyl acetate (3 : 1).

3-Hydroxy-2-phenylcyclohex-2-en-1-one (2a). White solid;
yield 79%; mp 150–151 �C; 1H NMR (400 MHz, CDCl3): 7.48–
7.20 (m, 5H, Ar–H), 2.60–2.55 (t, J ¼ 6.3 Hz, 4H, CH2), 2.15–2.06
Scheme 1 Design of the target compound.
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(m, 2H, CH2);
13C NMR (100 MHz, CDCl3): 196.8, 170.7, 130.9,

130.7 (2C), 129.4 (2C), 128.3, 118.2, 37.0, 28.0, 20.5; IR
(KBr, cm�1): 3035–2865 (C–H), 1591 (C]O), 1554 (C]C), 1176
(C–O).

3-Hydroxy-5-methyl-2-phenylcyclohex-2-en-1-one (2b). White
solid; yield 84%; mp 167–168 �C; 1H NMR (400 MHz, CDCl3):
7.49–7.21 (m, 5H, Ar–H), 6.06 (s, 1H, O–H), 2.64–2.60 (d, J ¼
15.7 Hz, 2H, CH2), 2.40–2.36 (m, 2H, CH2), 1.60 (s, 1H,CH),
1.18–1.17 (d, J ¼ 6.0 Hz, 3H, CH3);

13C NMR (100 MHz, CDCl3):
130.8, 130.6 (2C), 129.4 (2C), 128.3, 117.7, 45.3, 28.1, 21.1; IR
(KBr, cm�1): 3027–2846 (C–H), 1592 (C]O), 1557 (C]C), 1137
(C–O).

3-Hydroxy-5,5-dimethyl-2-phenylcyclohex-2-en-1-one (2c).
White solid; yield 88%; mp 161–162 �C; 1H NMR (400 MHz,
CDCl3): 7.47–7.21 (m, 5H, Ar–H), 6.02 (s, 1H, O–H), 2.45 (s, 4H,
CH2), 1.18 (s, 6H, CH3);

13C NMR (100 MHz, CDCl3): 130.7, 130.6
(2C), 129.4 (2C), 128.3, 116.9, 31.8, 28.4 (2C); IR (KBr, cm�1):
3028–2852 (C–H), 1606 (C]O), 1581 (C]C), 1133 (C–O).
General procedure for the preparation of substituted 2-phenyl-2-
cyclohexanedione enol ester derivatives, 3

To CH2Cl2 (20 ml) maintained at 0 �C, intermediate 2(a–c) and
Et3N (1.5 mmol) were added. Aer ve minutes of stirring, acyl
chloride (1.2 mmol) was added via syringe. The solution was
warmed to room temperature over 1 hour. The reaction mixture
was extracted with CH2Cl2 and ltered. The organic layer was
dried over anhydrous Na2SO4 and the CH2Cl2 was evaporated
under vacuum. The pure products were obtained by recrystal-
lization or column chromatography on silica gel eluting with
petroleum ether and ethyl acetate (3 : 1–9 : 1).

3-Benzoyloxy-2-phenyl-2-cyclohexen-1-one 3(S1).White solid;
yield 50%; mp 75.7–77.2 �C; spectroscopic data consistent with
those observed previously.27

3-Benzoyloxy-2-phenyl-5-methyl-2-cyclohexen-1-one 3(S2).
White solid; yield 56%; mp 80.2–81.0 �C; 1H NMR (600 MHz,
CDCl3): 7.22–7.88 (m, 10H, Ar–H); 2.76–2.86 (m, 2H, CH2); 2.69–
2.73 (m, 1H, CH2); 2.54–2.55 (m, 1H, CH); 2.38–2.45 (m, 1H,
CH2); 1.21–1.23 (d, 3H, J ¼ 6.4 Hz, CH3);

13C NMR (150 MHz,
CDCl3): 197.9, 164.8, 163.6, 133.9, 131.3, 130.1 (2C), 130.0, 129.7
(2C), 128.6 (3C), 127.9 (2C), 127.7, 45.9, 37.3, 28.6, 20.9; IR
(KBr, cm�1): 3036, 2851 (C–H), 1721, 1665 (C]O), 1587 (C]C),
1234 (C–O); HRMS (ESI): m/z [M + Na+] calcd for monoisotopic
329.1256, found 329.1148.

3-Benzoyloxy-2-phenyl-5,5-dimethyl-2-cyclohexen-1-one
3(S3). White solid; yield 65%; mp 84.3–86.2 �C; 1H NMR (400
MHz, CDCl3): 7.19–7.88 (m, 10H, Ar–H); 2.77 (s, 2H, CH2); 2.56
(s, 2H, CH2); 1.26 (s, 6H, CH3);

13C NMR (100 MHz, CDCl3):
197.7, 163.7, 163.6, 133.8, 131.2, 130.0 (2C), 129.6 (2C), 129.5,
128.6, 128.6 (2C), 127.9 (2C), 127.7, 51.6, 43.0, 32.7, 28.2 (2C); IR
(KBr, cm�1): 3065, 2872 (C–H), 1732, 1677 (C]O), 1599 (C]C),
1257 (C–O); HRMS (ESI): m/z [M + H+] calcd for monoisotopic
mass 321.1412, found 321.1485.

3-(2,4-Dichlorobenzoyloxy)-2-phenyl-2-cyclohexen-1-one 3(S4).
White solid; yield 59%; mp 103.9–104.9 �C; 1H NMR (600 MHz,
CDCl3): 7.17–7.45 (m, 8H, Ar–H); 2.86–2.89 (t, 2H, J ¼ 9.3 Hz,
CH2); 2.67–2.70 (t, 2H, J ¼ 10.2 Hz, CH2); 2.24–2.27 (t, 2H, J ¼
This journal is © The Royal Society of Chemistry 2018
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9.9 Hz, CH2);
13C NMR (150 MHz, CDCl3): 197.9, 164.9, 161.3,

139.3, 135.4, 132.6, 131.3, 131.2, 131.0, 129.6 (2C), 128.1 (2C),
128.0, 127.1, 126.5, 37.6, 29.0, 20.8; IR (KBr, cm�1): 3059, 2850 (C–
H), 1734, 1667 (C]O), 1572 (C]C), 1256 (C–O); HRMS (ESI):m/z
[M + Na+] calcd formonoisotopicmass 383.0320, found 383.0212.

3-(2,4-Dichlorobenzoyloxy)-2-phenyl-5-methyl-2-cyclohexen-
1-one 3(S5). White solid; yield 62%; mp 73.3–74.3 �C; 1H NMR
(600 MHz, CDCl3): 7.16–7.46 (m, 8H, Ar–H); 2.80–2.85 (m, 1H,
CH2); 2.67–2.77 (m, 2H, CH2); 2.51–2.60 (m, 1H, CH); 2.37–2.44
(m, 1H, CH2); 1.22–1.24 (d, 3H, CH3);

13C NMR (150 MHz,
CDCl3): 197.8, 164.2, 161.3, 139.3, 135.5, 133.4, 132.6, 131.2,
130.5, 129.6 (2C), 128.1 (2C), 128.0, 127.1, 126.5, 45.8, 37.1, 28.6,
20.9; IR (KBr, cm�1): 3060, 2851 (C–H), 1734, 1667 (C]O), 1571
(C]C), 1256 (C–O); HRMS (ESI): m/z [M + Na+] calcd for mon-
oisotopic mass 397.0476, found 397.0369.

3-(2,4-Dichlorobenzoyloxy)-2-phenyl-5,5-dimethyl-2-cyclohexen-
1-one 3(S6).Colourless oil; yield 70%; 1HNMR (600MHz, CDCl3) d:
7.17–7.46 (m, 8H, Ar–H), 2.76 (s, 2H, CH2), 2.56 (m, 2H, CH2), 1.27
(s, 6H, CH3);

13CNMR (150MHz, CDCl3): 197.6, 163.1, 161.4, 139.3,
135.4, 132.6, 131.2, 131.1, 129.9 (2C), 129.5, 128.1 (2C), 128.0,
127.1, 126.5, 51.5, 42.7, 32.7, 28.2 (2C). IR (KBr, cm�1): 3060, 2849
(C–H), 1735, 1668 (C]O), 1571 (C]C), 1256 (C–O); HRMS (ESI):m/
z [M +Na+] calcd formonoisotopicmass 411.0633, found 411.0525.

3-Chloroacetyloxy-2-phenyl-5-methyl-2-cyclohexen-1-one
3(S7). Yellow oil; yield 33%; 1H NMR (400MHz, CDCl3): 7.10–7.37
(m, 5H, Ar–H); 3.91 (s, 2H, CH2–Cl); 2.73–2.77 (t, 2H, J ¼ 8.2 Hz,
CH2); 2.62–2.66 (t, 2H, J ¼ 9.0 Hz, CH2); 2.16–2.24 (m, 2H, CH2);
13C NMR (100MHz, CDCl3): 197.5, 164.2, 164.1, 130.8, 129.5 (2C),
128.1 (2C), 128.1 (2C), 40.3, 37.4, 28.7, 20.6; IR (KBr, cm�1): 3064,
2872 (C–H), 1776, 1680 (C]O), 1598 (C]C), 1232 (C–O); HRMS
(ESI): m/z [M + H+] calcd for monoisotopic mass 265.7042, found
265.0626.

3-Chloroacetyloxy-2-phenyl-5-methyl-2-cyclohexen-1-one
3(S8). Yellow oil; yield 35%; 1H NMR (600MHz, CDCl3): 7.10–7.39
(m, 5H, Ar–H); 3.918 (s, 2H, CH2–Cl); 2.66–2.73 (m, 2H, CH2);
2.54–2.61 (m, 1H, CH2); 2.48–2.51 (m, 1H, CH); 2.33–2.39 (m, 1H,
CH2); 1.19–1.20 (d, 3H, J ¼ 9.7 Hz, CH3);

13C NMR (150 MHz,
CDCl3): 197.6, 164.2, 163.6, 130.8, 129.5 (2C), 128.1 (2C), 128.1,
127.2, 45.7, 40.3, 36.7, 28.4, 20.8; IR (KBr, cm�1): 3060, 2872 (C–
H), 1778, 1674 (C]O), 1645 (C]C), 1126 (C–O); HRMS (ESI):m/z
[M + Na+] calcd formonoisotopicmass 301.0710, found 301.0602.

3-Chloroacetyloxy-2-phenyl-5,5-dimethyl-2-cyclohexen-1-one
3(S9). Yellow oil; yield 40%; 1H NMR (400 MHz, CDCl3): 7.11–
7.39 (m, 5H, Ar–H); 3.91 (s, 2H, CH2–Cl); 2.63 (s, 2H, CH2); 2.51
(s, 2H, CH2); 1.22 (s, 6H, –(CH3)2);

13C NMR (CDCl3): 197.3,
164.3, 162.4, 130.7, 129.7, 129.4 (2C), 128.1 (2C), 128.0, 51.4,
42.4, 40.3, 32.6 (2C), 28.1; IR (KBr, cm�1): 3058, 2872 (C–H),
1776, 1680 (C]O), 1598 (C]C), 1141 (C–O); HRMS (ESI):m/z [M
+ H+] calcd for monoisotopic mass 293.0866, found 293.0939.

3-Dichloroacetyloxy-2-phenyl-5,5-dimethyl-2-cyclohexen-1-one
3(S10). White solid; yield 48%; mp 79.6–81.3 �C; 1H NMR (400
MHz, CDCl3): 7.11–7.40 (m, 5H, Ar–H); 5.80 (s, 1H, CH–Cl2); 2.64
(s, 2H, CH2); 2.53 (s, 2H, CH2); 1.24 (s, 6H, –(CH3)2);

13C NMR (100
MHz, CDCl3): 197.1, 161.7, 161.1, 130.3, 130.0, 129.5 (2C), 128.2,
128.1 (2C), 63.5, 51.4, 41.8, 32.6, 28.2 (2C); IR (KBr, cm�1): 3060,
2872 (C–H), 1754, 1659 (C]O), 1576 (C]C), 1257 (C–O); HRMS
This journal is © The Royal Society of Chemistry 2018
(ESI): m/z [M + H+] calcd for monoisotopic mass 327.0476, found
327.0549.

3-Phenoxyacetyloxy-2-phenyl-2-cyclohexen-1-one 3(S11).
White solid, yield 50%; mp 80.1–81.7 �C; 1H NMR (400 MHz,
CDCl3): 6.62–7.42 (m, 10H, Ar–H), 4.50 (s, 2H, O]C–CH2–O),
2.73–2.77 (t, 2H, J ¼ 6.2 Hz, CH2), 2.63–2.66 (t, 2H, J ¼ 6.9 Hz,
CH2), 2.17–2.24 (m, 2H, CH2);

13C NMR (100 MHz, CDCl3):
197.5, 165.9, 164.2, 157.3, 131.1, 131.0, 129.7 (2C), 129.6 (2C),
128.1 (2C), 128.0, 122.0, 114.4 (2C), 64.8, 37.5, 28.9, 20.6; IR
(KBr, cm�1): 3034–2852 (C–H), 1767, 1653 (C]O), 1586 (C]C),
1124 (C–O); HRMS (ESI): m/z [M + Na+] calcd for monoisotopic
mass 345.1405, found 345.1097.

3-Phenoxyacetyloxy-2-phenyl-5-methyl-2-cyclohexen-1-one
3(S12). Colourless oil; yield 57%; 1H NMR (600 MHz, CDCl3):
6.62–7.42 (m, 10H, Ar–H), 4.51 (s, 2H, O]C–CH2–O), 2.71–2.73
(m, 1H, CH2), 2.67–2.69 (m, 1H, CH2), 2.53–2.60 (m, 1H, CH2),
2.47–2.51 (m, 1H, CH), 2.33–2.40 (m, 1H, CH2), 1.19–1.20 (d, 3H,
J ¼ 9.6 Hz, CH3).

13C NMR (150 MHz, CDCl3): 197.5, 166.0,
163.6, 157.4, 131.0, 130.5, 129.7 (2C), 129.6 (2C), 128.1 (2C),
128.0, 122.0, 114.4 (2C), 64.8, 45.7, 36.9, 28.3, 20.8; IR
(KBr, cm�1): 3035–2850 (C–H), 1770, 1665 (C]O), 1586(C]C),
1132 (C–O); HRMS (ESI): m/z [M + Na+] calcd for monoisotopic
mass 359.1362, found 359.1254.

3-Phenoxyacetyloxy-2-phenyl-5,5-dimethyl-2-cyclohexen-1-one
3(S13). White solid; yield 64%; mp 84.7–86.7 �C; 1H NMR (600
MHz, CDCl3): 6.61–7.41 (m, 10H, Ar–H), 4.51 (s, 2H, O]C–CH2–

O), 2.63 (s, 2H, CH2), 2.52 (s, 2H, CH2), 1.22 (s, 6H, –(CH3)2).
13C

NMR (150 MHz, CDCl3): 197.4, 166.1, 162.6, 157.3, 130.9, 129.9,
129.6 (4C), 128.2 (2C), 128.0, 122.0, 114.4 (2C), 64.7, 51.4, 42.7,
32.6, 28.2 (2C); IR (KBr, cm�1) n: 3033–2843 (C–H), 1758, 1666
(C]O), 1585 (C]C), 1137 (C–O); HRMS (ESI): m/z [M + H+] calcd
for monoisotopic mass 351.1518, found 351.1519.

3-(3-Acetylpropionoxy)-2-phenyl-2-cyclohexen-1-one 3(S14).
Colourless oil; yield 39%; 1H NMR (400 MHz, CDCl3): 7.09–7.40
(m, 5H, Ar–H), 4.45 (s, 2H, O]C–CH2–O), 2.74–2.78 (t, 2H, J ¼
8.2 Hz, CH2), 2.60–2.65 (t, 2H, J ¼ 8.9 Hz, CH2), 2.14–2.23 (m,
2H, CH2), 2.12 (s, 3H, O]C–CH3);

13C NMR (100 MHz, CDCl3):
197.5, 170.0, 164.9, 164.1, 130.9, 130.6, 129.5 (2C), 128.0 (2C),
127.9, 60.2, 37.5, 28.8, 20.6, 20.2; IR (KBr, cm�1): 3058–2893 (C–
H), 1755, 1680 (C]O), 1599 (C]C), 1150 (C–O); HRMS (ESI): m/
z [M + Na+] calcd for monoisotopic mass 311.0998, found
311.0890. 3(S14).

3-(3-Acetylpropionoxy)-2-phenyl-5-methyl-2-cyclohexen-1-one
3(S15). Colourless oil; yield 43%; 1H NMR (600 MHz, CDCl3):
7.10–7.40 (m, 5H, Ar–H), 4.46 (s, 2H, O]C–CH2–O), 2.71–2.73 (m,
1H, CH2), 2.67–2.69 (m, 1H, CH2), 2.55–2.62 (m, 1H, CH2), 2.46–
2.51 (m, 1H, CH), 2.31–2.38 (m, 1H, CH2), 2.13 (s, 3H, O]C–
CH3), 1.18–1.20 (d, 3H, J ¼ 9.7 Hz, CH3);

13C NMR (150 MHz,
CDCl3): 197.6, 170.1, 165.0, 163.6, 130.8, 130.2, 129.5 (2C), 128.1
(2C), 128.0, 60.2, 45.7, 36.8, 28.4, 20.8, 20.3; IR (KBr, cm�1): 3034–
2851 (C–H), 1742, 1667 (C]O), 1143 (C–O); HRMS (ESI):m/z [M +
Na+] calcd for monoisotopic mass 325.1154, found 325.1046.

3-(3-Acetylpropionoxy)-2-phenyl-5,5-dimethyl-2-cyclohexen-
1-one 3(S16). Yellow oil; yield 47%; 1H NMR (400 MHz, CDCl3):
7.09–7.39 (m, 5H, Ar–H), 4.44 (s, 2H, O]C–CH2–O), 2.62 (s, 2H,
CH2), 2.49 (s, 2H, CH2), 2.11 (s, 3H, O]C–CH3), 1.20 (s, 6H,
–(CH3)2);

13C NMR (100 MHz, CDCl3): 197.5, 170.1, 165.1, 162.5,
RSC Adv., 2018, 8, 19883–19893 | 19885
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130.8, 129.6, 129.5 (2C), 128.1 (2C), 128.0, 60.2, 51.4, 42.5, 32.6,
28.1 (2C), 20.3; IR (KBr, cm�1): 3058–2872 (C–H), 1756, 1680
(C]O), 1587 (C]C), 1145 (C–O); HRMS (ESI): m/z [M + Na+]
calcd for monoisotopic mass 339.1311, found 339.1203.

3-[1-(2,4-Dichlorophenyl)-5-(trichloromethyl)-1H-1,2,4-triazol-
3-yl]carbonyloxy-2-phenyl-2-cyclohexen-1-one 3(S17). White
solid; yield 46%; mp 172.4–173.1 �C; 1H NMR (600 MHz, CDCl3):
7.22–7.61 (m, 8H, Ar–H), 2.88–2.92 (m, 2H, CH2), 2.67–2.71 (t,
2H, J¼ 9.9 Hz, CH2), 2.22–2.28 (m, 2H, CH2);

13C NMR (150MHz,
CDCl3): 197.5, 163.9, 155.9, 155.2, 151.1, 138.5, 134.0, 133.2 (2C),
130.7 (2C), 130.6, 129.8 (2C), 128.0 (2C), 127.9, 127.8, 98.0, 37.6,
28.9, 20.7; IR (KBr, cm�1): 3083–2857 (C–H), 1746, 1684 (C]O),
1647 (C]C), 1173 (C–O); HRMS (ESI): m/z [M + H+] calcd for
monoisotopic mass 543.9478 found, 543.9551.

3-[1-(2,4-Dichlorophenyl)-5-(trichloromethyl)-1H-1,2,4-triazol-
3-yl]carbonyloxy-2-phenyl-5-methyl-2-cyclohexen-1-one 3(S18).
White solid; yield 54%; mp 193.9–195.1 �C; 1H NMR (600 MHz,
CDCl3): 7.22–7.61 (m, 8H, Ar–H), 2.80–2.88 (m, 1H, CH2), 2.66–
2.76 (m, 2H, CH2), 2.52–2.57 (m, 1H, CH), 2.38–2.45 (m, 1H, CH2),
1.21–1.23 (d, 3H, J ¼ 10.2 Hz, CH3);

13C NMR (150 MHz, CDCl3):
197.5, 163.2, 155.9, 155.2, 151.5, 138.4, 134.0, 133.2, 130.6 (2C),
130.6 (2C), 129.7 (2C), 128.0 (2C), 127.9, 127.7, 84.8, 45.8, 36.9,
28.5, 20.9; IR (KBr, cm�1): 3133–2876 (C–H), 1748, 1677 (C]O),
1542 (C]C), 1171 (C–O); HRMS (ESI): m/z [M + H+] calcd for
monoisotopic mass 557.9634, found 557.9707.

3-[1-(2,4-Dichlorophenyl)-5-(trichloromethyl)-1H-1,2,4-triazol-
3-yl]carbonyloxy-2-phenyl-5,5-dimethyl-2-cyclohexen-1-one
3(S19). White solid; yield 80%; mp 180.8–182.0 �C; 1H NMR (400
MHz, CDCl3): 7.22–7.60 (m, 8H, Ar–H), 2.75–2.77 (d, 2H, J ¼
6.4 Hz, CH2), 2.56 (s, 2H, CH2), 1.24–1.25 (d, 6H, J¼ 2.4 Hz, CH2);
13C NMR (100 MHz, CDCl3): 197.5, 162.2, 156.0, 155.3, 151.6,
138.5, 134.1, 133.2, 130.7, 130.6 (2C), 130.1, 129.8 (2C), 128.0 (2C),
127.9, 127.8, 84.9, 51.6, 42.6, 32.7 (2C), 28.4; IR (KBr, cm�1):
3084–2874 (C–H), 1749, 1682 (C]O), 1639 (C]C), 1185 (C–O);
HRMS (ESI):m/z [M + H+] calcd for monoisotopic mass 571.9791,
found 571.9864.

3-[5-Methyl-3-phenylisoxazole-4-carbonyloxy]-2-phenyl-2-
cyclohexen-1-one 3(S20). White solid; yield 79%; mp 99.3–
101.1 �C; 1H NMR (400 MHz, CDCl3): 7.03–7.47 (m, 10H, Ar–H),
2.73–2.77 (t, 2H, J ¼ 8.4 Hz, CH2), 2.59–2.63 (t, 2H, J ¼ 9.0 Hz,
CH2), 2.45 (s, 3H, C]C–CH3), 2.06–2.22 (m, 2H, CH2);

13C NMR
(100 MHz, CDCl3): 197.5, 177.3, 164.3, 162.5, 158.6, 131.5, 130.9,
129.9, 129.5 (2C), 129.2 (2C), 128.1 (2C), 128.1 (2C), 128.0, 127.7,
107.0, 37.4, 29.0, 20.7, 13.5; IR (KBr, cm�1): 3058–2871 (C–H),
1739, 1679 (C]O), 1595 (C]C), 1142 (C–O); HRMS (ESI):m/z [M
+ H+] calcd for monoisotopic mass 374.1314, found 374.1387.

3-[5-Methyl-3-phenylisoxazole-4-carbonyloxy]-2-phenyl-5-methyl-
2-cyclohexen-1-one 3(S21). Colourless oil; yield 83%; 1H NMR
(600 MHz, CDCl3): 7.03–7.50 (m, 10H, Ar–H), 2.66–2.73 (m, 2H,
CH2), 2.55–2.62 (m, 1H, CH2), 2.46 (s, 3H, C]C–CH3), 2.30–2.37
(m, 1H, CH2), 1.67 (s, 1H, CH), 1.17–1.19 (d, 3H, J ¼ 9.6 Hz,
CH3).

13C NMR (150 MHz, CDCl3): 197.6, 177.4, 163.8, 162,5,
158.7, 131.4, 130.4, 130.0, 129.5 (2C), 129.2 (2C), 128.2 (2C),
128.1 (2C), 128.0, 127.7, 107.0, 45.7, 37.2, 28.5, 20.9, 13.5; IR
(KBr, cm�1): 3058–2874 (C–H), 1739, 1681 (C]O), 1595 (C]C),
1065 (C–O); HRMS (ESI): m/z [M + H+] calcd for monoisotopic
mass 388.1471, found 388.1543.
19886 | RSC Adv., 2018, 8, 19883–19893
3-[5-Methyl-3-phenylisoxazole-4-carbonyloxy]-2-phenyl-5,5-
dimethyl-2-cyclohexen-1-one 3(S22).White solid; yield 91%; mp
105.2–106.9 �C; 1H NMR (600 MHz, CDCl3): 7.02–7.50 (m, 10H,
Ar–H), 2.64 (s, 2H, CH2), 2.49 (s, 2H, CH2), 2.47 (s, 3H, C]C–
CH3), 1.21 (s, 6H, –(CH3)2);

13C NMR (150 MHz, CDCl3): 197.5,
177.4, 162.6, 162.5, 158.7, 131.3, 130.0, 129.7, 129.5 (2C), 129.2
(2C), 128.2 (2C), 128.1 (2C), 128.0, 127.7, 107.1, 51.4, 42.8, 32.7,
28.2 (2C), 13.5; IR (KBr, cm�1): 3065–2870 (C–H), 1723, 1657
(C]O), 1597 (C]C), 1064 (C–O); HRMS (ESI):m/z [M + H+] calcd
for monoisotopic mass 402.1627, found 402.1700.

3-[5-Methyl-3-(2-uoro-6-chlorophenyl)isoxazole-4-carbonyloxy]-
2-phenyl-2-cyclohexen-1-one 3(S23). Colourless liquid; yield
59%; 1H NMR (600 MHz, CDCl3): 6.90–7.45 (m, 8H, Ar–H), 2.72–
2.75 (t, 2H, J ¼ 9.0 Hz, CH2), 2.58–2.61 (t, 2H, J ¼ 9.9 Hz, CH2),
2.51 (s, 3H, C]C–CH3), 2.12–2.19 (m, 2H, CH2);

13C NMR (150
MHz, CDCl3): 197.6, 177.1 (2C), 161.9, 159.4, 157.7, 155.3, 135.1,
131.9, 131.0, 129.3 (2C), 128.0 (2C), 127.9, 125.3, 116.9, 114.3,
108.5, 37.5, 28.8, 20.7, 13.2; IR (KBr, cm�1): 3059–2850 (C–H),
1726, 1666 (C]O), 1587 (C]C), 1071 (C–O); HRMS (ESI):m/z [M
+ H+] calcd for monoisotopic mass 426.0830 found 426.0903.

3-[5-Methyl-3-(2-uoro-6-chlorophenyl)isoxazole-4-carbonyloxy]-
2-phenyl-5-methyl-2-cyclohexen-1-one 3(S24). White solid; yield
70%; mp 143.3–144.2 �C; 1H NMR (600 MHz, CDCl3): 6.88–7.45
(m, 8H, Ar–H), 2.64–2.71 (m, 2H, CH2), 2.54–2.59 (t, 1H, J ¼
13.5 Hz, CH2), 2.52 (s, 3H, C]C–CH3), 2.42–2.46 (m, 1H, CH),
2.27–2.34 (m, 1H, CH2), 1.16–1.17 (d, 3H, J ¼ 4.8 Hz, –CH3);

13C
NMR (150 MHz, CDCl3): 197.5, 177.2, 163.4, 159.4, 157.7, 155.3,
135.1, 131.8, 130.9, 130.2, 129.3 (2C), 128.0 (2C), 127.9, 125.3,
116.8, 114.2, 108.5, 45.6, 36.7, 28.6, 20.6, 13.1; IR (KBr, cm�1):
3054–2864 (C–H), 1738, 1679 (C]O), 1599 (C]C), 1071 (C–O);
HRMS (ESI): m/z [M + H+] calcd for monoisotopic mass
440.0987, found 440.1059.

3-[5-Methyl-3-(2-uoro-6-chlorophenyl)isoxazole-4-carbonyloxy]-
2-phenyl-5,5-dimethyl-2-cyclohexen-1-one 3(S25). White solid;
yield 79%; mp 106.6–107.3 �C; 1H NMR (600 MHz, CDCl3): 6.86–
7.45 (m, 8H, Ar–H), 2.62 (s, 2H, CH2), 2.56 (s, 3H, C]C–CH3),
2.46 (s, 2H, CH2), 1.18 (s, 6H, –(CH3)2);

13C NMR (150 MHz,
CDCl3): 196.9, 177.1, 162.7, 159.3 (2C), 155.5, 135.1, 131.8,
130.8, 129.4, 129.3 (2C), 128.0 (2C), 127.7, 125.2, 116.9, 114.2,
108.5, 51.6, 42.2, 32.8, 27.8 (2C), 13.1; IR (KBr, cm�1): 3084–2872
(C–H), 1738, 1680 (C]O), 1600 (C]C), 1071 (C–O); HRMS (ESI):
m/z [M + H+] calcd for monoisotopic mass 454.1143, found
454.1216.

3-[(2-Triuoromethyl-4-methyl)pyrazoloyloxy]-2-phenyl-2-
cyclohexen-1-one 3(S26). White solid; yield 38%; mp 85.9–
87.0 �C; 1H NMR (400 MHz, CDCl3): 7.70 (s, 1H, ¼CH–N), 7.13–
7.32 (m, 5H, Ar–H), 3.90 (s, 3H, N–CH3), 2.81–2.86 (t, 2H, J ¼
8.2 Hz, CH2), 2.62–2.67 (t, 2H, J ¼ 9.0 Hz, CH2), 2.17–2.26 (m,
2H, CH2);

13C NMR (100 MHz, CDCl3): 197.7, 164.4, 157.0, 136.8,
131.3, 130.7, 129.6 (2C), 127.9 (2C), 127.7, 121.8, 118.2, 111.3,
39.9, 37.6, 29.0, 20.8; IR (KBr, cm�1): 3139–2875 (C–H), 1754,
1672 (C]O), 1540 (C]C), 1168 (C–O); HRMS (ESI):m/z [M + H+]
calcd for monoisotopic mass 365.1035, found 365.1108.

3-[(2-Triuoromethyl-4-methyl)pyrazoloyloxy]-2-phenyl-5-methyl-
2-cyclohexen-1-one 3(S27). White solid; yield 69%; mp 115.9–
118.3 �C; 1H NMR (600 MHz, CDCl3): 7.71 (s, 1H,¼CH–N), 7.14–
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 The molecular structure of compound 3(S3).
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7.37 (m, 5H, Ar–H), 3.92 (s, 3H, N–CH3), 2.76–2.82 (m, 1H, CH2),
2.70–2.74 (m, 1H, CH2), 2.63–2.67 (m, 1H, CH2), 2.51–2.52 (m,
1H, CH), 2.34–2.41 (m, 1H, CH2), 1.20–1.21 (d, 3H, J ¼ 9.6 Hz,
–CH3);

13C NMR (150 MHz, CDCl3): 197.8 (2C), 157.0, 142.0,
136.8, 131.2 (2C), 129.6 (2C), 127.9 (2C), 127.7, 118.6, 111.3,
45.8, 39.9, 37.1, 28.6, 20.9; IR (KBr, cm�1): 3133–2876 (C–H),
1748, 1677 (C]O), 1542 (C]C), 1171 (C–O); HRMS (ESI):m/z [M
+ H+] calcd for monoisotopic mass 379.1191, found 379.1264.

3-[(2-Triuoromethyl-4-methyl)pyrazoloyloxy]-2-phenyl-5,5-
dimethyl-2-cyclohexen-1-one 3(S28).White solid; yield 80%; mp
100.9–102.1 �C; 1H NMR (400 MHz, CDCl3): 7.70 (s, 1H, ]CH–

N), 7.14–7.35 (m, 5H, Ar–H), 3.92 (s, 3H, N–CH3), 2.72 (s, 2H,
CH2), 2.52 (s, 2H, CH2), 1.24 (s, 6H, –(CH3)2);

13C NMR (150
MHz, CDCl3): 197.6, 162.7, 157.1, 142.5, 136.8, 131.2, 129.7,
129.6 (2C), 127.9 (2C), 127.7, 111.4, 100.0, 51.5, 42.8, 39.9, 32.7
(2C), 28.2; IR (KBr, cm�1): 3133–2873 (C–H), 1749, 1677 (C]O),
1543 (C]C), 1146 (C–O); HRMS (ESI): m/z [M + H+] calcd for
monoisotopic mass 393.1348, found 393.1421.

X-ray diffraction

Suitable single-crystals of compound 3(S3) were recrystallized
from ethanol. The molecular structure of compound 3(S3) is
shown in Fig. 1. The p–p stacking interaction is shown in Fig. 2.
The X-ray data were collected on a Rigaku R-AXIS RAPID
diffractometer with graphite-monochromator Mo Ka radiation
(l ¼ 0.071073 nm) at 293(2) K. A total of 6888 reections were
Fig. 2 p–p stacking interactions between the core planes.

This journal is © The Royal Society of Chemistry 2018
measured, of which 3054 independent reections (Rint ¼
0.0233) were obtained in the range of 3.14� < q < 25.00� (h, 9 to 9;
k,�10 to 10; l,�15 to 15), and 2357 observed reections with I >
2s(I) were used in the renement on F2. The structure was
solved by direct methods using SHELXS-97 and rened by the
least-squares procedures on F2 (SHELXL-97) in the full matrix
anisotropic approximation for all non-hydrogen atoms.28,29

Symmetry equivalent reections were used to optimize the
crystal shape and size. The crystallographic data has been
deposited at the Cambridge Crystallographic Data Centre as
supplementary publication number CCDC 1588796.

Biological assays

The concentration of the safener and compounds applied in the
bioassay was determined aer a preliminary screening. Maize
seeds were soaked in solutions of synthesized compounds at
a concentration of 1 mmol L�1 for 12 h, and the control was
soaked in water. Then, the seeds were germinated in incubators
for 24 h. The seeds were sown in paper cups (10 cm � 15 cm),
with seven seeds per cup, and incubated in an incubator with
a 12 : 12 h photoperiod, 26.5� 1 �C, and 75% relative humidity.
The clethodim concentration was set to 10 mL hm�2 to cause
injury to the maize. The spraying treatment was conducted
when the maize had reached the two-leaf stage. Aer 6 days, the
chlorophyll content of the maize was determined. Each treat-
ment was replicated three times.

Computational methods

The three-dimensional structures of compound 3(S24),
compound 3(S12), clethodim and cloquitocet-mexyl were con-
structed using the sketch module of SYBYL-X 2.0.30 Subse-
quently, the molecules were optimized, and the Gasteiger–
Huckel charges were calculated. The crystal structure of ACCase
was taken from the Protein Data Bank (PDB ID 3K8X). Docking
modeling was achieved using the CDOCKERmethod in Accelrys
Discovery Studio 2.5.31 Before docking, the protein structure was
given the CHARMM force eld, and water and other co-
crystallized small molecules were removed. Aer the protein
preparation, the active site was dened, with a subset region of
13.0 Å from the centre of the known ligand. During the docking
process, the top 10 conformations were saved for each ligand
based on the �CDOCKER_ENERGY aer the energy minimi-
zation using the smart minimize method in DS 2.5, and the
default values were used for the remaining parameters.

Results and discussion
Chemistry

The synthetic route is depicted in Scheme 2. A series of 3-
hydroxy-2-phenylcyclohex-2-en-1-one derivatives (2) were
synthesized from substituted 1,3-cyclohexanedione (1) and
iodobenzene in DMSO under microwave irradiation, the
conditions of which were optimized. Initially, the intermediates
2a–c were synthesized by a coupling reaction in CH2Cl2 using L-
proline and CuI as the catalyst with 25.6–43.8% yields. This
promising result indicated that it was feasible to synthesize 3-
RSC Adv., 2018, 8, 19883–19893 | 19887
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Scheme 2 Route for the synthesis of the title compounds.

Table 1 Comparisons of the conventional and microwave irradiation
methods

Compound

Conventional method
Microwave irradiation
method

Time (h) Yield (%) Time (min) Yield (%)

2a 48 h 64 40 min 79
2c 48 h 35 40 min 88
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hydroxy-2-phenylcyclohex-2-en-1-one through a coupling reac-
tion. Subsequently, we investigated the effects of microwave
power, time, base and solvents on the coupling reaction. It was
found that microwave power was crucial for this reaction. The
reaction cannot proceed with a power less than 200 W. More-
over, the reaction yields constantly improved upon increasing
the power, and the yields were highest at 800W. In addition, the
optimum yields were achieved by adjusting the reaction time
from 5 to 40 min. Furthermore, the bases Et3N, NaOH and
anhydrous K2CO3 were employed as the acid-binding agents,
and anhydrous K2CO3 was found to be the best acid-binding
agent for this coupling reaction. To further improve the reac-
tion yields, we evaluated the effects of different solvents on the
yields. The experimental results indicated that DMSO provided
higher yields than CH2Cl2, THF, and 1,4-dioxane due to polar
aprotic solvents being the best at promoting this coupling
reaction. The optimum conditions were as follows: 800 W as the
power, 40 min as the reaction time, and DMSO as the solvent.
The yields were higher, and the reaction time was much shorter
than that of the reported conventional method32 (Table 1).
Scheme 3 Reaction mechanism of intermediates.

19888 | RSC Adv., 2018, 8, 19883–19893
The possible reaction mechanism outlined in Scheme 3 is
similar to that reported.33,34 L-proline and Cu(I) formed complex
A, and the chelation of L-proline with Cu(I) makes the Cu(I) more
reactive towards an oxidative addition and stabilizes the formed
intermediate B, facilitating the coupling reaction. Subse-
quently, the iodine coordinated to the copper was exchanged for
the carbanion of the activated methylene group of 1,3-cyclo-
hexanedione, forming the intermediate C via a reductive elim-
ination, releasing the coupling product D and regenerating the
active Cu(I) catalyst A.

The substituted 2-phenyl-2-cyclohexanedione enol ester
derivatives 3 were prepared from the intermediates 2 and
different acyl chlorides, with yields of 33–91% (Table 2). Et3N
was employed to promote the acylation in the positive direction
as an acid-attaching agent.

In general, there were signicant effects on the yields of the
target products caused by the presence of electron-donating
groups. Notably, the presence of a methyl group at the 5-posi-
tion of the cyclohexanedione increased the yields signicantly.
Two methyl groups in the 5-position of cyclohexanedione
provided better yields than one methyl group, and the yields
were lowest when there was no substitution. For example, the
yield of 3(S28) was signicantly higher than that of 3(S26).

All of the structures were characterized by IR, 1H NMR, 13C
NMR and HRMS spectroscopies. The peaks at 1732 and
1677 cm�1 in the IR for compound 3(S3) conrmed the presence
of the carbonyl groups. The 1H NMR spectrum also conrmed
the proposed structure. The signals at d 6.88–7.45 ppm were
related to the benzene rings. The single signal observed at
d 1.26 ppmwas characteristic of the twomethyl groups linked to
the cyclohexanedione.

Structure analysis

The molecular structure of compound 3(S3) is shown in Fig. 1.
Compound 3(S3) contains a cyclohexanedione ring and two
benzene rings. Cyclohexanedione adopts a half-chair confor-
mation structure. The cyclohexanedione and benzene ring II
[C16, C17, C18, C19, C20 and C21] are not coplanar, with
a dihedral angle of 63.803 (62)�. Benzene ring II [C16, C17, C18,
C19, C20 and C21] is also not coplanar with benzene ring I [C1,
C2, C3, C4, C5 and C6] with a dihedral angle of 62.933 (65)�. The
p–p stacking interaction is shown in Fig. 2. Within the double
chain, weak p–p packing interactions exist between the two
benzene rings. These interactions further reinforce the supra-
molecular structural stability. No signicant hydrogen bonding
was found in the crystal structure.

Biological activity

The in vivo safener activities of the title compound (1 mmol L�1)
against clethodim were evaluated (Table 3). The chlorophyll
content was measured aer treatment with clethodim for 6 d.

Photosynthesis is an indispensable physiological activity in
the process of plant growth. The chlorophyll content in leaves
directly affects photosynthesis sufficiently to promote plant
growth and plant nutrient accumulation. Clethodim can
provoke an obvious decrease in the chlorophyll content of
This journal is © The Royal Society of Chemistry 2018
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Table 2 The structures of the novel substituted 2-phenyl-2-cyclohexanedione enol ester compounds

Compound R1 R2 R3 Yield (%) Melting point (�C)

3(S1) H H 50 76.5–78.1

3(S2) CH3 H 56 80.2–81.0

3(S3) CH3 CH3 65 84.3–86.2

3(S4) H H 59 103.9–104.9

3(S5) CH3 H 62 73.3–74.3

3(S6) CH3 CH3 70 —

3(S7) H H 33 —

3(S8) CH3 H 35 —

3(S9) CH3 CH3 40 —

3(S10) CH3 CH3 48 79.6–81.3

3(S11) H H 50 80.1–81.7

3(S12) CH3 H 57 —

3(S13) CH3 CH3 64 84.7–86.7

3(S14) H H 39 —

3(S15) CH3 H 43 —

3(S16) CH3 CH3 47 —

3(S17) H H 46 172.4–173.1

3(S18) CH3 H 54 193.9–195.1

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 19883–19893 | 19889
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Table 2 (Contd. )

Compound R1 R2 R3 Yield (%) Melting point (�C)

3(S19) CH3 CH3 80 180.8–182.0

3(S20) H H 79 99.3–101.1

3(S21) CH3 H 83 —

3(S22) CH3 CH3 91 105.2–106.9

3(S23) H H 59 —

3(S24) CH3 H 70 143.3–144.2

3(S25) CH3 CH3 79 106.6–107.3

3(S26) H H 38 85.9–87.0

3(S27) CH3 H 69 115.9–118.3

3(S28) CH3 CH3 80 100.9–102.1
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maize, but signicant differences were observed aer the initial
introduction of the compounds. Compounds 3(S1–S28) showed
some recovery of chlorophyll content. Among the compounds
tested, compound 3(S24) showed the best activity against the
injury of clethodim, even better than that of the commercial
safener cloquitocet-mexyl.

From a structural perspective, the introduction of the
subunit of 5-methyl-3-phenylisoxazole exhibited excellent safe-
ner activity in protecting maize. The 5-position substituents on
the cyclohexanedione were further studied. It was noticeable
that the presence of a methyl group at the 5-position gave rise to
a positive improvement in the safener activity. Two methyl
groups at the 5-position provided higher safener activity than
one methyl group, and the safener activity was the lowest when
19890 | RSC Adv., 2018, 8, 19883–19893
there was no substitution. The results indicate that the 5-posi-
tion substituents were greatly associated with safener activity.

The greenhouse experiments showed that compound 3(S24)
exhibited the best safener activity, and compound 3(S12)
showed the worst. To prove the hypothesis that safeners may
compete for the target site with herbicides, the chemical prop-
erties of the compounds 3(S12) and 3(S24), clethodim and
cloquitocet-mexyl were compared, such as the log p, aromatic
rings, surface area and electronegativity (Table 4). It was
observed that the log p, aromatic rings, surface area and elec-
tronegativity of compound 3(S24) were all similar to those of the
safener cloquitocet-mexyl. The properties of compound 3(S12)
regarding the log p, surface area and electronegativity shared
a similarity with the herbicide clethodim. This indicated that, in
This journal is © The Royal Society of Chemistry 2018
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Table 3 The chlorophyll content of maize treated with the target compounds (1 mmol L�1)a,b

Compound
Chlorophyll content
(mg g�1) Compound

Chlorophyll content
(mg g�1) Compound

Chlorophyll content
(mg g�1)

Clethodim 14.9 � 0.3 3(S9) 15.5 � 0.5 3(S19) 16.3 � 1.0
Cloquitocet-mexyl 17.6 � 0.8 3(S10) 16.3 � 0.4 3(S20) 16.8 � 0.6
3(S1) 16.7 � 1.2 3(S11) 15.8 � 0.9 3(S21) 17.3 � 0.4
3(S2) 15.6 � 0.9 3(S12) 13.8 � 1.4 3(S22) 18.2 � 1.2
3(S3) 17.6 � 1.3 3(S13) 16.3 � 1.2 3(S23) 19.9 � 0.7
3(S4) 15.1 � 1.1 3(S14) 14.3 � 0.6 3(S24) 20.5 � 0.5
3(S5) 15.8 � 0.3 3(S15) 16.1 � 0.8 3(S25) 15.3 � 1.1
3(S6) 16.5 � 0.6 3(S16) 15.7 � 0.5 3(S26) 16.1 � 0.6
3(S7) 15.5 � 0.9 3(S17) 16.1 � 1.1 3(S27) 15.9 � 0.9
3(S8) 16.1 � 1.2 3(S18) 16.6 � 1.2 3(S28) 15.3 � 1.0

a Data are the means of three replicates. b Water treated was used as a contrast and the herbicide is clethodim.

Table 4 Comparisons of the chemical properties of clethodim, cloquitocet-mexyl, 3(S24) and 3(S12)

Compounds log pa Aromatic ringsa Surface areab Rotatable bondsb Molecular weighta Electronegativityc

Clethodim 2.23 0 363.73 9 359.90

Cloquitocet-mexyl 4.47 2 332.46 9 335.12

3(S24) 4.59 3 322.51 5 424.83

3(S12) 2.85 2 400.15 6 336.38

a The log p, numbers of aromatic rings and molecular weights were predicted by ChemBioOffice 2014. b The surface areas and number of rotatable
bonds were predicted by Discovery Studio 2.5. c The electronegativity was predicted by Sybyl-X 2.0 (Tripos Inc., St. Louis, MO).

Fig. 3 The docking modeling of compound 3(S12) (A) and clethodim
(B) with ACCase at the active site. The carbon atoms are shown in grey,
the hydrogen atoms are shown in cyan, the sulphur atoms are shown
in light yellow, the oxygen atoms are shown in red, and the nitrogen
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terms of the investigated features and SAR theory, compound
3(S24) may be a lead candidate compound for use as a novel
safener, and compound 3(S12) might be a candidate for
a potential herbicide.

To further study the effect of the safener on the target
enzyme of the herbicides, a molecular docking experiment was
conducted. It showed that both compound 3(S24) and
cloquitocet-mexyl had no interactions with the surrounding
residues. Interestingly, the docking score of both compound
3(S24) and cloquitocet-mexyl were negative in value, repre-
senting a bad docking result. However, compound 3(S12) and
clethodim were well matched to the active site of ACCase
(Fig. 3).

Compound 3(S12) and clethodim have a similar binding
position at the active site, and this indicated the excellent
similarity between the activities of compound 3(S12) and cle-
thodim. As shown in Fig. 4, the ester carbonyl formed two H-
bond interactions with Ala1627 and ILE1735 in the protein
This journal is © The Royal Society of Chemistry 2018
hinge region. Similarly, the cyclohexanedione group of cletho-
dim generated two H-bond interactions with Ala1627 and
ILE1735. Based on the facts mentioned above, the theory of
atoms are shown in light blue.

RSC Adv., 2018, 8, 19883–19893 | 19891
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Fig. 4 The receptor–ligand interaction of 3(S12) and clethodim with
the active site of ACCase, and 3(S12) and clethodim are shown in cyan
and yellow, respectively.
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competing with the herbicide at the active site might be ruled
out; in connection with the results of greenhouse experiments,
we speculated that antagonism potentially existed between
compound 3(S24) and clethodim in maize, which protected the
maize from injury by clethodim.
Conclusion

In conclusion, a novel class of substituted 2-phenyl-2-
cyclohexanedione enol ester derivatives were designed and
synthesized based on the SAR and active substructure combi-
nation. The intermediate 3-hydroxy-2-phenylcyclohex-2-en-1-
one derivatives were synthesized using microwave irradiation,
and the reaction conditions were optimized. The bioactivity
results demonstrated that most of the compounds showed
excellent safener activity; compound 3(S24) displayed inspired
safener activity in protecting maize from clethodim injury
comparable to that of the commercial safener cloquitocet-
mexyl. Molecular docking experiments revealed that the prom-
ising safener potency may be ascribed to the antagonism
between the compounds 3(S24) and clethodim. The present
results provide a powerful complement to the SAR in designing
bioactive molecules. Thus, substituted 2-phenyl-2-
cyclohexanedione enol ester derivatives have emerged as novel
lead compounds for developing new safener agents.
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