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, and herbicidal activity of
pyrazole benzophenone derivatives†

Ying Fu, Meng-Xia Wang, Dong Zhang, Yu-Wen Hou, Shuang Gao, Li-Xia Zhao
and Fei Ye*

4-Hydroxyphenylpyruvate dioxygenase is one of the most promising targets for herbicide discovery. A

series of 1-acyl-3-phenyl-pyrazol benzophenones were designed and synthesized using 1,3-

diphenylpropane-1,3-dione and dimethylformamide dimethylacetal as the starting materials. All of the

compounds were characterized by IR, 1H NMR, 13C NMR, and HRMS. The configuration of 5f was

determined by X-ray crystallography. The bioassay studies indicated that most of these derivatives

exhibited herbicidal activity at least to a certain degree, in which compounds 5n and 5o displayed good

herbicidal activity at a dosage of 0.05 mmol m�2, which were more potent than pyrazoxyfen against

barnyard grass. In addition, compound 5o was also proved to be safer for maize than pyrazoxyfen. The

binding free energy of compound 5o with HPPD was relatively low, and that agreed with the results of

bioassay activity research. Therefore, compound 5o might be the lead compound for designing new

HPPD inhibitors.
Introduction

4-Hydroxyphenylpyruvate dioxygenase (HPPD), a Fe(II)-depen-
dent and non-heme dioxygenase, was founded by Zeneca Group
PLC in 1982.1 HPPD catalyzes the conversion of 4-hydrox-
yphenylpyruvic acid (HPPA) to homogentisate (HGA) which
involves decarboxylation, substituent migration and aromatic
oxygenation in a single catalytic cycle.2–4 HGA is an important
precursor for the biosynthesis of tocopherol and plastoquinone,
which are crucial for the normal growth of plants. The plant will
be injured severely when HPPD is inhibited, and the plant
meristem will become bleached in sunlight and cause necrosis
and nally death.5–7 Therefore, HPPD inhibitors are also termed
bleaching herbicides.8,9 These herbicides have the advantages
of a wide weed-control spectrum, exibility for application time,
and compatibility for tank mixes with other herbicides.10–13

Perennial broadleaf weeds in broad-leaf plant elds can also be
weeded out by the HPPD inhibitor with high activities, low-
residue, and application safety.11,12,14 HPPD inhibitors have
been developed a number of different structures, such as tri-
ketone, pyrazole, isoxazole, diketonitrile and benzophe-
none.15,16 As reported, containing triketone quinolines
derivatives were designed and showed good herbicidal activity
of Arabidopsis thaliana HPPD (AtHPPD).17 And Yang et al.
ge of Science, Northeast Agricultural
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developed a series of triketone-based hybrid compounds which
lengthening the aryl side chain with potent inhibitory activity.18

The pyrazole and its derivatives have drawn wide attention in
biological and pharmacological elds.19 As aromatic heterocy-
clic compounds, N-substituted pyrazole is important chemical
scaffold, and a large number of pyrazole derivatives have been
synthesized with extensive bioactivity. For example, N-
substituted pyrazoles are good inhibitors of p38 mitogen-
activated protein kinase for the treatment of cancer cells.20 It
was reported that the pyrazole–benzimidazolone is a potential
inhibitor to type I tyrosinemia.21 Furthermore, pyrazolone–
Fig. 1 Skeleton structure of the template compound.
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Scheme 1 Route for synthesis of the target compounds.
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quinazolone hybrids were conrmed as novel human 4-
hydroxyphenylpyruvate dioxygenase inhibitors.22

As shown in Fig. 1, there are four pyrazole HPPD inhibitors
with good weed control containing pyrazolynate, pyrazoxyfen,
benzofenap and pyrasulfotole. The common chemical subunit of
these pyrazole inhibitors is 2-benzoylethen-1-ol. In order to search
novel HPPD inhibitor analogues and continue to design and
synthesis novel nitrogen-containing heterocycle pesticide,23–25

herein we reported the synthesis of a series of novel pyrazole
derivatives via cyclization and acylation without any expensive
reagent or catalyst (Scheme 1). Greenhouse experiments demon-
strated that some of them exhibited promising herbicidal activity
against barnyard grass at a rate of 0.05 mmol m�2.
Experimental
Chemicals and instruments

All the reagents were analytical grade and used without further
purication. Analytical thin-layer chromatography (TLC) was
performed on silica gel GF254 (Qingdao Haiyang Chemical Co.
Ltd). The yields were not optimized. The melting point was
measured using a Beijing Taike point apparatus (X-4) and the
thermometer was not corrected. The infrared (IR) spectra were
taken on a KJ-IN-27G infrared spectrophotometer (KBr). The
NMR spectra were recorded on a Bruker AV600 spectrometer
with CDCl3 or DMSO-d6 as the solvent and TMS as the internal
standard. High-resolution mass spectrometry (HRMS) was ob-
tained by FTICR-MS. Pyrazoxyfen were purchased from Tianjin
Sigma Technology Co., Ltd.
Synthesis of 2-dimethylaminomethylene-1,3-
diphenylpropane-1,3-dione (3)

Compound 3was synthesized according to the ref. 26. A mixture
of 1,3-diphenylpropane-1,3-dione (2.24 g, 10 mmol) and dime-
thylformamide dimethylacetal (1.19 g, 10 mmol) in anhydrous
toluene (50 mL) was heated and reuxed for 8 h, then cooled to
room temperature. The compound 3 was obtained as faint
yellow solid in 44% yield. Mp: 131–132 �C; 1H NMR (600 MHz,
CDCl3): 2.83–3.14, (6H, –CH3); 7.59–7.16, (m, 10H, Ar–H); 7.64,
(s, 1H, N–CH]C); 13C NMR (150 MHz, CDCl3): 42.3, 47.3, 111.5,
127.9 (4C), 129.0 (4C), 131.2 (2C), 141.0 (2C), 158.1, 194.9 (2C);
IR (KBr, cm�1): 3051, 2923, 1651, 1584, 1562.
This journal is © The Royal Society of Chemistry 2017
Synthesis of phenyl-(3-phenyl-1H-pyrazol-4-yl) methanone (4)

Synthesis of compound 4 was based on the method presented
earlier.26–29 Compound 3 (2.7 g, 10 mmol) was treated with
N2H4$2HCl (1.04 g, 10 mmol) and reuxed in ethanol for 1.5 h,
and appropriate distilled water was added to the solution before
heating. The faint yellow solid product was obtained, ltered
and recrystallized from ethanol. Compound 4 was obtained
with the yield of 90%. Mp: 165–166 �C; 1H NMR (600 MHz,
DMSO-d6): 7.38–7.78, (m, 10H, Ar–H); 8.10, (s, 1H, N–CH]C);
13.63, (br, 1H, NH); 13C NMR (150 MHz, DMSO-d6): 118.3, 128.6,
128.9 (2C), 129.1 (3C), 129.5 (4C), 132.8 (3C), 139.4, 190.1; IR
(KBr, cm�1): 3345, 1651, 1562, 1433.
General synthetic procedures for compounds 5a–t

Acyl chloride (12 mmol) were added dropwise to a solution of
compound 4 (2.48 g, 10 mmol), and triethylamine (1.52 g, 15
mmol) as the attaching acid agent in CH2Cl2, and the mixture
was reuxed for 4 h until the reaction was complete (indicated
by TLC). The organic phase was washed with water until pH¼ 7.
The organic layer was dried over anhydrous MgSO4 and vacuum
distillation solvent. Compounds 5a–t was obtained by recrys-
tallized with CH2Cl2 and light petroleum or column chroma-
tography with CH2Cl2 and EtOH. The physical and spectra data
of compounds 5a–t were as follows:

3-Phenyl-1-benzoylpyrazole-4-benzophenone (5a). White
solid; yield: 87%; mp: 165–167 �C; 1H NMR (600 MHz, CDCl3):
7.38–8.33, (m, 15H, Ar–H); 8.75, (s, 1H, N–CH]C); 13C NMR
(150 MHz, CDCl3): 122.4, 128.3 (2C), 28.4, 128.7 (2C), 128.9 (2C),
129.4 (2C), 129.7 (2C), 130.6, 131.1, 132.1 (2C), 133.4, 133.7,
135.4, 138.1, 155.8, 165.9, 189.8; IR (KBr, cm�1): 3154, 3062,
1706, 1654, 1596, 1446; HRMS (ESI): m/z [M + H+] calculated for
monoisotopic mass 353.1212, found 353.1286.

3-Phenyl-1-o-methylbenzoyl-pyrazole-4-benzophenone (5b).
White solid; yield: 90%; mp: 150–152 �C; 1H NMR (600 MHz,
CDCl3): 2.48, (s, 3H, –CH3); 7.26–7.93, (m, 14H, Ar–H); 8.66, (s,
1H, N–CH]C); 13C NMR (150 MHz, CDCl3): 20.3, 122.7, 125.3,
128.3 (2C), 128.7 (2C), 128.9 (2C), 129.4, 129.7 (2C), 130.3, 131.0,
131.1, 131.3, 131.9, 133.5, 134.6, 138.0, 138.4, 155.9, 167.6,
189.8; IR (KBr, cm�1): 3124, 3031, 1713, 1655, 1599, 1449; HRMS
(ESI): m/z [M + H+] calculated for monoisotopic mass 367.1368,
found 367.1443.

3-Phenyl-1-m-methylbenzoyl-pyrazole-4-benzophenone (5c).
Faint yellow solid; yield: 86%; mp: 155–156 �C; 1H NMR (600
MHz, CDCl3): 2.47, (s, 3H, –CH3); 7.37–8.13, (m, 14H, Ar–H);
8.73, (s, 1H, N–CH]C); 13C NMR (150 MHz, CDCl3): 21.5, 122.3,
128.2, 128.4 (2C), 128.7 (2C), 128.9 (2C), 129.3, 129.4, 129.7 (2C),
130.5, 131.2, 132.4, 133.4, 134.6, 135.5, 138.1, 138.2, 155.7,
166.2, 189.8; IR (KBr, cm�1): 3153, 3060, 1688, 1662, 1597, 1447;
HRMS (ESI): m/z [M + H+] calculated for monoisotopic mass
367.1368, found 367.1444.

3-Phenyl-1-p-methylbenzoyl-pyrazole-4-benzophenone (5d).
White solid; yield: 89%; mp: 175–177 �C; 1H NMR (600 MHz,
CDCl3): 2.45, (s, 3H, –CH3); 7.24–8.23, (m, 14H, Ar–H); 8.71 (s,
1H, N–CH]C); 13C NMR (150 MHz, CDCl3): 21.8, 122.1, 127.7,
128.3, 128.4, 128.6 (2C), 128.9, 129.1 (2C), 129.3, 129.6 (2C),
131.2, 132.1, 132.3, 132.5, 133.3, 135.4, 138.2, 144.8, 155.6,
RSC Adv., 2017, 7, 46858–46865 | 46859
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Fig. 2 Molecular structure of compound 5f.
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165.7, 189.8; IR (KBr, cm�1): 3154, 3032, 1698, 1654, 1595, 1444;
HRMS (ESI): m/z [M + H+] calculated for monoisotopic mass
367.1368, found 367.1444.

3-Phenyl-1-o-chlorinebenzoyl-pyrazole-4-benzophenone (5e).
White solid; yield: 83%; mp: 140–142 �C; 1H NMR (600 MHz,
CDCl3): 7.29–7.90, (m, 14H, Ar–H); 8.64, (s, 1H, N–CH]C); 13C
NMR (150 MHz, CDCl3): 123.2, 126.6, 128.3 (2C), 128.7 (2C),
128.9 (2C), 129.4, 129.6 (2C), 130.1, 130.4, 130.8, 132.2, 132.5,
132.6, 133.5, 133.9, 137.9, 156.2, 165.6, 189.6; IR (KBr, cm�1):
3126, 3032, 1735, 1662, 1598, 1448; HRMS (ESI): m/z [M + H+]
calculated for monoisotopic mass 387.0822, found 387.0895.

3-Phenyl-1-p-chlorinebenzoyl-pyrazole-4-benzophenone (5f).
Faint yellow solid; yield: 80%; mp: 183–184 �C; 1H NMR (600
MHz, CDCl3): 7.37–8.31, (m, 14H, Ar–H); 8.74, (s, 1H, N–CH]

C); 13C NMR (150 MHz, CDCl3): 122.5, 128.4 (2C), 128.7 (4C),
128.8 (2C), 128.9, 129.5, 129.7 (2C), 130.9, 133.5, 133.6 (2C),
135.3, 138.0, 140.4, 156.0, 164.9, 189.7; IR (KBr, cm�1): 3145,
3036, 1707, 1659, 1589, 1447; HRMS (ESI): m/z [M + H+] calcu-
lated for monoisotopic mass 387.0822, found 387.0896.

3-Phenyl-1-p-uorobenzoyl-pyrazole-4-benzophenone (5g).
White solid; yield: 79%; mp: 174–176 �C; 1H NMR (600 MHz,
CDCl3): 7.21–8.45, (m, 14H, Ar–H); 8.75, (s, 1H, N–CH]C); 13C
NMR (150 MHz, CDCl3): 115.5, 115.8, 122.3, 126.7, 128.4 (2C),
128.7 (2C), 128.8 (2C), 129.5 (2C), 129.7 (2C), 131.0, 133.5, 135.0,
135.2, 135.4, 138.0, 155.9, 164.6, 189.7; IR (KBr, cm�1): 3152,
3059, 1692, 1668, 1598, 1448; HRMS (ESI): m/z [M + H+] calcu-
lated for monoisotopic mass 371.1118, found 371.1193.

3-Phenyl-1-p-triuoromethylbenzoyl-pyrazole-4-benzophenone
(5h).White solid; yield: 78%; mp: 173–175 �C; 1H NMR (600 MHz,
CDCl3): 7.38–8.43, (m, 14H, Ar–H); 8.77, (s, 1H, N–CH]C); 13C
NMR (150MHz, CDCl3): 122.9, 125.2, 125.3, 128.5 (2C), 128.7 (2C),
128.8 (2C), 129.0, 129.6 (2C), 129.7 (2C), 130.8, 132.4 (2C), 133.6,
133.9, 134.6, 135.1, 137.9, 156.2, 164.9, 189.6; IR (KBr, cm�1):
3175, 3061, 1715, 1664, 1597, 1446; HRMS (ESI): m/z [M + H+]
calculated for monoisotopic mass 421.1086, found 421.1159.

3-Phenyl-1-p-nitrobenzoyl-pyrazole-4-benzophenone (5i).
Grey white powder; yield: 30%; mp: 79–81 �C; 1H NMR (600
MHz, CDCl3): 7.38–8.49, (m, 14H, Ar–H); 8.76, (s, 1H, N–CH]

C); 13C NMR (150 MHz, CDCl3): 123.2, 123.3 (2C), 128.5 (5C),
129.7 (2C), 129.7 (2C), 130.5, 133.0 (2C), 133.6, 134.8, 136.1,
137.8, 150.5, 156.5, 164.3, 189.5; IR (KBr, cm�1): 3134, 3051,
1715, 1657, 1596, 1447; HRMS (ESI): m/z [M + H+] calculated for
monoisotopic mass 398.1063, found 398.1129.

3-Phenyl-1-(20,40-dichlorine)benzoyl-pyrazole-4-benzophenone
(5j).White solid; yield: 81%; mp: 207–209 �C; 1H NMR (600 MHz,
CDCl3): 7.31–7.90, (m, 13H, Ar–H); 8.65, (s, 1H, N–CH]C); 13C
NMR (150MHz, CDCl3): 123.3, 127.0, 128.3 (2C), 128.7 (2C), 128.8
(2C), 129.6 (3C), 130.2, 130.5, 130.6, 131.4, 133.6, 133.7, 133.8,
137.8, 138.3, 156.3, 164.8, 189.49; IR (KBr, cm�1): 3148; 3056,
1727, 1660, 1581, 1447; HRMS (ESI): m/z [M + H+] calculated for
monoisotopic mass 421.0432, found 421.0505.

3-Phenyl-1-(30-hydroxy-40-chlorine)benzoyl-pyrazole-4-benzo-
phenone (5k). Grey white powder; yield: 29%; mp: 219–221 �C;
1H NMR (600 MHz, DMSO-d6): 7.39–7.93, (m, 13H, Ar–H); 8.84,
(s, 1H, N–CH]C); 10.86 (s, 1H, –OH); 13C NMR (150 MHz,
DMSO-d6): 119.7, 122.0, 123.7, 126.1, 128.8 (2C), 129.0 (2C),
129.2 (2C), 129.7, 123.0 (2C), 130.4, 130.5, 131.4, 134.1, 136.2,
46860 | RSC Adv., 2017, 7, 46858–46865
138.0, 153.3, 155.0, 165.0, 189.8; IR (KBr, cm�1): 3272, 3145,
3065, 1710, 1638, 1590, 1415; HRMS (ESI): m/z [M + H+] calcu-
lated for monoisotopic mass 403.0771, found 403.0844.

3-Phenyl-1-(20-chlorine-40-methylsulfonyl)benzoyl-pyrazole-
4-benzophenone (5l). White solid; yield: 73%; mp: 216–218 �C;
1H NMR (600 MHz, CDCl3): 3.12, (s, 3H, –CH3); 7.30–8.10, (m,
13H, Ar–H); 8.69, (s, 1H, N–CH]C); 13C NMR (150MHz, CDCl3):
44.4, 123.7, 125.6, 128.4 (2C), 128.8 (5C), 129.0, 129.7 (2C),
129.8, 130.3, 131.0, 133.4, 133.7, 137.4, 137.6, 144.1, 156.8,
164.3, 189.3; IR (KBr, cm�1): 3106, 2928, 1732, 1654, 1598, 1448;
HRMS (ESI): m/z [M + H+] calculated for monoisotopic mass
465.0598, found 465.0672.

3-Phenyl-1-(20-nitro-40-methylsulfonyl)benzoyl-pyrazole-4-
benzophenone (5m). White solid; yield: 71%; mp: 272–
274 �C; 1H NMR (600 MHz, CDCl3): 3.21, (s, 3H, –CH3); 7.28–
8.72, (m, 13H, Ar–H); 8.82, (s, 1H, N–CH]C); 13C NMR (150
MHz, CDCl3): 44.4, 123.5, 123.8, 128.4 (2C), 128.7 (2C), 128.8
(2C), 129.6 (2C), 129.8, 130.1, 131.4, 132.7, 132.9, 133.5,
133.7, 137.6, 144.55, 147.9, 156.9, 163.6, 189.2; IR
(KBr, cm�1): 3135, 2923, 1727, 1655, 1596, 1450; HRMS (ESI):
m/z [M + H+] calculated for monoisotopic mass 476.0838,
found 476.0911.

3-Phenyl-1-furoyl-pyrazole-4-benzophenone (5n). Grey white
powder; yield: 73%;mp: 177–179 �C; 1H NMR (600MHz, CDCl3):
6.67–8.27, (m, 13H, Ar–H, O–CH]CH–CH]); 8.72, (s, 1H, N–
CH]C); 13C NMR (150 MHz, CDCl3): 113.0, 122.2, 126.0, 128.4
(2C), 128.7 (2C), 128.8 (2C), 129.5, 129.6 (2C), 131.1, 133.4,
134.8, 138.1, 144.3, 149.0, 154.4, 156.1, 189.5; IR (KBr, cm�1):
3155, 3066, 1696, 1652, 1595, 1445; HRMS (ESI): m/z [M + H+]
calculated for monoisotopic mass 343.1004, found 343.1077.

3-Phenyl-1-phenoxyacetyl-pyrazole-4-benzophenone (5o).
White solid; yield: 76%; mp: 128–130 �C; 1H NMR (600 MHz,
CDCl3): 5.62, (s, 2H, –CH2–); 7.03–7.89, (m, 15H, Ar–H); 8.58, (s,
1H, N–CH]C); 13C NMR (150 MHz, CDCl3): 66.4, 115.0 (2C),
122.2, 123.0, 128.5 (2C), 128.7 (2C), 128.8 (2C), 129.6 (2C), 129.7
(2C), 130.6, 132.9, 133.6 (2C), 137.8, 156.4, 157.7, 167.1, 189.4;
IR (KBr, cm�1): 3137, 2924, 1774, 1647, 1600, 1419; HRMS (ESI):
m/z [M + H+] calculated for monoisotopic mass 383.1317, found
383.1390.
This journal is © The Royal Society of Chemistry 2017
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Table 1 The chlorophyll content of barnyard grass treated with target compound (0.05 mmol m�2)a

Compound R Chlorophyll a content (mg g�1) Chlorophyll b content (mg g�1)

5a 130.44 � 1.64 54.75 � 1.53

5b 132.92 � 2.23 57.72 � 0.56

5c 133.01 � 2.43 59.45 � 1.36

5d 130.61 � 1.94 55.32 � 0.28

5e 132.78 � 2.97 57.19 � 0.45

5f 131.65 � 2.56 56.61 � 1.09

5g 90.78 � 2.34 38.48 � 0.23

5h 115.53 � 2.36 48.64 � 0.27

5i 132.89 � 2.23 58.46 � 1.38

5j 132.19 � 1.57 57.05 � 0.34

5k 131.76 � 2.01 54.29 � 0.79

5l 132.99 � 1.08 58.97 � 1.19

5m 133.13 � 1.34 59.69 � 1.79

5n 85.65 � 1.87 34.49 � 0.94

5o 96.56 � 1.09 40.32 � 1.31

5p 124.15 � 2.09 52.82 � 1.65

5q 119.35 � 2.28 50.12 � 0.97

5r 127.95 � 2.09 53.62 � 1.05

5s 113.61 � 1.26 50.59 � 1.83

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 46858–46865 | 46861
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Table 1 (Contd. )

Compound R Chlorophyll a content (mg g�1) Chlorophyll b content (mg g�1)

5t 121.18 � 1.83 53.89 � 1.48

CK 132.16 � 1.37 59.72 � 0.94
Pyrazoxyfen 128.29 � 1.28 54.97 � 1.39

a Note: CK is for water treated.

Table 2 The chlorophyll content of maize treated with selected
compounds (1.25 mmol m�2)a

Compound
Chlorophyll a content
(mg g�1)

Chlorophyll b
content (mg g�1)

5g 44.57 � 1.65 15.19 � 0.09
5h 54.56 � 1.82 17.92 � 0.27
5n 35.34 � 0.97 12.72 � 0.69
5o 64.70 � 1.56 20.49 � 1.06
5q 55.32 � 1.59 17.63 � 1.12
5s 50.65 � 0.93 16.02 � 0.58
5t 60.13 � 1.41 18.63 � 0.83
CK 109.73 � 1.27 31.50 � 1.13
Pyrazoxyfen 43.86 � 0.99 12.94 � 0.88
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3-Phenyl-1-(20-phenyl-50-methyl-40-isoxazole)formacyl-pyrazole-
4-benzophenone (5p). White solid; yield: 83%; mp: 178–180 �C;
1H NMR (600 MHz, CDCl3): 2.70, (s, 3H, –CH3); 7.18–7.80, (m,
15H, Ar–H); 8.59, (s, 1H, N–CH]C); 13C NMR (150MHz, CDCl3):
13.2, 109.6, 123.0, 127.9 (2C), 128.2 (2C), 128.6 (2C), 128.7 (4C),
128.9, 129.4, 129.6 (2C), 130.1, 130.4, 133.4, 133.5, 137.7, 155.7,
161.2, 162.1, 175.5, 189.4; IR (KBr, cm�1): 3108, 3078, 1705,
1666, 1597, 1416; HRMS (ESI): m/z [M + H+] calculated for
monoisotopic mass 434.1426, found 434.1503.

3-Phenyl-1-(50-methyl-20-(2-uorine-5-chlorine)phenyl-4-
isoxazole)formacyl-pyrazole-4-benzophenone (5q). White solid;
yield: 76%; mp: 79–81 �C; 1H NMR (600 MHz, CDCl3): 2.81, (s,
3H, –CH3); 6.76–7.79, (m, 13H, Ar–H); 8.50, (s, 1H, N–CH]C);
13C NMR (150 MHz, CDCl3): 13.5, 111.4, 114.2, 114.4, 117.8,
117.9, 122.7, 125.3 (2C), 128.0 (2C), 128.6 (4C), 129.4, 129.6 (2C),
130.3, 131.2, 131.3, 133.5 (2C), 134.1 (2C), 137.8, 155.1, 159.7,
160.3, 161.4, 176.2, 189.5; IR (KBr, cm�1): 3135, 3064, 1717,
1660, 1598, 1447; HRMS (ESI): m/z [M + H+] calculated for
monoisotopic mass 486.0942, found 486.1015.

3-Phenyl-1-(20-triuoromethyl-40-methyl-30-pyrazole)formacyl-
pyrazole-4-benzophenone (5r).White solid; yield: 81%; mp: 190–
192 �C; 1HNMR (600MHz, CDCl3): 4.09, (s, 3H, –CH3); 7.43–7.91,
(m, 10H, Ar–H); 8.73 (s, 1H, N–CH]C); 8.94, (s, 1H, N–CH]C);
13C NMR (150 MHz, CDCl3): 40.1, 111.3, 118.5, 122.3, 128.4 (2C),
128.7 (2C), 128.9 (2C), 129.6 (2C), 131.1, 133.5, 134.7, 137.9,
139.1, 144.5, 145.0, 156.1, 157.1, 189.4; IR (KBr, cm�1): 3162,
3062, 1707, 1655, 1598, 1448; HRMS (ESI): m/z [M + H+] calcu-
lated for monoisotopic mass 425.1147, found 425.1220.

3-Phenyl-1-acetyloxy-pyrazole-4-benzophenone (5s). Faint
yellow powder; yield: 70%; mp: 108–110 �C; 1H NMR (600 MHz,
CDCl3): 2.26, (s, 3H, –CH3); 5.56, (s, 2H, –CH2–); 7.37–7.87, (m,
10H, Ar–H); 8.51, (s, 1H, N–CH]C); 13C NMR (150MHz, CDCl3):
20.5, 62.1, 123.0, 128.5 (2C), 128.7 (2C), 128.8 (2C), 129.6 (2C),
129.7, 130.6, 132.9, 133.6, 137.8, 156.3, 165.9, 170.4, 189.4; IR
(KBr, cm�1): 3130, 2952, 1759, 1659, 1596, 1449; HRMS (ESI):m/
z [M + H+] calculated for monoisotopic mass 349.1110, found
349.1187.

3-Phenyl-1-benzenesulfonyl-pyrazole-4-benzophenone (5t).
White solid; yield: 74%; mp: 156–158 �C; 1H NMR (600 MHz,
CDCl3): 7.33–8.14, (m, 15H, Ar–H); 8.43, (s, 1H, N–CH]C); 13C
NMR (150 MHz, CDCl3): 121.8, 128.3 (2C), 128.6 (2C), 128.7 (2C),
128.9 (2C), 129.4, 129.6 (2C), 129.7 (2C), 130.6, 133.5, 135.2,
135.5, 136.4, 137.8, 156.9, 189.3; IR (KBr, cm�1): 3148, 3058,
46862 | RSC Adv., 2017, 7, 46858–46865
1652, 1596, 1447; HRMS (ESI): m/z [M + H+] calculated for
monoisotopic mass 389.0882, found 389.0955.
X-ray diffraction

The suitable single crystal of 5f was recrystallized from
amixture of ethyl acetate and petroleum ether (Fig. 2). The X-ray
data were collected on a Rigaku RAXIS-RAPID diffractometer
(Japan) with Mo-Ka radiation (l ¼ 0.71073 Å) at 293(2) K. A total
of 5577 reections were measured, of which 3266 independent
reections (Rint¼ 0.0382) were obtained in the range of 3.17� < q
< 25.00� (h, �9 to 9; k, �12 to 10; l, �13 to 11), and 1805
observed reections with I > 2s(I) were used in renement on F2.
The structure was solved by direct method using SHELXS-97
crystallographic soware package.30 The full matrix least
squares renement based on F2 gave nal values of R1 ¼ 0.1277,
uR2 ¼ 0.3374 and u ¼ 1/[s2(F0

2) + (0.0782P)2 + 9.9560P], where P
¼ (F0

2 + 2Fc
2)/3 with (D/s)max ¼ 0.983 and S ¼ 1.019.
Biological assays

The greenhouse experiment was employed to measure the
inuences of target compounds to barnyard grass and maize.
The concentration was set to 0.05 mmol m�2 aer initial
screening with pyrazoxyfen, and pyrazoxyfen was also used as
the reference substance. Aer 15 days, all the compounds
solutions were sprayed to the leaves and stems. Then 10 days
later, chlorophyll content of barnyard grass was tested (Table 1).
a Note: CK is for water treated.

This journal is © The Royal Society of Chemistry 2017
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The safety to maize of the selected compounds was also
determined. The pyrazoxyfen concentration was set to
1.25 mmol m�2 in order to make it injury to maize. The spraying
treatment was conducted at the same dosage with pyrazoxyfen
when the maize had reached the two-leaf stage. Aer 7 days, the
chlorophyll content of the maize was determined (Table 2).
Computational methods

Compounds were constructed and optimized using SYBYL-X 2.0
and Gasteiger–Huckel charges were calculated for them.31 The
crystal structure of AtHPPD was obtained from the Protein Data
Bank (PDB ID 1TFZ). Before docking, the protein structure was
prepared in Accelrys Discovery Studio 2.5 (DS 2.5) to remove the
water and some other co-crystallized small molecules. Aer the
protein prepared, the active site of the protein was dened
based on volume occupied by the known ligand pose already in
an active site. During the docking process top 10 conformations
were generated for each ligand based on docking score value
aer the energy minimization using the smart minimize
method in DS 2.5.
Results and discussion
Chemistry

In this research, compound 4 was synthesized with 1,3-
diphenylpropane-1,3-dione, dimethylformamide dimethylace-
tal and N2H4$2HCl as the starting materials, and dry toluene as
solvent. It should be noted that the yield of compound 4 was
promoted to 89.5% when reaction time prolonged to 1.5 h and
appropriate distilled water added compared with the method of
the ref. 26. It might due to that the N2H4$2HCl dissolved
adequately while adding distilled water.

The procedure to compounds 5a–t was N-acylation reaction.
The substitute structure affected the yields signicantly due to
the electronic effect. Compounds 5a–5d with benzoyl chloride
or Me substituted benzoyl chloride used as acylated reagent
were obtained in the high yield, such as the yield of compound
5b was increased to 90%. While p-substituted phenyl with
electron-withdrawing groups like –Cl, –F, –CF3 and –NO2, the
yields were decreased largely, especially the yield of compound
5i was decrease to 30%.

The structures of all the synthesized compounds were
conrmed by 1H NMR, 13C NMR, and HRMS analyses. All target
Table 3 The calculated value of binding free energy of target compoun

Compound
Binding free energy
(kJ mol�1) Compound

5a �7.723 5h
5b �4.242 5i
5c �6.008 5j
5d �8.354 5k
5e �5.654 5l
5f �7.746 5m
5g �8.652 5n

This journal is © The Royal Society of Chemistry 2017
compounds showed similar spectroscopic characteristics due to
the structural similarity. Single peak present at around 8.50–
8.80 ppm in 1H NMR spectra correspond to the proton of pyr-
azole. The carbonyl connected to the 4 position of the pyrazole
showed a shi at 189 ppm in the 13C NMR spectrum, and the
shi around 167 ppm correspond to carbonyls connected to N
substituted of the pyrazole.
Structure analysis

Themolecular structure of 5f was shown in Fig. 2. Compound 5f
contained three benzene rings and a pyrazole ring. The pyrazole
ring and benzene ring are not coplanar with the dihedral angle
being 46.726 (279)�. In addition, the second benzene ring [C11,
C12, C13, C14, C15, and C16] is almost vertical to the rst one
[C1, C2, C3, C4, C5, and C6] with the dihedral angle being 74.64
(2)�. No signicant p–p interactions were found in the crystal
structure.
Biological activity

At present, HPPD inhibitory activity was evaluated through
different assays. The enzyme assay in vitro is the most common
method which tested by monitoring the production of mal-
eylacetoacetate at 318 nm.17,18 However, the most pyrazole
HPPD inhibitors could not directly inhibit the HPPD activity in
vitro. In fact, pyrazoxyfen have to metabolized to 4-(2,4-
dichlorobenzoyl)-1,3-dimethyl-5-hydroxypyrazole in plant. The
HPPD assay revealed that pyrazoxyfen inhibited the enzyme
activity with the IC50 value of 7.5 mM while the values of its
metabolite is 13 nM. These data strongly suggest that the pyr-
azole herbicide inhibit HPPD aer conversion to the herbicid-
ally active metabolite in plants.32

The synthesized pyrazole benzophenone derivatives didn't
inhibit the growth of barnyard grass or maize in the rst 7
days, and then it showed typical bleaching injury symptoms to
plants until the plants withered. The post-emergent herbicidal
activities of compounds 5a–t were tested against barnyard
grass. The commercial pyrazole herbicide pyrazoxyfen was
selected as a positive control. As showed in Table 1, most of the
compounds showed some extent herbicidal activities via
decreasing the concentration of chlorophyll a and chlorophyll
b, such as compounds 5a–j, 5l–q, 5s, 5t. Most surprisingly,
compounds 5g, 5h, 5n, 5o, 5q, 5s, 5t displayed the highest
herbicidal activity which were superior to pyrazoxyfen.
ds

Binding free energy
(kJ mol�1) Compound

Binding free energy
(kJ mol�1)

�8.554 5o �8.982
�7.607 5p �7.495
�9.309 5q �4.472
�5.283 5r �4.538
�9.180 5s �4.654
�2.312 5t �6.985
�9.236

RSC Adv., 2017, 7, 46858–46865 | 46863
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Fig. 3 Bindingmodes of ligand DAS869 (PDB ID: 1TFZ) (A) and compound 5nwith 1TFZ (B). (DAS869 is shown in cyan sticks and compound 5n is
shown in green sticks).
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Comparing the activities of the compounds revealed that
substituent R was the primary group which played a crucial
role in the activity of the compounds. As can be seen from
Table 1, compounds 5n, 5q and 5p with an aromatic ve-
member ring at R displayed increasing herbicidal activity
compared to compounds with benzoyl at R. It is very inter-
esting that compound 5n (furan) showed most strong herbi-
cidal activity. Furthermore, compounds 5o, 5s and 5t with
ethoxy substitution also found to have herbicidal activity
against the barnyard grass. In contrast, compounds with
benzoyl at R exhibited much lower herbicidal activity, even if
compounds 5g and 5h showed more potent inhibition against
barnyard grass, superior to pyrazoxyfen.

Compounds 5g, 5h, 5n, 5o, 5q, 5s, 5t were selected to
determine the safety to maize aer herbicidal test. As shown in
Table 2, some compounds were safe compared with pyrazox-
yfen. Compound 5n exhibited the best herbicidal activities
against barnyard grass, unfortunately, it showed poor security
to maize. Therefore, compound 5o may be the candidate as
a herbicide for weed control in maize, and it was selected for
further crop selectivity testing. The binding free energy of
compound 5o with HPPD was relatively low, and that was
agreed with the results of bioassay activity research (Table 3).

Compound 5n was selected to docking with AtHPPD for it
showed the best herbicidal activity. The important interactions
of 5n with the active site of AtHPPD were presented in Fig. 3.
The bidentate coordination of the pyrazoxyfen part with Fe2+

and the sandwiched p–p interaction of the benzene ring with
Phe403 and Phe360 were mainly two interactions of AtHPPD
with inhibitor. Compound 5n bind to HPPD as the same
conguration as the DAS869. The oxygen of furan and carbonyl
were responsible for forming a bidentate coordination with the
Fe2+. Meanwhile, benzene ring which links to 4-position of
pyrazole formed a favorable sandwich p–p interaction with
residues Phe360 and Phe403 increasing hydrophobic interac-
tion with amino acid of AtHPPD in the active pocket. The result
also indicated that compound 5n might be a promising herbi-
cide candidate.
46864 | RSC Adv., 2017, 7, 46858–46865
Conclusion

In conclusion, a series of novel pyrazole derivatives were
designed and identied as potent HPPD inhibitors. Most of the
synthesized compounds displayed excellent herbicidal activi-
ties, some of them even superior to the commercial herbicide
pyrazoxyfen. Much to our delight, compounds 5g, 5h, 5n, 5o, 5p,
5q, 5s, 5t displayed promising herbicidal activities at a rate of
0.05 mmol m�2. It is inspired that compounds 5o showed better
safety to maize. Therefore, the herbicidal activity of compound
5o was better than pyrazoxyfen. Besides, it was safe when used
on maize. These results indicated that pyrazole derivatives
could be novel lead compounds for novel herbicide discovery.
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