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a b s t r a c t 

Two series of novel salicylanilide analogues ( 4a-4 g ) and ( 4h-4t ) were designed, synthesized, and char- 

acterized, especially the structure of compound 4q was further confirmed by single X-ray diffraction. The 

inhibitory activity on polyphenoloxidase (PPO) from the cephalothorax of Chinese white shrimp ( Fen- 

neropenaeus chinensis ) was evaluated. The result indicated that all the synthesized derivatives (except 

4 g and 4t ) exhibited moderate PPO inhibitory properties having IC 50 values in the range of 0.21 ± 0.19 

to 4.32 ± 0.53 mM, whereas reference inhibitor salicylic acid and 3a have IC 50 values 3.93 ± 0.43 mM 

and 12.83 ± 0.51 mM, respectively. Specifically, 4-nitro-benzoic acid 3-(2–hydroxy–benzoylamino)- propyl 

ester ( 4q ) exhibited the most potent PPO inhibitory activity with an IC 50 value of 0.21 ± 0.19 mM. The ki- 

netic studies of the compound ( 4q ) demonstrated that the inhibitory effects of the compound on the PPO 

were belonging to competitive inhibitors. Meanwhile, the structure-activity relationship was discussed. 

Therefore, compound 4q could act as a PPO inhibitor with anti-browning and antimicrobial properties to 

be applied in the food industry. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

Polyphenoloxidase (PPO) sometimes referred to as phenoloxi- 

ase, catecholase, phenolase, catechol oxidase, or even tyrosinase,

s considered to be an o -diphenol. PPO (EC 1.14.18.1) is a multi-

unctional copper-containing enzyme that is widely distributed 

n microorganisms, plants, and animals [1–5] . PPO catalyzes both

he hydroxylation of monophenols and the oxidation of diphenols

nto quinones, followed by non-enzymatic polymerization and 

utoxidation of quinones. It plays a crucial role in the formation of

elanins or high molecular weight dark pigments [6,7] . Phenolic

ompounds have been investigated widely because of their poten-

ial pharmacological and biological properties. The free phenolic

ydroxyl on the salicylic acid moiety is a functional group and is

equired for the activity that might function as proton shuttles that

ill bacterial cells by destroying the cellular proton gradient [8] . 2-

ydroxy- N -phenylbenzamide, commonly known as salicylanilide,

s a weakly acidic phenolic compound and has been highly no-

iced due to its significance in vitro antibacterial and antioxidant
∗ Corresponding authors. 
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ctivities [9–11] . For example, salicylanilide benzoates [12] , phenyl

alicylanilide carbamates [13,14] , dihalogenated salicylanilide car- 

amates [15] have antibacterial activities, acetylcholinesterase 

nhibitory activities, and antimycobacterial activities, respectively. 

Nowadays, the inhibitory activity of salicylanilide analogues on

PO from cephalothoraxes of Chinese white shrimp is rarely re-

orted. We herein synthesized a series of salicylanilide analogues

y the reaction of salicylic acid propanolamine with the corre-

ponding acyl chloride in Et 3 N-contained solvents and evaluated

heir inhibitory activity on PPO isolated from cephalothoraxes of

hrimp. Our ongoing research in this study includes the expan-

ion of new salicylanilide derivatives and the evaluation of PPO-

nhibitory activities. The designed salicylanilide compounds mainly 

ocus on increasing their lipophilicity, which could decrease its cy-

otoxicity in cells and improve biological cell permeability [16] .

lthough lipophilicity seems to be one of the factors modulating

ositively the inhibition of PPO activity, an escalated lipophilic-

ty could hamper in vitro evaluation due to solubility problems

n testing media [17] . It hoped that these findings can lead to

he discovery of potential preservative agents for the food indus-

ry and also offer key and useful information for the further de-

ign of highly potent PPO inhibitors. The structures of previously

ublished salicylanilide carbamates in comparison with novel sal-
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Fig. 1. Design of salicylic acid derivatives as PPO inhibitor. 
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cylanilide derivatives and the concept of design are depicted in

ig. 1 . 

. Materials and methods 

.1. Chemicals and instruments 

L-(3,4-dihydroxylphenyl)-alanine (L-DOPA), triethylamine

Et 3 N), ammonium sulfate, methyl salicylate, 4-dimethylamino-

yridine (DMAP), Brij 35 and 3-amino-1-propanol were purchased

rom Sigma-Aldrich (St. Louis, MO, USA). Other reagents used in

his study were purchased from the domestic market and were all

nalytical purity used without further purification. 

Melting points were determined on an SWG X-4 melting point

pparatus and were uncorrected. Visible light absorption was

ested on a UH5300 spectrophotometer (Hitachi, Japan). All NMR

pectra were recorded on a Bruker 400 MHz NMR spectrometer,

nd DMSO–d6 was used as the solvent. High-resolution mass spec-

ra (HRMS) data were acquired using a quadrupole-orbitrap (Q-

xactive) mass spectrometer (Thermo, UK) equipped with a heated

lectrospray ionization source (HESI- Ⅱ ). X-ray crystallographic data

ere collected on the Bruker X-ray diffractometer. 

.2. Synthesis of target compounds 4a-4t 

The synthetic strategy of compounds 3a and 4a-4t were de-

icted in Scheme 1 . 

The procedure for the synthesis of 2–hydroxy–N -(3–hydroxy–

lkyl)-benzamide 3a was as follows: In a 100 mL round bottom

ask, 3.04 g (0.02 mol) methyl salicylate and 3.00 g (0.04 mol)

-amino-1-propanol were added [18] . The reaction mixture was

tirred for 24 h at 80 °C, and the completion of the reaction

as monitored by TLC. After completion of the reaction, the mix-

ure was extracted with ethyl acetate and tert –pentyl alcohol

 v / v = 1:1), the combined organic layer was dried over anhy-

rous MgSO 4 and concentrated in vacuo. The slurry residue was

urther purified by silica gel column chromatography (petroleum

ther/ethyl acetate 1:5) to give 2–hydroxy–N -(3–hydroxy–propyl)-

enzamide 3a as colorless solid in a yield of 80%. 

2-Hydroxy- N -(3–hydroxy–propyl)-benzamide ( 3a ), m.p. 83.7–

5.2 °C; 1 H NMR (400 MHz, DMSO–d 6 ): δ 12.84 (br, 1H, NH), 8.81

s, 1H, OH), 7.83–7.80 (m, 1H, Ar), 7.37–7.35 (m, 1H, Ar), 6.89–

.84 (m, 2H, Ar), 4.02 (s, 1H, OH), 3.47–3.44 (m, 2H, OCH 2 ), 3.34–

.31 (m, 2H, NHCH 2 ), 1.72–1.66 (m, 2H, CH 2 ); 
13 C NMR (100 MHz,

MSO–d 6 ): δ 169.4 ( C = O ), 160.6, 134.0, 128.0, 118.9, 117.8, 115.6

Ar), 59.0 (OCH 2 ), 36.9 (NHCH 2 ), 32.5. HRMS (ESI, m/z ): [ M + H ] + 

or C 10 H 14 NO 3 
+ , calculated 196.0968, found 196.0966. 

The general procedure for the synthesis of target compounds

a-4t was as follows: In a 50 mL round bottom flask, 975 mg

5 mmol) of intermediate 3a , DMAP (2 mmol, 244 mg) and 0.8 mL

t 3 N were dissolved in 20 mL of dried CH 2 Cl 2 solution in the

ce bath, following by addition of the corresponding acyl chloride
2.4 mmol) [19] . The reaction was stirred overnight in the ice bath

nd concentrated in vacuo. The residue was purified by a silica gel

olumn chromatography with petroleum ether/ethyl acetate (3:1,

 / v ) as eluent. Compounds 4a - 4d and 4r are pale yellow oil. The

olid product was then recrystallized from ethyl acetate to give 4e -

t (except 4r ) as colorless crystal in yield of 59–88% ( Scheme 1 ). 

Acetic acid 3-(2–hydroxy–benzoylamino)-propyl ester ( 4a ), pale

ellow oil, yield: 77%; 1 H NMR (400 MHz, DMSO–d 6 ): δ 12.59 (s,

H, NH), 8.84 (s, 1H, OH), 7.82–7.80 (m, 1H, Ar), 7.38–7.36 (m, 1H,

r), 6.89–6.85 (m, 2H, Ar), 4.06–4.03 (m, 2H, OCH 2 ), 3.38–3.33 (m,

H, NHCH 2 ), 1.98 (s, 3H, CH 3 ), 1.86–1.83 (m, 2H, CH 2 ), 
13 C NMR

100 MHz, DMSO–d 6 ): δ 170.9, 169.5 ( C = O ), 160.6, 134.1, 128.0,

19.0, 117.8, 115.6 (Ar), 62.3 (OCH 2 ), 36.4 (NHCH 2 ), 28.5, 21.1. HRMS

ESI, m/z ): [ M + H ] + for C 12 H 16 NO 4 
+ , calculated 238.1074, found

38.1069. 

Butyric acid 3-(2–hydroxy–benzoylamino)-propyl ester ( 4b ),

ale yellow oil, yield: 66%; 1 H NMR (400 MHz, DMSO–d 6 ): δ 12.77

s, 1H, NH), 9.00 (s, 1H, OH), 7.99–7.97 (m, 1H, Ar), 7.56–7.52 (m,

H, Ar), 7.05–7.00 (m, 2H, Ar), 4.23–4.20 (m, 2H, OCH 2 ), 3.52–

.49 (m, 2H, NHCH 2 ), 2.41–2.32 (m, 2H, CH 2 ), 2.04–1.97 (m, 2H,

H 2 ), 1.72–1.62 (m, 2H, CH 2 ), 1.04–1.02 (m, 3H, CH 3 ); 
13 C NMR

100 MHz, DMSO–d 6 ): δ 174.8, 169.6 ( C = O ), 160.6, 134.1, 128.0,

18.9, 117.8, 115.5 (Ar), 62.2 (OCH 2 ), 36.4 (NHCH 2 ), 36.0, 28.5,

8.4, 14.0. HRMS (ESI, m/z ): [ M + H ] + for C 14 H 20 NO 4 
+ , calculated

66.1387, found 266.1381. 

Hexanoic acid 3-(2–hydroxy–benzoylamino)-propyl ester ( 4c ),

ale yellow oil, yield: 59%, 1 H NMR (400 MHz, DMSO–d 6 ): δ 12.70

s, 1H, NH), 8.47 (s, 1H, OH), 7.68–7.64 (m, 2H, Ar), 7.48–7.44 (m,

H, Ar), 7.31–7.29 (m, 1H, Ar), 4.21–4.18 (m, 2H, OCH 2 ), 3.49–

.38 (m, 2H, NHCH 2 ), 2.67–2.63 (m, 2H, CH 2 ), 1.94–1.74 (m, 2H,

H 2 ), 1.48–1.40 (m, 6H, 3CH 2 ), 1.05–0.99 (m, 3H, CH 3 ); 
13 C NMR

100 MHz, DMSO–d 6 ): δ 173.4, 171.8 ( C = O ), 165.9, 148.2, 131.4,

30.2, 129.2, 123.6 (Ar), 62.1 (OCH 2 ), 36.3 (NHCH 2 ), 33.8, 31.1, 28.7,

4.6, 22.2, 14.2. HRMS (ESI, m/z ): [ M + H ] + for C 16 H 24 NO 4 
+ , calcu-

ated 294.1700, found 294.1694. 

Octanoic acid 3-(2–hydroxy–benzoylamino)-propyl ester ( 4d ),

ale yellow oil, yield: 87%, 1 H NMR (400 MHz, DMSO–d 6 ): δ
2.62 (s, 1H, NH), 8.84 (s, 1H, OH), 7.83–7.81 (m, 1H, Ar), 7.39–

.35 (m, 1H, Ar), 6.88–6.84 (m, 2H, Ar), 4.07–4.04 (m, 2H, OCH 2 ),

.38–3.33 (m, 2H, NHCH 2 ), 2.28–2.22 (m, 2H, CH 2 ), 1.98–1.88 (m,

H, CH 2 ), 1.50–1.46 (m, 2H, CH 2 ), 1.26–1.14 (m, 8H, 4CH 2 ), 0.84–

.81 (m, 3H, CH 3 ); 
13 C NMR (100 MHz, DMSO–d 6 ): δ 173.4, 169.6

 C = O ), 160.6, 134.1, 128.0, 118.9, 117.8, 115.5 (Ar), 62.2 (OCH 2 ),

6.5 (NHCH 2 ), 33.9, 31.6, 28.9, 28.8, 28.5, 24.9, 22.5, 14.3. HRMS

ESI, m/z ): [ M + H ] + for C 18 H 28 NO 4 
+ , calculated 322.2013, Found

22.2007. 

Dodecanoic acid 3-(2–hydroxy–benzoylamino)-propyl ester ( 4e ),

hite solid, m.p. 34.3–34.9, yield: 64%, 1 H NMR (400 MHz, DMSO–

 6 ): δ 12.78 (s, 1H, NH), 8.98 (s, 1H, OH), 7.98–7.96 (m, 1H, Ar),

.55–7.51 (m, 1H, Ar), 7.04–7.00 (m, 2H, Ar), 4.23–4.19 (m, 2H,

CH 2 ), 3.52–3.49 (m, 2H, NHCH 2 ), 2.42–2.32 (m, 2H, CH 2 ), 2.03–

.98 (m, 2H, CH 2 ), 1.66–1.62 (m, 2H, CH 2 ), 1.38–1.32 (m, 16H,
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Scheme 1. General synthesis of compounds 4a - 4t . 
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CH 2 ), 1.00–0.97 (m, 3H, CH 3 ); 
13 C NMR (100 MHz, DMSO–d 6 ): δ

73.3, 169.6 ( C = O ), 160.7, 134.1, 128.0, 118.9, 117.8, 115.5 (Ar), 62.2

OCH 2 ), 36.5 (NHCH 2 ), 33.9, 31.8, 29.4, 29.3, 29.3, 29.2, 29.1, 28.9,

8.5, 24.9, 22.5, 14.4. HRMS (ESI, m/z ): [ M + H ] + for C 22 H 36 NO 4 
+ ,

alculated 378.2639, found 378.2649. 

Hexadecanoic acid 3-(2–hydroxy–benzoylamino)-propyl ester 

 4f ), white solid, m.p. 35.3–36.0, yield: 69%, 1 H NMR (400 MHz,

MSO–d 6 ): δ 12.78 (s, 1H, NH), 8.99 (s, 1H, OH), 7.98–7.96 (m,

H, Ar), 7.55–7.51 (m, 1H, Ar), 7.04–7.00 (m, 2H, Ar), 4.23–4.20

m, 2H, OCH 2 ), 3.53–3.48 (m, 2H, NHCH 2 ), 2.42–2.30 (m, 2H, CH 2 ),

.03–1.97 (m, 2H, CH 2 ), 1.66–1.62 (m, 2H, CH 2 ), 1.42–1.37 (m, 24H,

2CH 2 ), 0.98–0.96 (m, 3H, CH 3 ); 
13 C NMR (100 MHz, DMSO–d 6 ):

173.3, 169.6 ( C = O ), 160.7, 134.1, 128.0, 118.9, 117.8, 115.5 (Ar),

2.2 (OCH 2 ), 36.5 (NHCH 2 ), 33.9, 31.8, 29.5, 29.5, 29.5, 29.4, 29.4,

9.4, 29.3, 29.2, 29.1, 28.9, 28.5, 24.9, 22.6, 14.4. HRMS (ESI, m/z ):

 M + H ] + for C 26 H 44 NO 4 
+ , calculated 434.3265, found 434.3258. 

Octadecanoic acid 3-(2–hydroxy–benzoylamino)-propyl ester 

 4 g ), white solid, m.p. 39.3–41.0, yield: 77%, 1 H NMR (400 MHz,

MSO–d 6 ): δ 12.78 (s, 1H, NH), 8.98 (s, 1H, OH), 7.98–7.96 (m,

H, Ar), 7.55–7.51 (m, 1H, Ar), 7.04–7.00 (m, 2H, Ar), 4.23–4.20

m, 2H, OCH 2 ), 3.53–3.48 (m, 2H, NHCH 2 ), 2.42–2.30 (m, 2H, CH 2 ),

.03–1.97 (m, 2H, CH 2 ), 1.66–1.62 (m, 2H, CH 2 ), 1.38–1.34 (m, 28H,

4CH 2 ), 1.00–0.98 (m, 3H, CH 3 ); 
13 C NMR (100 MHz, DMSO–d 6 ):

173.3, 169.6 ( C = O ), 160.7, 134.1, 128.0, 118.9, 117.8, 115.4 (Ar),

2.2 (OCH 2 ), 36.5 (NHCH 2 ), 33.9, 31.8, 29.5, 29.5, 29.5, 29.4, 29.4,

9.4, 29.3, 29.3, 29.3, 29.2, 29.1, 28.9, 28.5, 24.9, 22.6, 14.4. HRMS
ESI, m/z ): [ M + H ] + for C 28 H 48 NO 4 
+ , calculated 462.3578, found

62.3570. 

4-Fluoro-benzoic acid 3-(2–hydroxy–benzoylamino)-propyl es- 

er ( 4 h ), white solid, m.p. 63.1–64.3, yield: 72%, 1 H NMR

400 MHz, DMSO–d 6 ): δ 12.64 (s, 1H, NH), 8.93 (s, 1H, OH), 8.05–

.00 (m, 2H, Ar), 7.84–7.82 (m, 1H, Ar), 7.41–7.37 (m, 1H, Ar),

.35–7.30 (m, 2H, Ar), 6.89–6.85 (m, 2H, Ar), 4.35–4.32 (m, 2H,

CH 2 ), 3.50–3.45 (m, 2H, NHCH 2 ), 2.05–1.98 (m, 2H, CH 2 ); 
13 C

MR (100 MHz, DMSO–d 6 ): δ 169.6, 165.3 ( C = O ), 160.6, 134.1,

32.5, 132.4, 128.0, 126.9, 126.8, 118.9, 117.9, 116.4, 116.1, 115.6 (Ar),

3.3 (OCH 2 ), 36.6 (NHCH 2 ), 28.5. HRMS (ESI, m/z ): [ M + H ] + for

 17 H 17 FNO 4 
+ , calculated 318.1136, found 318.1130. 

4-Chloro-benzoic acid 3-(2–hydroxy–benzoylamino)-propyl es- 

er ( 4i ), white solid, m.p. 60.3–61.2, yield: 70%, 1 H NMR (400 MHz,

MSO–d 6 ): δ 12.62 (s, 1H, NH), 8.93 (s, 1H, OH), 7.97–7.94 (m, 2H,

r), 7.84–7.81 (m, 1H, Ar), 7.58–7.55 (m, 2H, Ar), 7.42–7.37 (m, 1H,

r), 6.90–6.85 (m, 2H, Ar), 4.36–4.33 (m, 2H, OCH 2 ), 3.50–3.46 (m,

H, NHCH 2 ), 2.05–1.98 (m, 2H, CH 2 ); 
13 C NMR (100 MHz, DMSO–

 6 ): δ 169.7, 165.4 ( C = O ), 160.6, 138.7, 134.1, 131.4, 129.3, 129.1,

28.0, 118.9, 117.9, 115.6 (Ar), 63.5 (OCH 2 ), 36.5 (NHCH 2 ), 28.5.

RMS (ESI, m/z ): [ M + H ] + for C 17 H 17 ClNO 4 
+ , calculated 334.0841,

ound 334.0834. 

4-Bromo-benzoic acid 3-(2–hydroxy–benzoylamino)-propyl es- 

er ( 4j ), white solid, m.p. 78.6–80.9, yield: 63%, 1 H NMR (400 MHz,

MSO–d 6 ): δ 12.61 (s, 1H, NH), 8.93 (s, 1H, OH), 7.89–7.81 (m,

H, Ar), 7.72–7.70 (m, 2H, Ar), 7.42–7.38 (m, 1H, Ar), 6.90–6.85
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1  
m, 2H, Ar), 4.36–4.33 (m, 2H, OCH 2 ), 3.50–3.45 (m, 2H, NHCH 2 ),

.05–1.98 (m, 2H, CH 2 ); 
13 C NMR (100 MHz, DMSO–d 6 ): δ 169.6,

65.5 ( C = O ), 160.6, 134.1, 132.3, 131.6, 129.4, 128.0, 127.8, 118.9,

17.9, 115.6 (Ar), 63.5 (OCH 2 ), 36.5 (NHCH 2 ), 28.5. HRMS (ESI, m/z ):

 M + H ] + for C 17 H 17 BrNO 4 
+ , calculated 378.0335, found 378.0329. 

4-Iodo-benzoic acid 3-(2–hydroxy–benzoylamino)-propyl ester

 4k ), white solid, m.p. 83.9–84.8, yield: 69%, 1 H NMR (400 MHz,

MSO–d 6 ): δ 12.61 (s, 1H, NH), 8.92 (s, 1H, OH), 7.90–7.88 (m, 2H,

r), 7.83–7.81 (m, 1H, Ar), 7.71–7.69 (m, 2H, Ar), 7.42–7.38 (m, 1H,

r), 6.90–6.85 (m, 2H, Ar), 4.35–4.32 (m, 2H, OCH 2 ), 3.50–3.45 (m,

H, NHCH 2 ), 2.04–1.98 (m, 2H, CH 2 ); 
13 C NMR (100 MHz, DMSO–

 6 ): δ 169.6, 165.9 ( C = O ), 160.6, 138.2, 134.1, 131.3, 129.7, 128.0,

19.0, 117.8, 115.6, 102.2 (Ar), 63.4 (OCH 2 ), 36.5 (NHCH 2 ), 28.5.

RMS (ESI, m/z ): [ M + H ] + for C 17 H 17 INO 4 
+ , calculated 426.0197,

ound 426.0189. 

4-Methoxy-benzoic acid 3-(2–hydroxy–benzoylamino)-propyl

ster ( 4l ), white solid, m.p. 71.6–72.3, yield: 71%, 1 H NMR

400 MHz, DMSO–d 6 ): δ 12.65 (s, 1H, NH), 8.94 (s, 1H, OH), 7.93–

.90 (m, 2H, Ar), 7.85–7.83 (m, 1H, Ar), 7.42–7.38 (m, 1H, Ar), 7.02–

.00 (m, 2H, Ar), 6.91–6.86 (m, 2H, Ar), 4.32–4.29 (m, 2H, OCH 2 ),

.86 (s, 3H, OCH 3 ), 3.50–3.45 (m, 2H, NHCH 2 ), 2.03–1.98 (m, 2H,

H 2 ); 
13 C NMR (100 MHz, DMSO–d 6 ): δ 169.6, 165.9 ( C = O ),

63.6, 160.7, 134.1, 131.7, 128.0, 122.5, 119.0, 117.9, 117.6, 114.4 (Ar),

2.8 (OCH 2 ), 56.0 (OCH 3 ), 36.6 (NHCH 2 ), 28.7. HRMS (ESI, m/z ):

 M + H ] + for C 18 H 20 NO 4 
+ , calculated 330.1336, found 330.1331. 

4-Ethoxy-benzoic acid 3-(2–hydroxy–benzoylamino)-propyl es-

er ( 4 m ), white solid, m.p. 90.3–91.4, yield: 80%, 1 H NMR

400 MHz, DMSO–d 6 ): δ 12.65 (s, 1H, NH), 8.92 (s, 1H, OH), 7.91–

.89 (m, 2H, Ar), 7.85–7.83 (m, 1H, Ar), 7.42–7.38 (m, 1H, Ar), 7.00–

.98 (m, 2H, Ar), 6.91–6.86 (m, 2H, Ar), 4.31–4.28 (m, 2H, OCH 2 ),

.12–4.07 (m, 2H, NHCH 2 ), 3.50–3.45 (m, 2H, OCH 2 ), 2.03–1.96 (m,

H, CH 2 ), 1.36–1.33 (m, 3H, CH 3 ); 
13 C NMR (100 MHz, DMSO–d 6 ):

169.6, 165.9 ( C = O ), 162.9, 160.7, 134.1, 131.7, 128.0, 122.3, 118.9,

17.9, 115.6, 114.8 (Ar), 64.0, 62.8 (OCH 2 ), 36.6 (NHCH 2 ), 28.7, 14.9.

RMS (ESI, m/z ): [ M + H ] + for C 19 H 22 NO 5 
+ , calculated 344.1493,

ound 344.1485. 

4-Methyl-benzoic acid 3-(2–hydroxy–benzoylamino)-propyl es-

er ( 4n ), white solid, m.p. 60.0–61.5, yield: 65%, 1 H NMR (400 MHz,

MSO–d 6 ): δ 12.64 (s, 1H, NH), 8.92 (s, 1H, OH), 7.87–7.83 (m,

H, Ar), 7.42–7.38 (m, 1H, Ar), 7.32–7.30 (m, 2H, Ar), 6.91–6.86 (m,

H, Ar), 4.34–4.30 (m, 2H, OCH 2 ), 3.50–3.45 (m, 2H, NHCH 2 ), 2.38

s, 3H, CH 3 ), 2.04–1.97 (m, 2H, CH 2 ); 
13 C NMR (100 MHz, DMSO–

 6 ): δ 169.7, 166.2 ( C = O ), 144.0, 134.1, 129.7, 129.6, 128.0, 127.6,

19.0, 117.9, 117.6 (Ar), 63.0 (OCH 2 ), 36.6 (NHCH 2 ), 28.6, 21.6. HRMS

ESI, m/z ): [ M + H ] + for C 18 H 20 NO 5 
+ , calculated 314.1387, found

14.1381. 

4-Butyl-benzoic acid 3-(2–hydroxy–benzoylamino)-propyl ester

 4o ), white solid, m.p. 51.9–52.6, yield: 78%, 1 H NMR (400 MHz,

MSO–d 6 ): δ 12.64 (s, 1H, NH), 8.94 (s, 1H, OH), 7.88–7.82 (m,

H, Ar), 7.42–7.38 (m, 1H, Ar), 7.32–7.29 (m, 2H, Ar), 6.90–6.86

m, 2H, Ar), 4.34–4.31 (m, 2H, OCH 2 ), 3.50–3.45 (m, 2H, NHCH 2 ),

.66–2.62 (m, 2H, CH 2 ), 2.04–1.97 (m, 2H, CH 2 ), 1.60–1.52 (m, 2H,

H 2 ), 1.32–1.26 (m, 2H, CH 2 ), 0.91–0.87 (m, 3H, CH 3 ); 
13 C NMR

100 MHz, DMSO–d 6 ): δ 169.7, 166.2 ( C = O ), 160.7, 148.7, 134.1,

29.7, 129.0, 128.0, 127.8, 118.9, 117.9, 115.6 (Ar), 63.0 (OCH 2 ), 36.6

NHCH 2 ), 35.2, 33.2, 28.6, 22.2, 14.2. HRMS (ESI, m/z ): [ M + H ] + for

 21 H 26 NO 4 
+ , calculated 356.1856, found 356.1848. 

4-Cyano-benzoic acid 3-(2–hydroxy–benzoylamino)-propyl es-

er ( 4p ), white solid, m.p. 93.8–95.2, yield: 61%, 1 H NMR (400 MHz,

MSO–d 6 ): δ 12.60 (s, 1H, NH), 8.92 (s, 1H, OH), 8.11–8.08 (m,

H, Ar), 7.99–7.97 (m, 2H, Ar), 7.82–7.80 (m, 1H, Ar), 7.41–7.37

m, 1H, Ar), 6.91–6.85 (m, 2H, Ar), 4.39–4.36 (m, 2H, OCH 2 ), 3.51–

.46 (m, 2H, NHCH 2 ), 2.06–1.99 (m, 2H, CH 2 ); 
13 C NMR (100 MHz,

MSO–d 6 ): δ 169.6, 165.0 ( C = O ), 160.6, 134.2, 134.1, 133.2, 130.2,

28.0, 119.0, 118.5, 117.9, 115.9 (Ar), 115.6 (CN), 63.9 (OCH 2 ), 36.5
F  
NHCH 2 ), 28.4. HRMS (ESI, m/z ): [ M + H ] + for C 18 H 17 N 2 O 4 
+ , calcu-

ated 325.1183, found 325.1177. 

4-Nitro-benzoic acid 3-(2–hydroxy–benzoylamino)-propyl ester

 4q ), white solid, m.p. 123.0–125.1, yield: 78%, 1 H NMR (400 MHz,

MSO–d 6 ): δ 12.59 (s, 1H, NH), 8.92 (s, 1H, OH), 8.32–8.30 (m, 2H,

r), 8.19–8.17 (m, 2H, Ar), 7.83–7.80 (m, 1H, Ar), 7.41–7.37 (m, 1H,

r), 6.91–6.85 (m, 2H, Ar), 4.42–4.38 (m, 2H, OCH 2 ), 3.52–3.47 (m,

H, NHCH 2 ), 2.08–1.99 (m, 2H, CH 2 ); 
13 C NMR (100 MHz, DMSO–

 6 ): δ 169.6, 164.8 ( C = O ), 160.6, 150.7, 135.7, 134.1, 131.0, 128.0,

18.9, 117.8, 115.6 (Ar), 64.1 (OCH 2 ), 36.5 (NHCH 2 ), 28.4. HRMS

ESI, m/z ): [ M + H ] + for C 17 H 17 N 2 O 6 
+ , calculated 345.1081, found

45.1074. 

2-Trifluoromethyl-benzoic acid 3-(2–hydroxy–benzoylamino)-

ropyl ester ( 4r ), pale yellow oil, yield: 53%, 1 H NMR (400 MHz,

MSO–d 6 ): δ 12.59 (s, 1H, NH), 8.90 (s, 1H, OH), 7.89–7.77 (m,

H, Ar), 7.42–7.38 (m, 1H, Ar), 6.91–6.86 (m, 2H, Ar), 4.38–4.34 (m,

H, OCH 2 ), 3.47–3.42 (m, 2H, NHCH 2 ), 2.03–1.98 (m, 2H, CH 2 ); 
13 C

MR (100 MHz, DMSO–d 6 ): δ 169.7, 166.6 ( C = O ), 160.6, 134.1,

33.3, 132.3, 130.5, 128.1, 127.2, 127.1, 119.0, 117.9 (Ar), 115.6 (CF 3 ),

4.2 (OCH 2 ), 36.3 (NHCH 2 ), 28.4. HRMS (ESI, m/z ): [ M + H ] + for

 18 H 17 F 3 NO 4 
+ , calculated 368.1104, found 368.1097. 

5-Fluoro-2-methyl-benzoic acid 3-(2–hydroxy–benzoylamino)-

ropyl ester ( 4 s ), white solid, m.p. 105.4–106.9, yield: 59%, 1 H

MR (400 MHz, CDCl 3 ): δ 10.71 (s, 1H, NH), 7.84–7.81 (s, 1H,

H), 7.50–7.46 (m, 1H, Ar), 7.21–7.18 (m, 1H, Ar), 7.10–7.01 (m,

H, Ar), 6.99–6.85 (m, 1H, Ar), 6.15 (m, 1H, Ar), 4.53–4.50 (m, 2H,

CH 2 ), 3.63–3.60 (m, 2H, NHCH 2 ), 2.42 (s, 3H, CH 3 ), 2.17–2.11 (m,

H, CH 2 ); 
13 C NMR (100 MHz, DMSO–d 6 ): δ 170.3, 161.7 ( C = O ),

60.6, 136.0, 132.7, 132.6, 129.8, 119.3, 116.9, 113.8, 112.1 (Ar), 62.9

OCH 2 ), 36.8 (NHCH 2 ), 28.9, 19.1. HRMS (ESI, m/z ): [ M + H ] + for

 18 H 19 FNO 4 
+ , calculated 332.1293, found 332.1287. 

Benzoic acid 3-[(2- benzoyloxy )- benzoylamino ]-propyl ester ( 4t ),

hite solid, m.p. 71.6–72.3, yield: 65%, 1 H NMR (400 MHz, DMSO–

 6 ): δ 8.50 (s, 1H, NH), 8.10–8.08 (m, 2H, Ar), 7.92–7.90 (m, 2H, Ar),

.69–7.62 (m, 3H, Ar), 7.60–7.57 (m, 3H, Ar), 7.55–7.48 (m, 2H, Ar),

.39–7.33 (m, 2H, Ar), 4.21–4.18 (m, 2H, OCH 2 ), 3.27–3.26 (m, 2H,

HCH 2 ), 1.98–1.80 (m, 2H, CH 2 ); 
13 C NMR (100 MHz, DMSO–d 6 ): δ

66.1, 165.8, 164.8 ( C = O ), 148.3, 134.3, 133.7, 131.6, 130.4, 130.3,

29.6, 129.4, 129.3, 129.3, 129.1, 126.5, 123.7 (Ar), 62.8 (OCH 2 ), 36.2

NHCH 2 ), 28.7. HRMS (ESI, m/z ): [ M + H ] + for C 24 H 22 NO 5 
+ , calcu-

ated 404.1493, found 404.1485. 

.3. Preparation of PPO from the cephalothoraxes of chinese white 

hrimp 

Chinese white shrimps with an average weight of 10.0 ± 0.5 g

nd an average body length of 10.5 ± 0.5 cm were purchased from

he Xiashang supermarket in Xiamen, Fujian province, China. The

ephalothoraxes of shrimps were immediately separated, pooled,

nd powdered by grinding with liquid nitrogen in a blender (DFT-

00, China). All subsequent procedures for the extraction of PPO

ere conducted at 4 °C. Cephalothorax pulpy (150 g) was mixed

ith 450 mL of 0.05 M sodium phosphate buffer (pH 7.2) contain-

ng 1.0 M NaCl, and 0.2% Brij 35. The mixture was stirred continu-

usly for 30 min, followed by centrifugation at 80 0 0 g for 30 min

sing a refrigerated centrifuge (Hitachi, Japan). Solid ammonium

ulfate (82.0 g) was added into the supernatant fraction to obtain

0% saturation. The precipitate was removed by centrifugation at

0 0 0 g for 30 min using a refrigerated centrifuge (Hitachi, Japan).

nother 43.0 g solid ammonium sulfate was added into the super-

atant fraction to obtain 45% saturation. The precipitate was col-

ected by centrifugation at 10,0 0 0 g for 30 min using a refrigerated

entrifuge (Hitachi, Japan). The pellet obtained was dissolved in

 mL 0.05 M sodium phosphate buffer, pH 7.2, and dialyzed against

.0 L of the same buffer with three changes of dialysis buffer [20] .

inally, the insoluble materials were removed by centrifugation at
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Fig. 2. ORTEP drawing of the molecular structure of 4q . Displacement ellipsoids are at 50% probability level. 
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0 0 0 g at 4 °C for 30 min and the supernatant was freeze-dried as

crude PPO” powder. 

.4. PPO activity assay 

PPO activity was assayed using l -DOPA as a substrate accord-

ng to the method of literature with a slight modification [21] . The

ssay system consisted of 10 μL of PPO solution (0.1 g/mL), 120

L of 15 mM l -DOPA in deionized water, 100 μL of 0.05 M phos-

hate buffer (pH 6.0), and 10 μL of dimethyl sulfoxide (DMSO).

he PPO activity was determined by monitoring the formation of

opachrome at 475 nm for 10 min at room temperature (25–28

C) using a UH5300 spectrophotometer (Hitachi, Japan). 

To study the inhibitory effect of salicylanilide analogues toward

PO, the crude PPO activity of 240.5 U/mg was incubated with sal-

cylanilide analogues at a ratio of 1:1 ( v/v ) to obtain the suitable

oncentration. The assay system consisted of 10 μL of PPO solu-

ion (0.1 g/mL), 120 μL of 15 mM l -DOPA in deionized water, 100

L of 0.05 M phosphate buffer (pH 6.0), and 10 μL the different

oncentrations of salicylanilide analogues dissolved in DMSO. The

ixtures were allowed to stand for 5 min at room temperature

efore testing at 475 nm [22] . Enzyme and substrate blanks were
Table 1 

Crystal data and ORTEP drawing of the molecular structure of compound 4q . 

CCDC number 1,908,936 

Empirical formula C 17 H 16 N 2 O 6 

Formula weight 344.10 

Crystal size (mm) 0.15 × 0.09 × 0.11 

Crystal system Monoclinic 

space group P 21/n 

Unit cell dimensions 

a ( ̊A) 8.0553(1) 

b ( ̊A) 22.4930(5) 

c ( ̊A) 9.0626(2) 

α° 90.0 

β° 107.808(2) 

γ ° 90.0 

Volume ( ̊A 3 ) 1563.37(5) 

D (g/cm 

3 )/ Z 1.463/4 

μ/mm 

−1 / F (000) 0.949/720 

radiation Cu K α ( λ = 1.54184) 

2 θ range for data collection/ ° 7.8612 to 141.3678 

index ranges −9 ≤ h ≤ 9, −26 ≤ k ≤ 26, −11 ≤ l ≤ 11 

reflections collected 8773 

independent reflections 2834 

data/restraints/parameters 2834/0/227 

goodness-of-fit on F 2 1.036 

final R indexes [ I ≥ 2s (I)] R 1 = 0.0333, wR 2 = 0.0877 

final R indexes [all data] R 1 = 0.0382, wR 2 = 0.0905 

largest diff. peak/hole/e ̊A −3 0.21/ −0.22 
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repared by excluding the substrate and enzyme, respectively. PPO

nhibitory activity was determined and expressed as IC 50 . PPO in-

ibitory activity was calculated as follows. 

POinhibition ( % ) = [ ( B − S ) / B ] × 100 

here B and S are PPO activity of the control and PPO activity in

he presence of salicylanilide analogues, respectively. Each sample

as assayed in triplicate and at least six different concentrations.

he data were expressed as mean ± SE of three experiments. 

.5. X-ray diffraction 

A suitable crystal was selected and detected on Bruker X-ray

iffractometer equipped with a graphite monochromator Mo K α
adiation ( λ = 0.7013). The crystal was kept at 100 (2) K during

ata collection. Using Olex 2, the structure was solved with the

helXT structure solution program using direct methods and re-

ned with the ShelXL refinement package using least-squares min-

mization [23–25] . 

.6. Cell viability assay 

Four types test cells (including human embryonic kidney cell

ine AD293, human immortalized keratinocyte cell line HaCaT, hu-

an normal liver cell line LO 2 and human embryonic lung cell line

RC-5) were cultured in 96-well plates at a density of 5 × 10 3 

ells per well in DMEM (LO 2 in RPMI-1640, others in DMEM),

upplemented with 10% fetal calf serum, 100 U/mL penicillin,

nd 100 mg/mL streptomycin [26] . The cells were incubated at

7 °C in 5% CO 2 -humidified air for overnight. Compound 4q were

issolved in dimethyl sulfoxide (DMSO) and diluted with medium

o the final concentrations. The cells were treated with different

oses of compound 4q for 48 h, and DMSO as vehicle control. The

olution of MTT (5 mg/mL) dissolved in PBS solution was added to

ach well of 96-well plate (10% medium volume) and cultured for

nother 4 h at 37 °C. After treatment with DMSO (100 μL/well),

he absorbance value was measured by using a microplate reader

t 490 nm. 

.7. Statistical analyses 

All measurements performed in triplicate and means and stan-

ard deviations were determined from independent trials. Differ-

nces between means were evaluated by one-way analysis of vari-

nce (ANOVA) and Tukey’s test was used for pairwise comparisons.

ifferences were considered significant at p < 0.05. Data were an-

lyzed to obtain the correlation coefficient by SPSS v.20 (SPSS Inc.,

hicago, IL, USA). 
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. Results and discussion 

.1. Chemistry 

The target compounds fatty acid 3-(2–hydroxy–benzoylamino)-

ropyl ester ( 4a - 4 g ) and substituted-benzoic acid 3-(2–hydroxy–

enzoylamino)-propyl ester ( 4h - 4t ) are depicted in Scheme

 . The intermediate material 2–hydroxy–N -(3–hydroxy–propyl)-

enzamide ( 3a ) was prepared according to the literature method

ith a slight modification [27] . Then, the intermediate ( 3a ) reacted

ith corresponding fatty acid chloride acyl / substituted-benzoyl

hloride by nucleophilic substitution reaction catalytic by DMAP

n the presence of Et 3 N to give novel compounds fatty acid 3-(2–

ydroxy–benzoylamino)-propyl ester ( 4a - 4 g ) / substituted-benzoic

cid 3-(2–hydroxy–benzoylamino)-propyl ester ( 4h - 4t ) with good

ields. The structures of all synthesized compounds 4a-4t were

onfirmed by 1 H NMR, 13 C NMR, and HRMS. Especially, the struc-
 b  

°  

Table 2 

PPO inhibitory activities of the synthesized compounds 4a - 4t 

Fig. 3. Summarized SARs of synthesized
ure of compound 4q was further confirmed by single X-ray

iffraction. 

.2. Crystal structure of compound 4q 

Single crystals of C 17 H 16 N 2 O 6 ( 4q ) were grown from ethyl ac-

tate. A suitable crystal was selected and mounted on an Ultima

V X-ray diffractometer (Rigaku, Japan). The crystal was kept at 100

2) K during data collection. The structures were solved by direct

ethods yielding the positions of all non-hydrogen atoms, and re-

ned with a full-matrix least-squares procedure based on F 2 using

he Olex2 program system. The crystal data and the final refine-

ent details of compound 4q are given in Table 1 . Fig. 2 shows a

erspective view of compound 4q with the atomic labeling system.

he crystal structure is stabilized by weak intermolecular hydrogen

onds and the two phenyl rings make a dihedral angle of 52.5 (3)

C. Crystallographic data (excluding structure factors) for the struc-
 compounds ( 4a-4t ) in Scheme 1 . 
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Fig. 4. Lineweaver-Burk plots for the inhibition of PPO from cephalothoraxes of Pa- 

cific white shrimp by compound 4q . Concentrations of compound 4q for curves 

were 0 mM ( �), 0.2 mM ( � ), and 0.3 mM ( �) respectively. 
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ures have been deposited in the Cambridge Crystallographic Data

enter as supplementary publication No. CCDC 1,908,936. 

.3. PPO inhibition activity 

The PPO inhibitory activity of synthetic salicylanilide analogues

 4a-4t ) was investigated by the usual procedure and compared

ith those of salicylic acid and intermediate 3a . The IC 50 value

f all compounds tested is summarized in Table 2 . The results

n Table 2 indicated that most synthesized compounds (except
ig. 5. Viability of AD293, Hacat, LO 2, and MRC-5 cells, treated with different concent

iabilities versus non-treated controls. No significance by Student’s t-tests to control. 
 g and 4t ) exhibited potent inhibitory effects on PPO with an

C 50 value in the range of 0.21 ± 0.19 mM to 4.32 ± 0.53 mM,

nd they also displayed in vitro higher inhibitory activities on

PO than the reference inhibitor salicylic acid (SA) and interme-

iate material 3a . The inhibitory activity of compound 4 g was

ess than 3a, which may be attributed to the fact that long fatty

hains reduce the water solubility and are unfavorable to form

nteractions with enzyme PPO. On the other hand, benzoylation

f the phenolic hydroxyl group ( 4t ) resulted in a drastic reduc-

ion of activity, indicating that a free phenolic hydroxyl on the

alicylic acid moiety is required for PPO inhibitory activity. Com-

ounds 4d, 4e, 4k, 4o, and 4q had greater inhibitory activities than

ther synthesized compounds. In particular, compound 4q exhib-

ted the most potent PPO inhibitory activity with an IC 50 value of

.21 ± 0.19 mM. 

From the inhibitory activities on PPO from cephalothoraxes of

hrimp, preliminary structure-activity relationships (SAR) of tar- 

et compounds ( 4a - 4 t) were carried out in this study ( Fig. 3 ).

mong compounds 4a-4 g with aliphatic hydrocarbon substitu-

ion, when the number of carbon atoms in the n -alkyl group (R 2 )

as less than 8, the increase of the number of carbon atoms

ould increase activity. However, an n -alkyl group (R 2 ) having more

han 11 carbon atoms was unfavorable for PPO inhibitory activ-

ty. For example, compound 4 g carrying 17 carbon atoms in

roup R 2 was observed to sharply decline in the inhibitory ac-

ivity of PPO. These results suggest that the substituent R 2 with

ifferent length of the carbon chain is important for the inhi-

ition of PPO and n - aliphatic hydrocarbon substitution with n

anging from 6 to 10 was favorable for the improvement of the

ctivity. 

We then focused on exploring the SAR of compounds 4h-4t

hich contained the aryl groups at the carbonyl position (R 2 ). In
rations of 12.5, 25.0, and 50.0 μM. Cytotoxic effects are expressed as percentage 
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Fig. 6. Cytotoxic effects of kojic acid and compound 4q in Hacat cells at concentrations of 12.5, 25.0, and 50.0 μM. . 
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ompounds 4h - 4t , most compounds (except 4 h and 4t ) exhib-

ted potent PPO-inhibition activity, indicating that the introduc-

ion of an aromatic ring at R 2 position was also favorable on the

PO inhibitory. The effect of the substituent at the aromatic ring

n PPO inhibition was investigated by introducing halogen, alkoxy,

lkyl, and cyano groups. When the halogen substituents were in-

roduced to the aromatic ring, we found that the inhibitory activi-

ies of these compounds ( 4h - 4k ) increased as the electronegativity

f the halogen decreased ( F > Cl > Br > I ). On the other hand, 4 m

nd 4o showed better PPO inhibitory activity than 4l and 4n , in-

icating that the introduction of an n -alkyl or alkoxy groups with

ore than two carbon atoms at the C-4 position of the benzene

ing was helpful for PPO inhibition activity. Finally, the introduc-

ion of cyano substituent into the benzene ring ( 4p ) led to minor

ecrease activity and no significant increased PPO inhibitory activ-

ty could be observed for the compound with double substituted

n the benzene ring ( 4 s ). Taken together, compounds 4k, 4o , and

q bearing the iodine, n –butyl, and nitro group at the 4-position

f the phenyl group respectively, were found to be the most po-

ent PPO-inhibition agents. 

.4. Inhibitory mechanism 

Among all tested target compounds, 4q showed the highest in-

ibitory activity, and we hence carried out the inhibition kinetic

tudies of 4q towards PPO by using l -DOPA as a substrate. The

ineweaver-Burk plots for the inhibition of PPO by 4q were ob-

ained with variable concentrations of 4q and the substrate ( Fig. 4 ).

he result of compound 4q displayed that the 1/V vs. 1/[S] plot

ave three straight lines with different slopes but with one in-

ersection on the vertical axis, which indicated that 4q acted as

 competitive inhibitor of PPO. These results suggested that 4-

itro-benzoic acid 3-(2–hydroxy–benzoylamino)-propyl ester and

ts analogues could enter into the active center of enzyme PPO

nd bind to the active site of enzyme PPO to form the interac-

ions with the free enzyme PPO. The N -nitro and hydroxy groups of

alicylanilide analogues were essential for the PPO inhibitory activ-

ty, probably due to the copper chelating ability [28–29] . Therefore,

e speculated that these series of synthesized compounds could

erve as PPO competitive inhibitors to inhibit melanin formation

n cephalothoraxes of shrimp. 

.5. Cytotoxicity screening of compound 4q 

To assess the safety of compound 4q , it was tested for its tox-

city in the human normal cell lines, including human embry-

nic kidney cell line AD293, human immortalized keratinocyte cell

ine HaCaT, human normal liver cell line LO 2 and human embry-

nic lung cell line MRC-5, by MTT at concentrations of 50.0 μM,

5.0 μM and 12.5 μM. When cells were incubated with 50 μg/mL
q , the cell viability was found to be higher than 90% for the four

est human normal cell lines ( Fig. 5 ). This concentration had no

onsiderable cytotoxic effects on cell morphology and cell viability

 Fig. 6 ). 

In summary, we had synthesized two series of novel sal-

cylanilides analogues including fatty acid 3-(2–hydroxy–

enzoylamino)-propyl ester ( 4a-4 g ) and substituted-benzoic

cid 3-(2–hydroxy–benzoylamino)-propyl ester ( 4h-4t ) as PPO

nhibitors. The present study showed that most of the target

ompounds exhibited moderate PPO inhibitory activities with IC 50 

alues in the range of 0.21 ± 0.19 to 4.32 ± 0.53 mM. Preliminary

cute toxicity assay demonstrated that salicylanilides analogues

ere as safe as PPO inhibitors. All these data suggested that these

olecules might be served as candidates for further development

f preservation for cephalothoraxes of pacific white shrimp. 
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