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Abstract

Antioxidants have been the subject of intense research interest due to their numerous
health benefits. In this work, a series of new conjugates of hydroxytyrosol and coumarin
were synthesized and evaluated for their free radical scavenging, toxicity and
antioxidant mechanism in vitro. The all target compounds 14a—t exhibited better radical
scavenging activity than BHT, hydroxytyrosol, and coumarin in both DPPH radical and
ABTS" radical cation scavenging assays. The structure-activity relationships study
indicated that the number and position of hydroxyl groups on the coumarin ring were
vital to a good antioxidant capacity. Furthermore, the most promising compound 14q
showed less toxicity in hemolysis assay and weaker antiproliferative effects than BHT
against normal WI-38 and GES cells, and enhanced viability of H,O,-induced HepG2
cells. Additionally, 14q decreased the apoptotic percentage of HepG2 cells, reduced the
ROS produce and LDH release, and improved GSH and SOD levels in H,O,-treated
HepG2 cells. Lastly, 14q exhibited more stability than hydroxytyrosol in methanol
solution. These results revealed that conjugations of hydroxytyrosol and coumarin
show better antioxidant capacity, and are the efficacious approach to finding novel

potential antioxidant.
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1. Introduction

Oxidation is the most common and ubiquitous chemical reaction that affects both
living and non-living forms. Oxygen is vital for the survival of an aerobic organism,
however, it leads to the production of free radicals, especially reactive oxygen species
(ROS) and reactive nitrogen species (RNS) during biochemical processes. ROS/RNS
and initiated chains of biochemical reactions can cause peroxidation of DNA, protein,
and lipid, destroy their normal cellular functions, and lead to cell death and apoptosis
[1]. To maintain delicate oxidative homeostasis, ROS produced in living cells is
continuously neutralized by the antioxidant defense system. Antioxidant defense
mechanisms include both enzymatic and non-enzymatic mechanisms. Enzymatic
antioxidants comprise of antioxidant enzymes, such as superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GSH-Px) and reductase, etc., they are highly
specific and detoxify specific free radicals. Non-enzymatic antioxidants, for example,
ascorbic acid, Vitamin E, carotenoids, glutathione, etc., are non-specific yet constitute
the first line of defense mechanism against free radicals/ROS [2,3].

Antioxidants molecules found in cells are used to prevent free radicals from taking
electrons from another molecule. Over the years, significant advancement has been
made relating to free radicals and the development of antioxidants. Various kinds of
natural, semi-synthetic, as well as synthetic free radical scavengers, have gained much
attention as chain-breaking antioxidants that protect aerobic organisms from oxidative
damage [4]. Especially, polyphenolic compounds of both natural and synthetic source

have drawn greater attention as free radical scavengers [5].
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Hydroxytyrosol (1, Fig. 1) is the content of Olives, also the hydrolysis product and
antioxidant active ingredient of glycoside oleuropein (2) [6], which possesses many
biological activities including anti-oxidation and scavenging free radicals [7],
anticancer [8], cardiovascular activity [9], anti-inflammatory [10], antiviral [11], and
neural activity [12]. However, the poor stability and deterioration in air or light made it
difficult to store [13]. Therefore, it is meaningful to improve its activity and stability
by chemical modification, such as esterification [14].

The coumarins are heterocyclic compounds consisting of benzene and 2-pyrone
rings enriched in various plants like tonka beans. Coumarin and their derivatives exert
a vast array of bioactive properties such as antioxidant, anticoagulant, antibacterial,
anti-inflammatory, antitumor, antiviral, and enzyme inhibition [15]. Although higher
doses of coumarin are found to be hepatotoxic, they exhibit beneficial effects by
reducing the risk of cancer and other neuronal and cardiovascular ailments [16]. Most
of these effects can be attributed to their free radical scavenging effects. For example,
compound 4, a hybrids of coumarin and chalcone, presents good scavenging capacity,
low toxicity, and high cytoprotection [17]. Despite significant advancements in
antioxidant searches, coumarins remain one of the most versatile classes of compounds

for anti-oxidant drug design and discovery [18].
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Fig. 1. The chemical structures of hydroxytyrosol (1), oleuropein (2), coumarin (3) and



The conjugation principle involves the rational design of new chemical entities
based on the recognition of pharmacophoric subunits with the molecular structure of
two or more known bioactive derivatives [19]. The successful fusion of these subunits
produces a new conjugate that maintains the desired characteristics of the original
subunits. Hence, the conjugation principle in drug discovery is meaningful for the
optimization of natural products [20]. As our continuing efforts to find new compounds
with potent activities and lower toxicity based on a natural product [21-23], considering
the excellent antioxidant activity of the orthodiphenolic moiety and good bio-
pharmacological activities of coumarin scaffold, we presented a series of conjugates of
coumarin and hydroxytyrosol, in which maintaining the orthodiphenolic moiety of
hydroxytyrosol to improve antioxidant activity (Fig. 2). Furthermore, their

antioxidative activities and mechanism were also studied.

OH
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Fig. 2. Design of target compounds.

2. Material and methods
2.1. Reagents and instruments

All materials were obtained from commercial suppliers (Bide Pharmatech Ltd.,
Shanghai, China and Energy Chemical, Shanghai, China) and were used without further

purification, unless stated otherwise. Reaction time was monitored by TLC (silica gel
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HRGF254). Column chromatography was performed on silica gel (200-300 mesh)
from Yantai Xinnuo Chemicals (Yantai, Shandong, China). All melting points were
measured with a Biichi Melting Point X-4 apparatus (Beijing Taike, Beijing, China)
and were uncorrected. High-resolution mass spectra (HRMS) were taken in ESI mode
on Bruker Apextm II 4.7T LC-MS (Bruker, GER). 'H NMR and 3C NMR spectrum
were recorded on Agilent-NMR-INOVA600 (Agilent, Palo Alto, CA, USA) with TMS
as an internal standard, all chemical shift values were reported as ppm. The purity was

measured by HPLC (Waters 1525, US).

2.2. Preparation of the target compounds

2-(3,4-Dihydroxyphenyl)acetic acid 6 as starting material was esterified to give
intermediate 7, which was further protected with benzyl chloride (BnCl), and reduced
to yield key intermediate 9 as shown in Scheme 1, with 58% yield for overall 3 steps.

OH O 0 OH
i ii iii
Hom Hom Bnom Bno/©/\/
OH OH
6 7

OBn OBn
8 9

Scheme 1. Reagents and conditions: 1) H,SO,4, MeOH, 75°C; 11) K,CO3, BnCl, MeCN,
reflux; iii) LiAIH4, THF, 80°C.

The target compounds 14a—t were prepared from m-hydroxylbenzaldehydes 10a—t
as outlined in Scheme 2. Firstly, ethyl 2-oxo-2H-chromene-3-carboxylates (11a—t)
were yielded by Perkin reaction of 10a—t with diethyl carbonate under piperidine
catalysis. Then 11a—t were changed into 12a—t by hydrolysis directly in the presence

of 10% NaOH, or after benzyl protection of hydroxyl group with benzyl chloride



(BnCl). And carboxylic acids 12a-t were esterified with 9 wusing 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC-HCl) and N,N-
dimethylaminopyridine (DMAP) catalysis to give 13a—t. Finally, the targets 14a—t were

obtained by deprotection of 13a—t with BBrs;.

10a-t 11a-t 12a-t
OBn
OH
iv X 1/©/OBn v I i/@/
— Ry — R
o "0 o O
13a-t 14a-t
a R=R4=H b R=R4=6-CHj ¢ R=R4=6-Cl d R=6-OH, Ry=6-OBn
e R=R;=6-OCHj; f R=R;=6-NO, g R=R4=7-CHjy h R=R4=7-Cl
i R=7-OH, R4=7-OBn j R=R4=7-OCHj k R=R;=8-CHj; I R=R;=8-Cl
m R=8-OH, Ry= 8-OBn n R=R;=8-OCHj o R=R;=5,7-OCH; p R=R;=6,8-C(CHj3);
q R=7,8-OH,R=7,8-0Bn r R=R=78-0OCH; s R=R;=6,8-Cl t R=R;=5,6-phenyl ring

Scheme 2. Reagents and conditions: 1) diethyl carbonate, piperidine, CH;COOH, 75°C;
i1) 10% NaOH, EtOH, heat; iii) Cs,CO3, BnCl, DMF, 80°C; iv) 9, EDCI, DMAP,
CHQC]Q, rt; V) BBI‘3 (1 M in CH2C12), CHQClz, —40°C.

2.2.1. Synthetic procedure of compound 7

To a solution of 3,4-dihydroxyphenylacetic acid 6 (5.65 g, 33.6 mmol) in MeOH
(100 mL), H,SO,4 (98%, 10 drops) was slowly added in atmosphere of argon, followed
by further refluxing for 6 h. After the reaction was completed, the solution was
concentrated under reduced pressure. The residue was dissolved in ethyl acetate (30
mL), and the solution was washed with saturated NaHCOj; solution. The aqueous phase
was extracted with ethyl acetate (20 mLx3), washed with saturated NaCl solution (20
mL), dried over anhydrous Na,SO,, and evaporated in vacuo to give the crude product

7, which was directly used in the next step without further purification.
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2.2.2. Synthetic procedure of compound 8

A solution of benzyl chloride (BnCl, 11.5 mL, 100 mmol), potassium carbonate
(K,COs3, 13.8 g, 100 mmol) and 7 in MeCN (80 mL) was stirred for 24 h at 80 °C in
atmosphere of argon. Next, the solvent was evaporated under vacuum, and the residue
was dissolved in ethyl acetate (30 mL) and washed with H,O (20 mL). Then aqueous
phase was extracted with ethyl acetate (20 mlx3), washed with saturated NaCl (20 ml),
dried over Na,SO,, and filtered. The solvent was evaporated in vacuo, and purified by
column chromatography (PE: EA = 20:1) to give 8 as a colorless liquid. Yield: 64%
(two steps); 'H NMR (600 MHz, CDCl;): § 7.46-7.25 (m, 10H), 6.90-6.77 (m, 3H),

5.15 (s, 2H), 5.14 (s, 2H), 3.65 (s, 3H), 3.51 (s, 2H).

2.2.3. Synthetic procedure of compound 9

To a solution of 8 (11.3 g, 31.2 mmol) in dry THF (80 mL), lithium
tetrahydroaluminum (LiAlH4 0.59 g, 15.6 mmol) was slowly added in atmosphere of
argon. The mixture was warmed to 80°C and stirred for 4 h. Then, the resulting mixture
was cooled to room temperature, and water/ether (1:1) was added to quench the reaction.
The organic extracts were filtered, and evaporated in vacuo. The crude product was
purified by column chromatography (PE: EA = 5:1) to provide 2-(3,4-
Bis(benzyloxy)phenyl)ethan-1-o0l (9) (9.48 g, 28.4 mmol) as white solid; Yield: 91%;
'H NMR (600 MHz, CDCl3): 6 7.46-7.25 (m, 10H), 6.90-6.77 (m, 3H), 5.15 (s, 2H),

5.14 (s, 2H), 3.65 (s, 3H), 3.51 (s, 2H).

2.2.4. General synthetic procedure of compounds 11a—t



Compounds 10 (10 mmol) and diethyl malonate (20 mmol) in EtOH (20 mL) were
added piperidine (2.5 mmol) and AcOH (2 drops). Following the reaction mixture was
warmed to 75°C and stirred for 1 h. The mixture was poured into the cold water to yield
a large amount of solid. The solid product was filtered off and recrystallized with
H,O/EtOH to afford compounds 11a-t in good yields, while 11g, 11j, and 11p were
used directly in the next reaction without purification.
2.2.4.1. Ethyl 2-oxo-2H-chromene-3-carboxylate (11a). Yield: 82%; white solid; 'H
NMR (600 MHz, DMSO-dy): 6 8.74 (s, 1H), 7.92-7.39 (m, 3H), 4.29 (q, 2H, J = 7.2
Hz), 1.30 (t, 3H, J = 7.2 Hz).
2.2.4.2. Ethyl 6-methyl-2-oxo-2H-chromene-3-carboxylate (11b). Yield: 88%; yellow
solid; '"H NMR (600 MHz, DMSO-dj): & 8.68 (s, 1H), 7.70-7.34 (m, 3H), 4.30 (q, 2H,
J ="17.2Hz),2.38 (s, 3H), 1.31 (t, 3H, J = 7.2 Hz).
2.2.4.3. Ethyl 6-chloro-2-oxo-2H-chromene-3-carboxylate (11¢). Yield: 92%; white
solid; '"H NMR (600 MHz, DMSO-dj): & 8.72 (s, 1H), 8.06-7.48 (m, 3H), 4.31 (q, 2H,
J=72Hz),1.32(t,3H,J = 7.2 Hz).
2.2.4.4. Ethyl 6-hydroxy-2-oxo-2H-chromene-3-carboxylate (11d). Yield: 86%:; yellow
solid; 'TH NMR (600 MHz, DMSO-d,): 6 9.91 (s, 1H), 8.67 (s, IH), 7.30-7.15 (m, 3H),
4.29 (q, 2H, J = 6.6 Hz), 1.31 (t, 3H, J = 6.6 Hz).
2.2.4.5. Ethyl 6-methoxy-2-oxo-2H-chromene-3-carboxylate (11e). Yield: 83%; red
solid; "H NMR (600 MHz, DMSO-d) 6 8.71 (s, 1H), 7.50-7.33 (m, 3H), 4.30 (q, 2H,
J=6.6 Hz), 3.82 (s, 3H), 1.31 (t, 3H, J = 6.6 Hz).

4.1.4.6. Ethyl 6-nitro-2-oxo-2H-chromene-3-carboxylate (11f). Yield: 86%; brown
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solid; "TH NMR (600 MHz, DMSO-d;): & 8.94 (s, 1H), 8.93-87.66 (m, 3H), 4.33 (q, 2H,
J=06.6 Hz), 1.33 (t, 3H, J = 6.6 Hz).

2.2.4.7. Ethyl 7-chloro-2-oxo-2H-chromene-3-carboxylate (11h). Yield: 67%; yellow
solid; '"H NMR (600 MHz, DMSO-dj): & 8.78 (s, 1H), 7.96-7.49 (m, 3H), 4.30 (q, 2H,
J=72Hz),1.31(t,3H,J =7.2 Hz).

2.2.4.8. Ethyl 7-hydroxy-2-oxo-2H-chromene-3-carboxylate (11i). Yield: 75%; white
solid; "H NMR (600 MHz, DMSO-dy): 6 10.68 (s, 1H), 8.53 (s, 1H), 7.53-6.77 (m, 3H),
4.35(q,2H,J =17.2 Hz), 1.39 (t,3H, J = 7.2 Hz).

2.2.4.9. Ethyl 8-methyl-2-oxo-2H-chromene-3-carboxylate (11k). Yield: 82%; white
solid; '"H NMR (600 MHz, DMSO-dj):  8.73 (s, 1H), 7.75-7.30 (m, 3H), 4.30 (q, 2H,
J=6.6 Hz), 2.37 (s, 3H), 1.32 (t, 3H, J = 6.6 Hz).

2.2.4.10. Ethyl 8-chloro-2-oxo-2H-chromene-3-carboxylate (111). Yield: 62%; yellow
solid; '"H NMR (600 MHz, DMSO-dj): & 8.80 (s, 1H), 7.92-7.41 (m, 3H), 4.31 (q, 2H,
J=72Hz),1.32(t,3H,J =7.2 Hz).

2.24.11. Ethyl 8-hydroxy-2-oxo-2H-chromene-3-carboxylate (11m). Yield: 90%;
white solid; '"H NMR (600 MHz, DMSO-dy): 6 10.39 (s, 1H), 8.68 (s, 1H), 7.32-7.19
(m, 3H), 4.27 (q, 2H, J = 7.2 Hz), 1.29 (t, 3H, J = 7.2 Hz).

2.2.4.12. Ethyl 8-methoxy-2-oxo-2H-chromene-3-carboxylate (11n). Yield: 78%; red
solid; '"H NMR (600 MHz, DMSO-dj): & 8.72 (s, 1H), 7.45-7.32 (m, 3H), 4.28 (q, 2H,
J=6.6 Hz), 3.90 (s, 3H), 1.29 (t, 3H, J = 6.6 Hz).

2.2.4.13. Ethyl 5,7-dimethoxy-2-oxo-2H-chromene-3-carboxylate (110). Yield: 87%;

green solid; 'H NMR (600 MHz, DMSO-dy):  8.61 (s, 1H), 6.64-6.55 (m, 2H), 4.26
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(9, 2H, J= 6.6 Hz), 3.95 (s, 3H), 3.90 (s, 3H), 1.29 (t, 3H, J = 6.6 Hz).

2.2.4.14. Ethyl 7,8-dihydroxy-2-oxo-2H-chromene-3-carboxylate (11q). Yield: 80%;
green solid; 'TH NMR (600 MHz, DMSO-dg): 8 8.62 (s, 1H), 7.26-6.84 (m, 2H), 4.24
(g, 2H, J=7.2 Hz), 1.28 (t, 3H, J = 7.2 Hz).

2.2.4.15. Ethyl 7,8-dimethoxy-2-oxo-2H-chromene-3-carboxylate (11r). Yield: 97%;
white solid; "H NMR (600 MHz, DMSO-dj): 6 8.71 (s, 1H), 7.68-7.18 (m, 2H), 4.27
(9, 2H, J=7.2 Hz), 3.95 (s, 3H), 3.83 (s, 3H), 1.30 (t, 3H, J=7.2 Hz).

2.2.4.16. Ethyl 6,8-dichloro-2-oxo-2H-chromene-3-carboxylate (11s). Yield: 93%;
white solid; "H NMR (600 MHz, DMSO-dj): 6 8.73 (s, 1H), 8.08-8.05 (m, 2H), 4.32
(q,2H,J =7.2 Hz), 1.32 (t, 3H, J = 7.2 Hz).

2.2.4.17. Ethyl 3-oxo-3H-benzo[f]chromene-2-carboxylate (11t). Yield: 89%; yellow
solid; "TH NMR (600 MHz, DMSO-d;): & 9.34 (s, 1H), 8.57-8.06 (m, 3H), 7.79-7.57

(m, 3H), 4.35(q, 2H, J="7.2 Hz), 1.37 (t, 3H, J= 7.2 Hz).

2.2.5. General synthetic procedure of compounds 12a—t

Compound 11 (5 mmol) in EtOH (5 mL) were added 10% NaOH (10 mL). Next,
the mixture was warmed to 80°C and stirred for 15 min. The resulting mixture poured
off in cold water to precipitate a large amount of solid product. The solid product was
filtered off and recrystallized by EtOH to afford acid compounds 12a—t (except 12d,
12i, 12m, and 12q) in good yields.

For compounds 12d, 12i, 12m, and 12q, compounds 11d, 11i, 11m, and 11q (2.46
mmol) were firstly protected with BnCl (7.37 mmol) in the presence of K,CO; (7.37

mmol) in DMF (15mL). Then a similar procedure of 11a was performed to provide
11



desired compounds 12d, 12i, 12m, and 12q.

2.2.5.1. 2-Oxo-2H-chromene-3-carboxylic acid (12a). Yield: 82%; white solid; 'H
NMR (600 MHz, DMSO-d): 6 8.74 (s, 1H), 7.91-7.39 (m, 3H).

2.2.5.2. 6-Methyl-2-oxo-2H-chromene-3-carboxylic acid (12b). Yield: 92%; green
solid; 'TH NMR (600 MHz, DMSO-d;): 6 8.70 (s, 1H), 8.04-7.48 (m, 3H), 2.51 (s, 3H).
2.2.5.3. 6-Chloro-2-oxo-2H-chromene-3-carboxylic acid (12¢). Yield: 86%; yellow
solid; 'TH NMR (600 MHz, DMSO-d;): & 8.66 (s, 1H), 7.68-7.33 (m, 3H), 2.38 (s, 3H).
2.2.5.4. 6-(Benzyloxy)-2-oxo-2H-chromene-3-carboxylic acid (12d). Yield: 94%;
yellow solid; "H NMR (600 MHz, DMSO-dj): & 8.69 (s, 1H), 7.57-7.34 (m, 8H), 5.16
(s, 1H).

2.2.5.5. 6-Methoxy-2-oxo-2H-chromene-3-carboxylic acid (12e). Yield: 82%; yellow
solid; 'TH NMR (600 MHz, DMSO-d;): 6 8.70 (s, 1H), 7.48-7.32 (m, 3H), 3.82 (s, 3H).
2.2.5.6. 6-Nitro-2-oxo-2H-chromene-3-carboxylic acid (12f). Yield: 84%; yellow solid,
"H NMR (600 MHz, DMSO-dy): 6 8.91-8.89 (m, 2H), 7.64-8.50 (m, 2H).

2.2.5.7. 7-Methyl-2-oxo-2H-chromene-3-carboxylic acid (12g). Yield: 91%; white
solid; '"H NMR (600 MHz, DMSO-dp): 8 8.72 (s, 1H), 7.79-7.24 (m, 3H).

2.2.5.8. 7-Chloro-2-oxo-2H-chromene-3-carboxylic acid (12h). Yield: 86%; white
solid; '"H NMR (600 MHz, DMSO-dp): & 8.65 (s, 1H), 7.92-7.46 (m, 3H).

2.2.5.9. 7-(Benzyloxy)-2-oxo-2H-chromene-3-carboxylic acid (12i). Yield: 95%;
yellow solid; "H NMR (600 MHz, DMSO-dp): & 8.70 (s, 1H), 7.83-7.05 (m, 8H), 5.24
(s, 2H).

2.2.5.10. 7-Methoxy-2-oxo-2H-chromene-3-carboxylic acid (12j). Yield: 90%; red

12



solid; '"H NMR (600 MHz, DMSO-dj): 8 8.71 (s, 1H), 7.83-6.99 (m, 3H), 3.89(s, 3H).
2.2.5.11. 8-Methyl-2-oxo-2H-chromene-3-carboxylic acid (12k). Yield: 72%; white
solid; 'TH NMR (600 MHz, DMSO-d,): 6 8.73 (s, 1H), 7.74-7.29 (m, 3H), 2.37 (s, 3H).
2.2.5.12. 8-Chloro-2-oxo-2H-chromene-3-carboxylic acid (12I). Yield: 84%; white
solid; '"H NMR (600 MHz, DMSO-dj): & 8.76(s, 1H), 7.88-7.38 (m, 3H).

2.2.5.13. 8-(Benzyloxy)-2-oxo-2H-chromene-3-carboxylic acid (12m). Yield: 92%;
white solid; "H NMR (600 MHz, DMSO-dj): 6 8.73 (s, 1H), 7.51-7.31 (m, 8H), 5.27
(s, 2H).

2.2.5.14. 8-Methoxy-2-oxo-2H-chromene-3-carboxylic acid (12n). Yield: 94%; yellow
solid; 'TH NMR (600 MHz, DMSO-d,): 6 8.70 (s, 1H), 7.43-7.32 (m, 3H), 3.90 (s, 3H).
2.2.5.15. 5,7-Dimethoxy-2-oxo-2H-chromene-3-carboxylic acid (120). Yield: 90%;
white solid; '"H NMR (600 MHz, DMSO-dy): 6 12.90 (s, 1H), 8.63 (s, 1H), 6.63—6.54
(m, 2H), 3.94 (s, 3H), 3.90 (s, 3H).

2.2.5.16. 5,7-Di-tert-butyl-2-oxo-2H-chromene-3-carboxylic acid (12p). Yield: 79%;
yellow solid; '"H NMR (600 MHz, DMSO-dy): § 8.74(s, 1H), 7.81-7.65 (m, 2H), 1.56
(s, 9H), 1.32 (s, 9H).

2.2.5.17. 7,8-Bis(benzyloxy)-2-oxo-2H-chromene-3-carboxylic acid (12q). Yield: 83%;
yellow solid; '"H NMR (600 MHz, DMSO-dy): 6 8.70 (s, 1H), 7.66-7.28 (m, 12H),
5.31(s, 2H), 5.10 (s, 2H).

2.2.5.18. 7,8-Dimethoxy-2-oxo-2H-chromene-3-carboxylic acid (12r). Yield: 64%;
white solid; "H NMR (600 MHz, DMSO-dp): 6 8.70 (s, 1H), 7.67-7.18 (m, 2H), 3.94

(s, 3H), 3.83 (s, 3H).
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2.2.5.19. 6,8-Dichloro-2-oxo-2H-chromene-3-carboxylic acid (12s). Yield: 91%; white
solid; '"H NMR (600 MHz, DMSO-dg): 8 8.70 (s, 1H), 8.07-8.03 (m, 2H).

2.2.5.20. 3-Oxo-3H-benzo[f]chromene-2-carboxylic acid (12t). Yield: 92%; green
solid; "TH NMR (600 MHz, DMSO-d;): 6 9.27 (s, 1H), 8.51-8.02 (m, 3H), 7.74-7.52

(m, 3H).

2.2.6. General synthetic procedure of compounds 13a—t

To a solution of 9 (1.0 mmol) and 12 (1.2 mmol) in dry DCM (5 mL), DMAP (2.0
mmol) and EDCI (1.2 mmol) were added under an atmosphere of argon, and the mixture
was allowed to stir for 24 h. Next, the resulting mixture was washed with 1M HCI (5
mL). The organic phases were dried, filtered, and evaporated in vacuo. Compounds
13b—t were obtained by chromatography column (PE: EA = 10:1), but 13q and 13r
were used directly in the next reaction without purification.
2.2.6.1. 3,4-Bis(benzyloxy)phenethyl-2-oxo-2H-chromene-3-carboxylate (13a). Yield:
71%; white solid; 'H NMR (600 MHz, CDCls): 6 8.44 (s, 1H), 7.65-7.28 (m, 13H),
6.94-6.79 (m, 3H), 5.16 (s, 2H), 5.14 (s, 2H), 4.48 (t, 2H, J = 6.6 Hz), 2.99 (t, 2H, J =
6.6 Hz).
2.2.6.2. 3,4-Bis(benzyloxy)phenethyl-6-methyl-2-oxo-2H-chromene-3-carboxylate
(13b). Yield: 81%; yellow solid; "H NMR (600 MHz, CDCl3): 6 8.39 (s, 1H), 7.45-7.25
(m, 13H), 6.94-6.81 (m, 3H), 5.16 (s, 2H), 5.14 (s, 2H), 4.48 (t, 2H, J = 6.6 Hz), 2.99
(t, 2H, J = 6.6 Hz), 2.40 (s, 3H).
2.2.6.3. 3,4-Bis(benzyloxy)phenethyl-6-chloro-2-oxo-2H-chromene-3-carboxylate

(13¢). Yield: 72%; yellow solid; 'H NMR (600MHz, CDCls): 8 8.33 (s, 1H), 7.60-7.28
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(m, 13H), 6.92-6.79 (m, 3H), 5.16 (s, 2H), 5.14 (s, 2H), 4.48 (t, 2H, J = 6.6 Hz), 2.98
(t,2H, J = 6.6 Hz).

2.2.6.4.  3,4-Bis(benzyloxy)phenethyl-6-hydroxy-2-oxo-2H-chromene-3-carboxylate
(13d). Yield: 81%; yellow solid; 'TH NMR (600 MHz, DMSO-dy): & 8.65 (d, 1H),
7.54-7.26 (m, 18H), 7.29-6.81 (m, 3H), 5.10 (s, 2H), 5.08 (s, 2H), 5.07 (s, 2H), 4.39
(t,2H,J = 6.6 Hz), 2.91 (t, 2H, J = 6.6 Hz).

2.2.6.5.  3,4-Bis(benzyloxy)phenethyl-6-methoxy-2-oxo-2H-chromene-3-carboxylate
(13e). Yield: 81%; yellow solid; '"H NMR (600 MHz, DMSO-dy): & 8.67 (s, 1H),
7.45-7.28 (m, 13H), 7.10-6.82 (m, 3H), 5.08 (s, 2H), 5.07 (s, 2H), 4.39 (t, 2H, J = 6.6
Hz), 3.76 (s, 3H), 2.92 (t, 2H, J = 6.6 Hz).

2.2.6.6. 3,4-Bis(benzyloxy)phenethyl-6-nitro-2-oxo-2H-chromene-3-carboxylate (13f).
Yield: 60%; white solid; '"H NMR (600 MHz, DMSO-dj): 4 8.94 (s, 1H), 8.93-7.65 (m,
3H), 7.42-7.28 (m, 10H), 7.12-6.84 (m, 3H), 5.09 (s, 2H), 5.08 (s, 2H), 4.43 (t, 2H, J
= 6.6 Hz), 2.94 (t, 2H, J = 6.6 Hz).

2.2.6.7. 3,4-Bis(benzyloxy)phenethyl-7-methyl-2-oxo-2H-chromene-3-carboxylate
(13g). Yield: 40%; white solid; '"H NMR (600 MHz, DMSO-d;): & 8.67 (s, 1H),
7.76-7.22 (m, 13H), 7.09-6.81 (m, 3H), 5.08 (s, 2H), 5.07 (s, 2H), 4.38 (t, 2H, J = 6.6
Hz), 2.91 (t, 2H, J= 6.6 Hz), 2.43 (s, 3H).

2.2.6.8. 3,4-Bis(benzyloxy)phenethyl-7-chloro-2-oxo-2H-chromene-3-carboxylate
(13h). Yield: 48%; White solid; '"H NMR (600 MHz, DMSO-dy): & 8.73 (s, 1H),
7.92-7.83 (m, 10H), 7.09-6.81 (m, 3H), 5.08 (s, 2H), 5.07 (s, 2H), 4.39 (t, 2H, J = 6.6

Hz), 2.91 (t, 2H, J = 6.6 Hz).
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2.2.6.9.  3,4-Bis(benzyloxy)phenethyl-7-hydroxy-2-oxo-2H-chromene-3-carboxylate
(13i). Yield: 83%; white solid; '"H NMR (600 MHz, DMSO-dy): 8 8.67 (s, 1H),
7.81-6.81 (m, 18H), 5.24 (s, 2H), 5.08 (s, 2H), 5.07 (s, 2H), 4.36 (t, 2H, J = 6.6 Hz),
2.90 (t,2H, J = 6.6 Hz).

2.2.6.10. 3,4-Bis(benzyloxy)phenethyl-7-methoxy-2-oxo-2H-chromene-3-carboxylate
(13)). Yield: 65%; yellow solid; '"H NMR (600 MHz, CDCls): 4 8.40(s, 1H), 7.45-7.27
(m, 13H), 6.94-6.79 (m, 3H), 5.15 (s, 2H), 5.12 (s, 2H), 4.46 (t, 2H, J = 6.6 Hz), 3.90
(s, 3H), 2.98 (t, 2H, J = 6.6 Hz).

2.2.6.11.  3,4-Bis(benzyloxy)phenethyl-8-methyl-2-oxo-2H-chromene-3-carboxylate
(13k). Yield: 44%; white solid; '"H NMR (600 MHz, DMSO-d;): & 8.70 (s, 1H),
7.72-7.10 (m, 13H), 6.99-6.83 (m, 3H), 5.09 (s, 2H), 5.08 (s, 2H), 4.30 (t, 2H, J = 6.6
Hz), 2.93 (t, 2H, J = 6.6 Hz), 2.37 (s, 3H).

2.2.6.12.  3,4-Bis(benzyloxy)phenethyl-8-chloro-2-oxo-2H-chromene-3-carboxylate
(131). Yield: 59%; white solid; '"H NMR (600 MHz, DMSO-dy): 6 8.74 (s, 1H),
7.89-7.28 (m, 13H), 7.27-6.82 (m, 3H), 5.08 (s, 2H), 5.07 (s, 2H), 4.40 (t, 2H, J = 6.6
Hz), 2.90 (t, 2H, J = 6.6 Hz).

2.2.6.13. 3,4-Bis(benzyloxy)phenethyl-8-hydroxy-2-oxo-2H-chromene-3-carboxylate
(13m). Yield: 68%; yellow solid; '"H NMR (600MHz, DMSO-d;): 6 8.40 (s, 1H),
7.47-7.11 (m, 18H), 6.94-6.72 (m, 3H), 5.25 (s, 2H), 5.16 (s, 2H), 5.13 (s, 2H), 4.47
(t, 2H, J = 6.6 Hz), 2.98 (t, 2H, J = 6.6 Hz).

2.2.6.14. 3,4-Bis(benzyloxy)phenethyl-8-methoxy-2-oxo-2H-chromene-3-carboxylate

(13n). Yield: 84%; yellow solid; 'H NMR (600 MHz, DMSO-dy): & 8.69 (s, 1H),
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7.43-7.11 (m, 13H), 6.99-6.83 (m, 3H), 5.10 (s, 1H), 5.09 (s, 1H), 4.40 (t, 2H, J = 6.6
Hz), 3.92 (s, 3H), 2.93 (t, 2H, J = 6.6 Hz).

2.2.6.15. 3,4-Bis(benzyloxy)phenethyl-5, 7-dimethoxy-2-oxo-2H-chromene-3-
carboxylate (130). Yield: 75%; white solid; '"H NMR (600 MHz, CDCl;): & 8.78 (s,
1H), 8.64 (s, 1H), 7.44-7.28 (m, 10H), 6.94-6.81 (m, 3H), 6.41-6.26 (m, 2H), 5.15 (s,
1H), 5.13 (s, 1H), 4.45 (t, 2H, J= 7.2 Hz), 3.88 (s,6H) , 2.82 (t, 2H, J = 7.2 Hz).
2.2.6.16. 3,4-Bis(benzyloxy)phenethyl-6,8-di-tert-butyl-2-oxo-2H-chromene-3-
carboxylate (13p). Yield: 94%; white solid; '"H NMR (600 MHz, CDCl;): 6 8.45 (s,
1H), 7.68-7.26 (m, 12H), 7.27-6.81 (m, 3H), 5.17 (s, 2H), 5.14 (s, 2H), 4.48 (t, 2H, J
=7.2 Hz), 2.99 (t, 2H, J = 7.2 Hz), 1.53 (s, 9H), 1.35(s, 9H).

2.2.6.17. 3,4-Bis(benzyloxy)phenethyl-6,8-dichloro-2-oxo-2H-chromene-3-
carboxylate (13s). Yield: 78%; yellow solid; 'TH NMR (600 MHz, CDCl;): & 8.29 (s,
1H), 7.68-7.26 (m, 12H), 6.92-6.79 (m, 3H), 5.16 (s, 2H), 5.14 (s, 2H), 4.49 (t, 2H, J
=7.2 Hz), 2.98 (t, 2H, J = 7.2 Hz).

2.2.6.18. 3,4-Bis(benzyloxy)phenethyl-3-oxo-3H-benzo[f]chromene-2-carboxylate
(13t). Yield: 77%; white solid; '"H NMR (600 MHz, DMSO-dy): 8 9.27 (s, 1H),
8.50-8.08 (m, 3H), 7.76—7.34 (m, 3H), 7.32-7.26 (m, 10H), 6.88-7.15 (m, 3H), 5.09 (s,

2H), 5.08 (s, 2H), 4.46 (t, 2H, J = 6.6 Hz), 2.9 (t, 2H, J = 6.6 Hz).

2.2.7. General synthetic procedure of compounds 14a—t
A solution of 13 (0.40 mmol) in dry DCM (2 mL) added 1M BBr; in DCM (2 mL)
at -40°C followed by stirring for 15 min. Next, the resulting mixture was added water

to quench and extracted with ethyl acetate (10 mLx3). The combined organic extracts
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were washed with saturated NaCl (10 mL), dried over Na,SOy, filtered, and evaporated
in vacuo. The crude product was purified by column chromatography (DCM: MeOH=
100:1 to 50:1) to give target compounds 14a—t.

2.2.7.1. 3,4-Dihydroxyphenethyl-2-oxo-2H-chromene-3-carboxylate (14a). Yield: 50%;
yellow powder; m.p.: 115-117 °C; '"H NMR (600 MHz, DMSO-dj) 6 8.77 (brs, 2H),
8.68 (s, 1H), 7.90-7.40 (m, 3H), 6.69-6.55 (m, 3H), 4.35 (t, 2H, J = 6.6 Hz), 2.84 (t,
2H, J = 6.6 Hz); *C NMR (150 MHz, DMSO-dy) 8 162.4, 155.9, 154.5, 148.6, 145.1,
143.8,134.5, 130.2, 128.3, 124.8, 119.6, 117.7, 116.3, 116.1, 115.5, 66.0, 33.7; HRMS
(ESI) m/z: Calcd for C;gH40¢Na [M+Na]* 349.0688; found, 349.0697; HPLC purity =
96.08% (MeOH: H,O = 85:15, 1 mL/min, # = 3.960 min).

2.2.7.2. 3,4-Dihydroxyphenethyl-6-methyl-2-oxo-2H-chromene-3-carboxylate (14b).
Yield: 78%; yellow powder; m.p.: 140-142 °C; 'H NMR (600 MHz, DMSO-dy): 6 8.81
(d, 1H), 8.74 (s, 1H), 8.60 (s, 1H), 7.68-7.34 (m, 3H), 6.68-6.55 (m, 3H), 4.35 (t, 2H,
J =6.6 Hz), 2.82 (t, 2H, J = 6.6 Hz), 2.38 (s, 3H); '*C NMR (150 MHz, DMSO-d;) 5
162.4,156.0,152.7, 148.5,145.1, 143.8, 135.4, 134.2, 129.6, 128.3, 119.6, 115.9, 115.6,
66.0, 33.7, 20.1; HRMS (ESI) m/z Calcd for C;9H;sOsNa [M+Na]" 363.0845; found,
363.0854; HPLC purity = 96.51% (MeOH: H,O = 85:15, 1 mL/min, # = 4.280 min).
2.2.7.3. 3,4-Dihydroxyphenethyl-6-chloro-2-oxo-2H-chromene-3-carboxylate (14c).
Yield: 47%; yellow powder; m.p.: 178-180 °C; '"H NMR (600 MHz, DMSO-dy): & 8.80
(d, 1H), 8.74 (s, 1H), 8.66 (s, 1H), 8.05-7.48 (m, 3H), 6.68-6.55 (m, 3H), 4.36 (t, 2H,
J=6.6 Hz), 2.83 (t, 2H, J = 6.6 Hz); 3C NMR (150 MHz, DMSO-dj): 3 162.1, 155.4,

153.1,147.3,145.1, 143.8,133.8, 129.0, 128.4, 128.2,119.6, 119.1, 118.7,118.2, 116.3,

18



115.5, 66.1, 33.6; HRMS (ESI) m/z: Caled for CgH;3ClOgNa [M+Na]* 383.0298;
found, 383.0312; HPLC purity = 99.64% (MeOH: H,O = 85:15, 1 mL/min, t; = 4.389
min).

2.2.7.4. 3,4-Dihydroxyphenethyl-6-hydroxy-2-oxo-2H-chromene-3-carboxylate (14d).
Yield: 54%; yellow powder; m.p.: 213-215 °C; 'H NMR (600 MHz, DMSO-dg): 6 9.91
(s, 1H), 8.79 (s, 1H), 8.72 (s, 1H), 8.58 (s, 1H), 7.29-7.15 (m, 3H), 6.66—6.53 (m, 3H),
4.32 (t,2H, J = 6.6 Hz), 2.81 (t, 2H, J = 6.6 Hz); 3C NMR (150 MHz, DMSO-dy): &
162.6,156.2,154.0, 148.5,147.9, 145.1, 143.8,128.3,122.7,119.6, 118.2,117.6, 1171,
116.3, 115.6, 113.8, 67.0, 33.7; HRMS (ESI) m/z: Caled for C;sH40;Na [M+Na]*
365.0637; found, 365.0650; HPLC purity = 95.72% (MeOH: H,O = 85:15, 1 mL/min,
tx = 3.863 min).

2.2.7.5. 3,4-Dihydroxyphenethyl-6-methoxy-2-oxo-2H-chromene-3-carboxylate (14e).
Yield: 54%; yellow powder; m.p.: 146147 °C; '"H NMR (600 MHz, DMSO-dy): 6 8.79
(d, 1H), 8.73 (s, 1H), 8.62 (s, 1H), 7.45-7.32 (m, 3H), 6.66-6.53 (m, 3H), 4.33 (t, 2H,
J =6.6 Hz), 3.81 (s, 3H), 2.81 (t, 2H, J = 6.6 Hz); *C NMR (150 MHz, DMSO-dy): 5
162.6,156.2,155.8, 149.1, 148.6, 145.2,143.9, 128.5,122.5,119.7, 118.2,117.8, 117 4,
116.3, 115.7, 111.1, 66.1, 55.9, 33.8; HRMS (ESI) m/z: Calcd for Ci9H;s0O;Na
[M+Na]*" 379.0794; found, 379.0807; HPLC purity = 99.02% (MeOH: H,0O = 85:15, 1
mL/min, t; = 4.177 min).

2.2.7.6.  3,4-Dihydroxyphenethyl-6-nitro-2-oxo-2H-chromene-3-carboxylate  (14f).
Yield: 45%; yellow powder; m.p.: 214-216 °C; '"H NMR (600 MHz, DMSO-dy): & 8.93

(d, 1H), 8.89 (s, 1H), 8.81 (s, 1H), 8.75 (s, 1H), 8.52-8.50 (m, 1H), 7.65 (d, 1H),
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6.56-6.68 (m, 3H), 4.38 (t, 2H, J = 6.6 Hz), 2.84 (t, 2H, J = 6.6Hz); '3C NMR (150
MHz, DMSO-dy): 6 162.0, 158.1, 155.0, 147.7,145.1, 143.9, 143.7, 128.6, 128.6, 126.1,
119.6, 119.4, 118.2, 117.8, 116.3, 115.6, 66.3, 33.7; HRMS (ESI) m/z: Calcd for
CygH3NOgNa [M+Na]* 394.0539; found, 394.0552; HPLC purity = 95.51% (MeOH:
H,0 = 85:15, I mL/min, % = 3.979 min).

2.2.7.7. 3,4-Dihydroxyphenethyl-7-methyl-2-oxo-2H-chromene-3-carboxylate (14g).
Yield: 40%; yellow powder; m.p.: 165-168 °C; 'H NMR (600 MHz, DMSO-dy):  8.79
(s, 1H), 8.72 (s, 1H), 8.63 (s, 1H), 7.77-7.23 (m, 3H), 6.66—6.53 (m, 3H), 4.32 (t, 2H,
J=6.6 Hz), 2.81 (t, 2H, J = 6.6 Hz), 2.43 (s, 3H); '*C NMR (150 MHz, DMSO-dj): &
162.5,156.0, 154.7, 148.7, 146.1, 145.1, 143.8, 130.0, 129.9, 128.3, 126.0, 119.5, 116.3,
116.3,116.2, 115.6, 115.4, 66.9, 33.7, 21.5; HRMS (ESI) m/z: Calcd for C,3H;4O0¢Na
[M+Na]" 363.0845; found, 363.0859; HPLC purity = 98.08% (MeOH: H,0O = 85:15, 1
mL/min, #; = 4.266 min).

2.2.7.8. 3,4-Dihydroxyphenethyl-7-chloro-2-oxo-2H-chromene-3-carboxylate (14h).
Yield: 60%; yellow powder; m.p.: 170-172 °C; '"H NMR (600 MHz, DMSO-dy): 6 8.78
(s, 1H), 8.72 (s, 1H), 8.69 (s, 1H), 7.93—7.48 (m, 3H), 6.66—6.53 (m, 3H), 4.34 (t, 2H,
J=6.6Hz), 2.81 (t, 2H, J = 6.6 Hz); 3C NMR (150 MHz, DMSO-dj): 6 162.2, 155.3,
154.9, 148.0, 145.1, 143.8,138.8,131.6, 131.5, 128.3, 125.2,119.6, 117.5,116.8, 116.3,
115.6, 66.1, 33.7, HRMS (ESI) m/z: Caled for CgH;3ClOgNa [M+Na]* 383.0298;
found, 383.0311; HPLC purity = 99.26% (MeOH: H,O = 85:15, 1 mL/min, t; = 4.504
min).

2.2.7.9. 3,4-Dihydroxyphenethyl-7-hydroxy-2-oxo-2H-chromene-3-carboxylate (14i).
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Yield: 42%; yellow powder; m.p.: 202-204 °C; 'H NMR (600 MHz, DMSO-d): &
11.12 (s, 1H), 8.81 (s, 1H), 8.74 (s, 1H), 8.60 (s, 1H), 6.74-7.55 (m, 6H), 4.32 (t, 2H, J
= 7.2 Hz), 2.82 (t, 2H, J = 7.2 Hz); *C NMR (150 MHz, DMSO-dy): 6 164.1, 162.7,
157.1,156.3,149.4, 145.1,143.8,132.1,128.4,119.6, 116.3,115.5, 114.0, 111.9, 110.4,
101.8, 65.7, 33.8; HRMS (ESI) m/z: Calcd for C,gH;407Na [M+Na]* 365.0637; found,
365.0650; HPLC purity = 97.22% (MeOH: H,O = 85:15, 1 mL/min, # = 3.530 min).
2.2.7.10. 3,4-Dihydroxyphenethyl-7-methoxy-2-oxo-2H-chromene-3-carboxylate (14j).
Yield: 48%; yellow powder; m.p.: 185-188 °C; 'H NMR (600 MHz, DMSO-dy): & 8.80
(s, 1H), 8.73 (s, 1H), 8.66 (s, 1H), 7.84-7.01 (m, 3H), 6.68—6.55 (m, 3H), 4.33 (t, 2H,
J=17.2Hz),3.90 (s, 3H), 2.82 (t, 2H, J = 7.2 Hz); *C NMR (150 MHz, DMSO-dy): 5
164.8,162.6,157.0, 156.1,149.1, 145.1, 143.8, 131.6, 128.3,119.5, 116.3, 115.5, 113.3,
111.3, 110.3, 65.709, 56.2, 33.7; HRMS (ESI) m/z: Calcd for C,9H;s0;Na [M+Na]*
379.0794; found, 379.0807; HPLC purity = 96.96% (MeOH: H,O = 85:15, 1 mL/min,
tr = 4.168 min).

2.2.7.11. 3,4-Dihydroxyphenethyl-8-methyl-2-oxo-2H-chromene-3-carboxylate (14k).
Yield: 67%; yellow powder; m.p.: 149-150 °C; '"H NMR (600 MHz, DMSO-dy): & 8.83
(s, 1H), 8.76 (s, 1H), 8.67 (s, 1H), 7.74-7.32 (m, 3H), 6.69-6.56 (m, 3H), 4.36 (t, 2H,
J=1.2Hz),2.84 (t,2H, J = 7.2 Hz), 2.39 (s, 3H); 3C NMR (150 MHz, DMSO-dy): &
162.5, 156.0, 152.8, 149. 0, 145.1, 143.8, 135.6, 128.4, 128.0, 125.1, 119.6, 117.5,
117.2, 116.4, 115.6, 66.0, 33.7, 14.8; HRMS (ESI) m/z: Calcd for Ci9H;sO¢Na
[M+Na]" 363.0843; found, 363.0857; HPLC purity = 98.18% (MeOH: H,0O = 85:15, 1

mL/min, #; = 4.374 min).
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2.2.7.12. 3,4-Dihydroxyphenethyl-8-chloro-2-oxo-2H-chromene-3-carboxylate (141).
Yield: 46%; yellow powder; m.p.: 57-60 °C; '"H NMR (600 MHz, DMSO-dy): & 8.79
(s, 1H), 8.72 (s, 1H), 8.70 (s, 1H), 7.89-7.39 (m, 3H), 6.66—6.53 (m, 3H), 4.35 (t, 2H,
J=6.6 Hz), 2.82 (t, 2H, J = 6.6 Hz); 3C NMR (150 MHz, DMSO-dj): 3 162.1, 155.0,
149.9, 148.4,145.1, 143.8,134.2,129.2,128.3,125.3,119.6,119.5, 119.4, 118.3, 116.3,
115.6, 66.2, 33.7, HRMS (ESI) m/z: Caled for CgH;3ClO¢Na [M+Na]* 383.0298;
found, 383.0311; HPLC purity = 97.18% (MeOH: H,O = 85:15, 1 mL/min, t; = 4.264
min).

2.2.7.13. 3,4-Dihydroxyphenethyl-8-hydroxy-2-oxo-2H-chromene-3-carboxylate
(14m). Yield: 33%; yellow powder; m.p.: 178-181 °C; 'H NMR (600MHz, DMSO-dy):
0 10.40 (s, 1H), 8.81 (s, 1H), 8.74 (s, 1H), 8.61 (s, 1H), 7.32-7.22 (m, 3H), 6.68—6.55
(m, 3H), 4.35 (t,2H, J=7.2 Hz), 2.84 (t, 2H, J = 7.2 Hz); *C NMR (150 MHz, DMSO-
ds): 6162.5,155.8,149.1, 145.1, 144.4, 143.8, 143.2, 128.3, 124.8, 120.6, 120.1, 119.6,
118.6, 117.4, 116.3, 115.5, 66.0, 33.7. HRMS (ESI) m/z: Calcd for C,sH;4O;Na
[M+Na]*" 365.0637; found, 365.0649; HPLC purity = 95.42% (MeOH: H,0O = 85:15, 1
mL/min, #; = 3.948 min).

2.2.7.14. 3,4-Dihydroxyphenethyl-8-methoxy-2-oxo-2H-chromene-3-carboxylate
(14n). Yield: 40%; yellow powder; m.p.: 90-92 °C; 'H NMR (600 MHz, DMSO-dj): 6
8.82 (s, 1H), 8.75 (s, 1H), 8.65 (s, 1H), 7.44-7.34 (m, 3H), 6.69-6.56 (m, 3H), 4.36 (t,
2H, J = 7.2 Hz), 3.93 (s, 3H), 2.84 (t, 2H, J = 7.2 Hz); 3C NMR (150 MHz, DMSO-
de): 0 162.4, 155.6, 148.9, 146.2, 145.1, 143.8, 128.3, 124.8, 121.1, 119.6, 118.235,

117.7, 116.5, 116.3 115.6, 79.1, 66.0, 56.4, 33.7;, HRMS (ESI) m/z: Calcd for
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Ci9H;607Na [M+Na]* 379.0794; found, 379.0806; HPLC purity = 97.71% (MeOH:
H,0 =85:15, 1 mL/min, t; = 4.001 min).

2.2.7.15.  3,4-Dihydroxyphenethyl-5,7-dimethoxy-2-oxo-2H-chromene-3-carboxylate
(140). Yield: 54%; yellow powder; m.p.: 192—195 °C; 'H NMR (600 MHz, DMSO-dy):
0 8.78 (s, 1H), 8.73 (s, 1H), 8.57 (s, 1H), 6.67-6.64 (m, 3H), 6.55-6.54 (m, 2H), 4.31
(t, 2H, J = 7.2 Hz), 3.95 (s, 3H), 3.90 (s, 3H), 2.80 (t, 2H, J = 7.2 Hz); '3C NMR (150
MHz, DMSO-dy): 6 166.4, 162.4,158.2, 157.6, 156.1, 145.1, 143.8, 134.5, 128.4, 119.6,
116.2, 115.5, 95.2, 93.0, 65.5, 56.6, 56.3, 33.7; HRMS (ESI) m/z: Calcd for
Cy0H 30gNa [M+Na]* 409.0899; found, 409.0911; HPLC purity = 95.53% (MeOH:
H,0 =85:15, 1 mL/min, t; = 4.351 min).

2.2.7.16. 3,4-Dihydroxyphenethyl-6,8-di-tert-butyl-2-oxo-2H-chromene-3-carboxylate
(14p). Yield: 48%; yellow powder; m.p.: 7073 °C; '"H NMR (600 MHz, DMSO-dj): 6
8.80 (s, 1H), 8.73 (s, 1H), 8.70 (s, 1H), 7.80-7.66 (m, 2H), 6.70-6.57 (m, 3H), 4.35 (t,
2H, J = 7.2 Hz), 2.84 (t, 2H, J = 7.2 Hz), 1.46 (s, 9H), 1.34 (s, 9H); 3C NMR (150
MHz, CDCl;): & 163.4, 157.4, 152.0, 150.9, 147.9, 143.9, 142.9, 137.5, 130.1, 124.2,
121.1, 117.9, 116.2, 115.3, 66.6, 35.1, 34.7, 34.4, 31.2, 29.7; HRMS (ESI) m/z: Calcd
for C¢H3006 [M+Na]™ 461.1952; found, 461.1940; HPLC purity = 95.74% (MeOH:
H,0 =85:15, 1 mL/min, #; = 8.871 min).

2.2.7.17.  3,4-Dihydroxyphenethyl-7,8-dihydroxy-2-oxo-2H-chromene-3-carboxylate
(14q). Yield: 52%; yellow powder; m.p.: 228-230 °C; 'H NMR (600 MHz, DMSO-dy):
5 8.54 (s, 1H), 6.54-6.24 (m, 2H), 4.31 (t, 2H, J= 6.6 Hz), 2.82 (t, 2H, J= 6.6 Hz); 13C

NMR (150 MHz, DMSO-dy): 6 162.8, 156.3, 152.9, 149.9, 145.1, 144.9, 143.8, 131.8,
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128.4, 121.6, 119.6, 116.3, 115.5, 13.3, 111.5, 111.0, 65.6, 33.7; HRMS (ESI) m/z:
Calcd for CigH;40OgNa [M+Na]" 381.0586; found, 381.0601; HPLC purity = 98.07%
(MeOH: H,O = 85:15, 1 mL/min, t; = 3.542 min).

2.2.7.18.  3,4-Dihydroxyphenethyl-7,8-dimethoxy-2-oxo-2H-chromene-3-carboxylate
(14r). Yield: 43%; yellow powder; m.p.: 141-144 °C; "H NMR (600 MHz,DMSO-dy):
0 8.80 (s, 1H), 8.73 (s, 1H), 8.64 (s, 1H), 7.67-7.19 (m, 2H), 6.68—6.55 (m, 3H), 4.33
(t, 2H, J =7.2 Hz), 3.95 (s, 3H), 3.83 (s, 3H), 2.82 (t, 2H, J = 7.2 Hz); 1*C NMR (150
MHz, DMSO-dy): 6 162.7, 157.6,155.9, 149.4, 148.5, 145.1, 143.8, 134.8, 128.5, 126.2,
119.7,116.4,115.6,113.7,112.5,110.0, 65.9, 60.9, 65.7, 33.8; HRMS (ESI) m/z: Calcd
for CyoH;30sNa [M+Na]* 409.0899; found, 409.0911; HPLC purity = 95.84% (MeOH:
H,0 =85:15, 1 mL/min, t; = 3.917 min).

2.2.7.19. 3,4-Dihydroxyphenethyl-6,8-dichloro-2-oxo-2H-chromene-3-carboxylate
(14s). Yield: 67%; yellow powder; m.p.: 218-222 °C; 'TH-NMR (600 MHz, DMSO-dy):
0 8.77 (s, 1H), 8.71 (s, 1H), 8.65 (s, 1H), 8.06-8.02 (m, 2H), 6.67-6.54 (m, 3H), 4.36
(t,2H,J = 7.2 Hz), 2.82 (t, 2H, J = 7.2 Hz); 13C NMR (150 MHz, DMSO-dy): 5 162.5,
155.9, 155.1, 145.2, 143.9, 136.1, 129.7, 129.1, 128.990, 128.9, 128.5, 126.4, 121.9,
119.6, 116.4, 116.3, 1155, 111.7, 65.9, 33.7; HRMS (ESI) m/z: Calcd for
CisH,Cl,O6Na [M+Na]* 416.9909; found, 416.9922; HPLC purity = 96.78% (MeOH:
H,0 =85:15, 1 mL/min, t; = 4.852 min).

2.2.7.20. 3,4-Dihydroxyphenethyl-3-oxo-3H-benzo[f]chromene-2-carboxylate (14t).
Yield: 52%; yellow powder; m.p.: 187-190°C; '"H NMR (600 MHz, DMSO-dj): 6 9.25

(s, 1H), 8.82 (s, 1H), 8.77 (s, 1H), 8.48-8.08 (m, 3H), 7.84-7.58 (m, 3H), 6.60-6.74
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(m, 3H), 4.41 (t, 2H, J = 6.6 Hz), 2.89 (t, 2H, J = 6.6 Hz); '*C NMR (150 MHz, DMSO-
ds): 5 162.5,155.9,155.2, 145.2, 143.9, 136.1, 129.7, 129.1, 129.0, 128.9, 128.5, 126.4,
121.9, 119.6, 116.4, 116.3, 115.5, 111.7, 65.9, 33.7; HRMS (ESI) m/z: Calcd for
CoH,60¢Na [M+Na]* 399.0845; found, 399.0856; HPLC purity = 96.20% (MeOH:

H,0 =85:15, 1 mL/min, t; = 4.513 min).

2.3. Antioxidant assays

2.3.1. Cell survival conditions

HepG2 WI-38 cells obtained from General Hospital of Lanzhou Military
Command were grown at 37°C in DMEM supplemented with 10% fetal bovine serum,
and 1% penicillin/streptomycin in a humidified atmosphere containing 5% CO,. The
medium was replaced once every second day. All materials were obtained from
commercial suppliers (Solarbio and Beyotime Biotechnology). Each of the experiments

was done in triplicate and the mean value of each reading was reported within.

2.3.2. Free radical scavenging assay

2.3.2.1. DPPH radical scavenging assay

1,1-Diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activities of all the
synthesized compounds 14a—t, 1, and 3 were examined by DPPH assay [24]. Butylated
hydroxytoluene (BHT) was used as the standard. DPPH was prepared into a 10 mM
stock solution with ethanol to produce DPPH free radicals, and then diluted with
ethanol. 100 pL of various concentration solutions of compounds 14a—t, 1, and 3 in

methanol was mixed with 100 pL of 0.5 mM DPPH- solution in a 96-well plate, then
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the mixture was incubated at 25 °C for 1 h in the dark. The absorbance was measured
at 517 nm using a spectrophotometer. The antiradical activity was calculated as 1Cs
according to % scavenged [DPPH-].

% scavenged [DPPH-] = [(Absorbance of control-Absorbance of sample)/Absorbance

of control] x 100

2.3.2.2. ABTS radical cation scavenging assay

The 2,2'-azino-di(3-ethylbenzthiazoline sulphonate) (ABTS) radical cation
scavenging activities of all the synthesized compounds 14a—t, 1, and 3 were examined
using ABTS assay [24]. Distilled water (10 mL) was prepared into a mixed solution of
ABTS salt (4 mM) and K,S,05 (1.41 mM), and placed in the dark at 25°C for 24h to
form ABTS* free radicals, then diluted with 100mL of ethanol. 50 puL of various
concentration solutions of compounds 14a—t, 1, and 3 in methanol were added to the
96-well plate, 150 pL of ABTS™ solution was added, and incubated at 25°C for 10 min
in the dark. The absorbance was measured at 734 nm. The antiradical activity was
calculated as ICs, according to %scavenged [ABTS*].
% scavenged [ABTS™] = [(Absorbance of control — Absorbance of

sample)/Absorbance of control] x 100

2.3.3. Cytotoxic assay

2.3.3.1. Hemolysis assay
The toxicity was evaluated on 5% (v/v) suspension of rat RBCs in PBS (control).

After 2 h of RBCs hemolysis incubated with different concentrations (200, 100, 50, and
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25 uM) of test compounds (14d, 14i, 14m, 14q, 3, 1, and BHT), incubation liquids were
centrifuged for 5 min (10000 r/min). Hemolysis was determined as hemoglobin content
in the supernatant at A 540 nm. The H,O-treated controls were assigned a hemolysis of

100%.

2.3.3.2. Cytotoxic assay in human normal cells line WI-38 and GES by MTT

Cells were plated in 96-well plates at a density of 5x10° cells per well in 100 pL
medium. After 24 h incubation, compounds 14d, 14i, 14m, 14q, 3, 1, and BHT (200,
100, 50, 25 and 12.5 uM) were added to each well and incubated for 48 h. After attached
cells were incubated with 5 mg/mL (Sigma, USA) for another 4 h, the suspension was
solubilized in dimethyl sulfoxide (DMSO). The absorbance of the 490 nm was
measured using a multifunction microplate reader (Molecular Devices, Flex Station 3).

The DMSO-treated controls were assigned negative control.

2.3.4. Cell viability assay in H,0,-damaged WI-38 and HepG?2 cells by MTT

HepG2 cells were plated in 96-well plates at a density of 5x103 cells per well in
100 pL. medium. After 24 h incubation, compound 14q (50, 25 and 12.5 uM) was added
to each well and incubated for 1 h. Subsequently, H,O, (400 uM) was added and cells
were incubated for 12 h to induce cell injury. MTT assay was performed as mentioned
above. The no compound-treated controls were assigned a cell viability value of 100%.

Cell viability (%) = OD value (sample group) / OD value (blank control) x 100%.

2.3.5. Apoptosis assay in H,O,-damaged HepG?2 cells

Cells apoptosis was assayed by the Annexin-V-FITC Apoptosis Detection Kit (BD
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Biosciences, USA) according to the manufacturer's instructions. Briefly, HepG2 cells
were plated in 6-well plates at a density of 1x10° cells per well in 4 mL medium. After
24 h incubation, compounds 14q (50, 25, 5 and 0 uM) were added to well and incubated
for 1 h. Subsequently, H,O, (400 uM) was added and cells were incubated for 12 h to
induce cell injury. Damaged HepG2 cells were harvested, washed twice with ice-cold
PBS, and resuspended in 1x binding buffer at a concentration of 1x10° cells/ mL.
Subsequently, the cells were stained with 5 pL. Annexin-V-FITC and 5 pL PI (50
mg/mL) for 10 min in the dark at 25°C, and analyzed by flow cytometry. The no H,0,-

treated were assigned control.

2.3.6. ROS level assay

ROS level assay was measured at 488 excitation wavelength and 525 emission
wavelength using reactive oxygen species assay kit (Beyotime Biotechnology S0033)
by fluorescence spectrophotometer (RF-5301PC, Japan, Takatsu). HepG2 cells were
plated in 6 cm dishes at a density of 1.0x10° cells per dish in 4 mL medium. After 24h
incubation, compounds 14q (50, 25, 5 and 0 pM) were added to each dish and incubated
for 1 h. Subsequently, H,O, (400 uM) was added and cells were incubated for 12 h to
induce cell injury. ROS level was measured according to the manufacturer's instructions.

The no H,O,-treated were assigned control.

2.3.7. LDH, SOD, and GSH level assay
HepG2 cells were plated in 6 cm dishes at a density of 1.0x10° cells per dish in 4

mL medium. After 24 h incubation, compounds 14q (50, 25, 5 and 0 uM) were added
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to each dish and incubated for 1 h. Subsequently, H,O, (400 uM) was added and cells
were incubated for 12 h to induce cell injury. LDH level was measured at 450 nm by
LDH assay kit (Beijing Solarbio BC0680), SOD level was measured at 560 nm by SOD
assay kit (Beijing Solarbio BC0170), and GSH level was measured at 405 nm based
on the rate of oxidation of reduced glutathione to oxidized glutathione by reduced
glutathione assay kit (Beijing Solarbio BC1175). Their levels were measured according

to the manufacturer's instructions. The no H,O,-treated were assigned control.

2.3.8. Stability assay

Compound 14q and hydroxytyrosol were completely dissolved in methanol, and
stored in 25°Cor 50°C for 0, 0.5, 1, 2, 4 and 6 days. The contents of compound 14q and
hydroxytyrosol contents were measured by HPLC (MeOH: H,0= 80:20, 1 mL /min,

LC-100HP, Wufeng, China), and expressed with their remaining percentage.

3. Results and discussion

Twenty new target compounds were synthesized as described in the Materials and
Methods, and their structures were elucidated by 'H NMR, BC NMR (see
Supplementary data) and high resolution mass spectrometry, all spectral data were in
accordance with assumed structures. The purities of synthesized target compounds
were all above 95% by HPLC method.

The antioxidant capacity of the target conjugates 14a—t were tested using two
different methods, namely, the DPPH radical and ABTS radical cation scavenging

assays [24]. BHT, hydroxytyrosol and coumarin were used as a positive control, the
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ICso values are summarized in Table 1. Generally, compounds 14a—t displayed more
potent DPPH radicals scavenging activity with ICs, values of 26.58 to 102.08 pM,
compared with that of BHT, hydroxytyrosol and coumarin were 521.91, 143.81
and >10000 puM, respectively. It could be concluded that coumarin has no radical
scavenging activity. However, the DPPHe scavenging activity of 14a was 1.76 times of
hydroxytyrosol, improved from 143.81 uM to 81.53 uM. Simultaneously, the DPPH
radical scavenging activities of 14a—t were changed with the different groups on the
coumarin skeleton. Specifically, introduction of electron-withdrawing groups (eg. OH,
CL, or NO,) at coumarin ring increased the antioxidant capacity (14¢, 14d, 14f, 14h,
14i, 141, and 14m vs 14a). Especially, the multiple introduction of hydroxyl
superimposed their scavenging activity of DPPH radical. On the contrary, the electron-
donating groups (eg. Me, or OMe) at the coumarin ring reduced their antioxidant ability.
The results confirmed the previous finding about the importance of hydroxyl group for

the antioxidant property [25].

Table 1

Antioxidant activity of compounds 14a—t

DPPH?- scavenging ABTS™ scavenging

Compounds R
ICso (uM)?®  Fold®  ICso(uM)?2  Fold®
14a H 81.53+3.20 6.40 108.26+3.25 1.17
14b 6-CH; 76.14+1.39 6.86  137.46£4.60  0.92
14c 6-Cl 71.36+1.02 731  124.14x1.71  1.02
14d 6-OH 70.06+2.54 7.45 78.88+4.23 1.61
14e 6-OCH; 76.40+2.17 6.83  125.16x1.93  1.02
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14f
l4g
14h
14i
14j
14k
141
14m
14n
140
14p
14q
14r
14s
14t
1
3
BHT

6-NO,
7-CH,
7-Cl
7-OH
7-OCH;
8-CH;
8-Cl
8-OH
8-OCH;
5,7-OCH;
6,8-C(CHs)s
7,8-OH
7,8-OCH;
6,8-Cl

5,6-phenyl ring

71.31£1.46
85.29+10.20
79.87+3.78
78.16£1.94
79.54+2.65
78.93+2.84
77.64£1.40
71.32+3.95
102.08+1.88
82.86+5.24
91.01+£2.48
26.58+3.01
92.05+1.58
66.78+3.79
69.07+2.06
143.81+£5.29
>10000

521.99+14.66

7.32
6.12
6.54
6.68
6.56
6.61
6.72
7.32
5.11
6.30
5.74
19.64
5.67
7.82
7.56
3.63

1.00

133.68+2.46
139.06+8.26
143.83+3.83
124.50+7.03
132.06+2.09
129.04+2.25
139.30+£3.41
105.40+8.24
244.51+1.26
145.68+4.49
164.22+3.81
30.31+0.97
194.61+1.81
103.85+5.68
152.64+2.96
170.47+5.28
>10000
127.07+0.40

0.95
0.91
0.88
1.02
0.96
0.98
0.91
1.21
0.52
0.87
0.77
4.19
0.65
1.22
0.83
0.75

1.00

2]1Csp 1s the concentration of scavenging 50% free radical.

bFold = ICsq of BHT/ICsq of compounds 14a—t.

In the ABTS ** scavenging assay, the majority of target compounds 14a—t (except

14n and 14r) also showed better activity with ICs, values ranging from 30.31 to 164.22

uM compared with hydroxytyrosol (170.47 uM) and coumarin (>10000 uM). The result

of ABTS* scavenging assay also indicated that 14a was more active than coumarin.

Coincidentally,

14a increased ABTS™

scavenging activity compared with

hydroxytyrosol, and substitution of different groups at the coumarin would also cause

changes in ABTS * radical scavenging activity. Their ABTS ™ scavenging activity were
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reduced when the hydrogen of coumarin ring was replaced by methyl group (14b, 14g,
and 14Kk), chlorine group (14¢, 14h, and 141), or methoxyl (14e, 14j, 14n, and 14r).
However, the substitution with the hydroxyl group improved the ABTS ** scavenging
activity (14d, 14i and 14m), especially compounds 14q had a superimposed effect with
the 1Csy value of 30.31+0.97 puM. It indicated that hydroxyl was important for
increasing the antioxidant activity of conjugates. This suggestion was consistent with
the DPPH radical scavenging results.

Based on the outstanding scavenging of free radical, compounds 14d, 14i, 14m,
and 14q deserved further toxicity studies. The toxicity of representative compounds
(14d, 14i, 14m, and 14q) were evaluated by hemolysis assay and cytotoxicity assay in
normal WI-38 (Human embryonic lung cells) and GES (Human gastric mucosal cells)
cells [26]. As shown in Fig. 3, H,O caused hemolysis of rat RBCs completely, the
hemolysis of synthetic antioxidant BHT was slight at low concentrations (< 100 uM),
yet severe (50.24%) at high concentration (200 pM). However, the selected compounds,
especially for 14m and 14q, showed less hemolysis than the negative control (in 0.1M

PBS), at either high or low concentrations (25-200 pM).
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Fig. 3. Hemolysis of tested compounds. The H,O-treated controls were assigned a

hemolysis of 100%. All data are presented as means + SD, n=3.

In cytotoxicity assay, all of compounds 14d, 14i, 14m, and 14q showed low
cytotoxicity in human normal WI-38 (ICso > 100 uM) and GES (ICsy > 200 uM) cells
as shown in Table 2. The cytotoxicity of compounds followed the order:
14d >BHT >14i >14m >14q. Especially, compound 14q, with the ICs, values are more
than 200 uM in both of WI-38 and GES cell lines, showed the least toxicity in these
four conjugates. Thence, compound 14q was selected to explore the antioxidant

mechanism for its better antioxidant properties and less toxicity.

Table 2

Cytotoxicity of selected compounds

ICso (MM) #
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Compounds WI-38 GES

14d 106.87+7.60 >200
14i 123.18+3.91 >200
14m 144.17+£23.43 >200
14q >200 >200
BHT 122.36+8.17 >200
1 >200 >200

3 >200 >200

2 All data are presented as means =SD, n=3.

H,0, stimulation caused oxidative stress and damage of biomacromolecules, such
as nucleic acids, membrane lipids and proteins in cells [27], and had been extensively
employed to induce cellular oxidative injury for further assessment of antioxidant
activities [28]. The effects of 14q in cell viability of tumor HepG2 (Human liver
hepatocellular carcinoma) and normal WI-38 cells were investigated using MTT assay
by Teng’ method [29]. As shown in Fig. 4A, after 1 h of cell incubation with various
concentrations of 14q (0, 12.5, 25 and 50 uM) and treatment with 400 uM H,0, for 12
h, the viability of H,0,-treated HepG2 cells declined to 33.85%. In contrast, the
viability of HepG2 cells increased to 69.57%, 77.51% and 98.70% in treatment with
14q at 12.5, 25 and 50 uM, respectively. Besides, 14q also exhibited good cell viability
effect to normal WI-38 cells as shown in Fig. 4B. H,O,-treated WI-38 cells declined to
51.71%, while those of 14q-treated were improved to 91.71%, 101.35% and 99.2% at
12.5, 25 and 50 puM, respectively. These results suggested that compound 14q could

increase cells viability of H,O,-indcued cells and protected the H,0O,-indcued cells
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against injury, which was in accordance with previous publication that alkylresorcinols

could play anti-oxidant effects and improves cell viability [30].
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Fig. 4. The effects of 14q in H,O,-induced cells viability. A) H,0O,-induced HepG2
cells treated with 14q. B) H,0,-induced WI-38 cells treated with compound 14q. The
DMSO-treated controls were assigned a cell viability value of 100%. All data are
presented as means + SD, n=3. #P < 0.001 compared to control cells; *P < 0.01, **P <

0.001 compared to H,O,-treated cells.

Apoptosis is one of the ways that oxidative stress leads to a decrease in cell
viability [27,29]. To test whether compound 14q has anti-apoptotic effects in H,O,-
induced model, the morphological alterations of H,O,-injured HepG2 cells treated or
untreated with compound 14q were evaluated by double-labeled with Annexin V-FITC
and propidium iodide (PI) and analyzed with flow cytometry [31]. The apoptotic rate
of 14q untreated H,0,-damaged HepG2 cells was 20.90%, while those of compound
14q (5, 25 and 50 uM) treated cells obviously were declined to 9.32%, 8.95%, and 8.11%
(Fig. 5). These results suggested that compound 14q could protect the H,O,-injured
HepG2 cells against apoptosis through antioxidant effect agreed with Du’s result that

polyphenols was proven to protect cardiac cells from apoptosis [32].
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Fig. 5. The effects of compound 14q on apoptosis in H,O,-injured HepG2 cells. The

control was treated with 0.5% DMSO.

Except inducing cell apoptosis, cell oxidation caused a large accumulation of ROS
in cells [33]. ROS caused damage to cells and represented an early step on apoptosis in
many cell systems at high oxidative levels [34]. Thus, we employed DCFH-DA
assay[35], an oxidation-sensitive fluorescent probe, to assess if it will play an anti-
oxidant effect by reducing ROS. The fluorescence intensity showed that H,O, could
significantly increase the ROS level in HepG2 cells to 1.29-fold compared with the
control group. The level of ROS in H,O,-induced HepG2 cells dealt with at 5, 25 and
50 uM was declined 11.23%, 15.14%, and 16.43% compared with H,O,-induced group,
respectively (Fig. 6). The results indicated that 14q could effectively decrease the H,O,-
induced ROS level and provide a protective effect in cells against oxidative stress. This

suggestion agreed with Kundu’s research that ROS was effectively scavenged and
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inhibited to induce antioxidant effect [36].
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Fig. 6. ROS level in H,O,-induced HepG2 cells. The control was treated 0.5% DMSO.
All data are presented as means + SD, n=3. # P < 0.001 compared to control cells; *P

<0.01, **P <0.001 compared to H,O,-treated cells.

Owing to the generation of free radicals, oxidative stress causes accumulated
oxidative damage to critical biomolecules, especially when coupled with an insufficient
endogenous antioxidant defense mechanism [34]. To reveal the protective effects and
antioxidant mechanism of compound 14q, we evaluated the effects of 14q on the
release of lactate dehydrogenase (LDH), the levels of superoxide dismutase (SOD) and
glutathione (GSH) in H,O,-induced HepG2 mode [29].

Cellular oxidative stress caused membrane lipid peroxidation with increasing the
release of LDH in medium [38]. Therefore, evaluating the level of LDH was a way to
illustrate the oxidation degree in H,O,-injured HepG2 cells [39]. As shown in Fig. 7A,
HepG2 cells were exposed to H,O, showed a higher LDH release level (27.86 U/mL)
than that of normal cells (9.88 U/mL). Furthermore, 14q could significantly attenuate
the LDH release in cells per-treated with 14q. The LDH content in supernatants treated

with 14q was 5.29 to 18.07 U/mL, which decreased greatly by 35.2—80.1% comparing
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with H,O,-induced group. In addition, compound 14q displayed the inhibition rate of
81.5% or 80.1% on LDH release at 25 or 50 uM. The results indicated that H,O,
induced HepG2 cells to serious membrane injury, and the 14q had the capacity to repair
and protect cells from H,0,-induced oxidative damage. This was similar to the
desmethylxanthohumol analogs could act as antioxidants to repair damaged membrane

and reduce LDH levels [29].
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\Fig. 7. Effects of compound 14q on the release of LDH (A), the generation of SOD (B),
and production of GSH (C) in H,O,-injured HepG2 cells. All data are presented as

means = SD, n=3. #P < 0.001 compared to control cells; *P < 0.01, **P < 0.001

compared to H,O,-treated cells.

SOD plays an essential role in the metabolism of O, ~, and forestalls the oxidative

chain reactions that cause inimical and unfavorable damage by preventing the cascade
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of detrimental ROS [40]. Thence, the level of SOD was evaluated as an antioxidant
state in H,O,-treated HepG2 cells [41]. As observed in Fig. 7B, H,0,-treated HepG2
cells showed only 22.4% of SOD activity (12.30 U/mg prot) compared with the normal
ones (54.79 U/mg prot). However, compound 14q showed a pronounced influence on
oxidative stress of H,O,-treated HepG2 cells, and promoted the production of SOD in
a dose-dependent manner. With increasing 14q from 5 to 50 uM, the corresponding
SOD levels in HepG2 cells enhanced 3.63—4.15 times (12.30 U/mg prot to 44.70-51.07
U/mg prot) than that of H,O,-treated group. The SOD assay exhibited that 14q owned
promising antioxidant profile of cellular SOD enzyme antioxidant system and was a
potent antioxidant defense against cellular oxidative damage.

GSH is the most abundant non-protein thiol in eukaryotic cells, and a cofactor and
co-substrate for a variety of antioxidant metabolic enzymes to repair damaged DNA
and scavenges ROS [36]. The level of GSH can decrease following oxidative stress’s
formation and is a clear indicator of oxidative damage [42]. As showed in Fig. 7C,
exposure of HepG2 cells to H,O, for 12 h significantly reduced the GSH level from
81.33 to 39.87 pg/10% cell, whereas this effect was weaken by pretreating with
compound 14q. Specifically, the GSH level was 74.00, 64.47 and 42.00 ug/10° cell by
14q at 50, 25 and 5 pM, respectively. This showed 14q could display a positive effect
of GSH non-enzymatic antioxidant system on reducing peroxidation, and provided an
efficient protective role on oxidative injured cells induced by H,0O,. The findings allow

us to judge that 14q could up-regulate the SOD and GSH content in oxidized cells, and
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it was observed that exogenous antioxidants played a positive effect on fighting
oxidative stress via enzymatic and non-enzymatic antioxidant system [29].
Hydroxytyrosol could easily be oxidized in either air or solution and be stabilized
by esterification [13]. To verify whether compound 14q improved its stability through
the above way, the stability of 14q and hydroxytyrosol were evaluated by evaluating
their remaining percentage in methanol solution, which was placed at 25°C or 50°C for
various times. As shown in Fig. 8, we found that the percentage of both 14q and
hydroxytyrosol were reduced with their exposure-time at the same temperature.
Hydroxytyrosol decreased slowly at 25°C in four days, but decreased rapidly even in
same days at 50°C. However, 14q showed more stable than hydroxytyrosol at either 25°C
or 50°C. This indicated that conjugate 14q was a more stable compound compared with
hydroxytyrosol, and esterization strategy of hydroxytyrosol could improve its

derivatives’ stability.
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Fig. 8. The stability of hydroxytyrosol and 14q in methanol at 25°C (A) or 50°C (B).

4. Conclusion
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Based on the facts that excellent antioxidant activity of natural hydroxytyrosol and
good bio-pharmacological activities of coumarin scaffold, we synthesized a series of
conjugates of coumarin and hydroxytyrosol. The compounds were studied antioxidant
activities, toxicity, and antioxidant mechanism of the compounds in vitro. The
performed evaluation results showed that all conjugates displayed good free radicals
scavenging activity, and several compounds with better free radicals scavenging
activity also illustrated low toxicity properties compared to the standard controls.
Especially, compound 14q obtained satisfactory free radical scavenging activity and
weak toxicity. In addition, 14q effectively enhance the viability of H,O,-injured cells,
and inhibit H,O,-induced oxidative apoptosis. Furthermore, 14q enhanced intracellular
key antioxidant enzyme SOD, regulated the glutathione redox system’s status, and
increased the content of non-enzymatic antioxidant GSH in H,O,-induced HepG?2 cells.
The findings allow us to judge that 14q was a safe and effective synthetic antioxidant
that protected cells from oxidative stress, and played a positive effect of enzymatic and
non-enzymatic antioxidant system on fighting oxidative stress. Collectively, the results
showed that 14q is a potential antioxidant and deserves further investigation and

development.
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Research highlights:

1. Twenty conjugates of coumarin and hydroxytyrosol were synthesized.

2. These conjugates showed potent antioxidant activities in DPPH and ABTS
assays.

3. Compound 14q exhibited less toxicity and weaker cytotoxicity.

4. Compound 14q enhanced the cell viability of both H,O,-injured tumor
HepG2 cells and normal WI-38 cells.

5. Compound 14q induced production of ROS, inhibited the release of LDH

and increased the production of SOD and GSH in H,O,-treated HepG2 cells.

Synthesis and antioxidant evaluation of conjugates of coumarin
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