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Highlights 

 

� A series of new hydroxyl-functionalized 2-arylbenzo[b]furans has synthesized. 

� Antioxidant  and α-glucosidase inhibition activities. 

� Inhibition kinetics of new compounds were determined. 

� Molecular docking study predicted the binding of compounds to α-glucosidase. 
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Abstract 22 

This study synthesized a series of hydroxyl-functionalized 2-arylbenzo[b]furans based 23 

on the structure of tournefolic acid A and evaluated them for antioxidant and α-glucosidase 24 

inhibitory activities. Compounds 5a, 5e, and 5n showed remarkable inhibition of 25 

α-glucosidase (IC50 values of 1.9 to 3.0 µM), and they appear to be even more potent than 26 

quercetin. A kinetic binding study indicated that compounds 5a and 5n used a mechanism 27 

of mixed-competition to inhibit α-glucosidase. This study also revealed that compounds 5a 28 

and 5n bind to either the α-glucosidase or α-glucosidase-4-NPGP complex. Using the 29 

crystal structure of the Saccharomyces cerevisiae α-glucosidase, the molecular docking 30 

study has predicted the binding of compounds 5a and 5n to the active site of α-glucosidase 31 

through both hydrophobic and hydrogen interactions. A DPPH radical scavenging assay 32 

further showed that most hydroxyl-functionalized 2-arylbenzo[b]furans possess antioxidant 33 

activity. The exception was compound 5p, which has only one hydroxyl group on the 34 

2-phenyl ring of 2-arylbenzo[b]furan. Our results indicate that hydroxyl-functionalized 35 

2-arylbenzo[b]furans possess both antidiabetic as well as antioxidant properties. 36 

 37 

 38 

 39 

 40 

 41 

 42 

 43 
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1. Introduction 44 

Diabetes mellitus is a metabolic disease characterized by hyperglycemia, an abnormal 45 

postprandial increase of blood glucose [1,2]. α-Glucosidases are membrane-bound enzymes 46 

that help to catalyze the reactions associated with carbohydrate digestion. These enzymes 47 

are also required for the cleavage of the α-glycosidic linkage connecting two glucoses or 48 

glycoconjugates, the reaction of which leads to the release of glucose [3]. Therefore, the 49 

inhibition of α-glucosidases can cause the suppression of carbohydrate ingestion [4,5]. 50 

Indeed, for two decades, α-glucosidase inhibitors have been used to treat diabetic patients 51 

by lowering the blood glucose levels [6,7]. In addition, α-glucosidase inhibitors have the 52 

potential to treat a broad-spectrum of viruses, cancers, and other degenerative diseases, 53 

such as nojirimycin and castanospermine [8-11]. 54 

 Oxidative damage and the increased production of free radicals have been implicated 55 

in diabetic complications [12]. Therefore, considerable efforts have been made to develop 56 

an anti-diabetic drug that possesses both hypoglycemic and antioxidant properties [13,14]. 57 

Catechin and quercetin are polyphenolic compounds found in a variety of plant-based foods 58 

and beverages [15,16]. Both of these compounds have excellent antioxidant capacity and 59 

are lead compounds in the design of anti-diabetic drugs. The antioxidant properties of 60 

catechin and quercetin are due to phenolic structures, and it was found that the electron 61 

donating effect of the hydroxyl group is essential [17]. Furthermore, the relatively planar 62 

structures of polyphenols have a higher antioxidant capacity. For instance, the relatively 63 

planar conformation of quercetin allows for the conjugated π-system of the AC-ring to 64 

interact efficiently with the B-ring, which gives quercetin an antioxidant capacity that is 65 
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higher than that of its nonplanar derivatives [18]. In addition, a number of polyphenols, 66 

such as quercetin and epicatechin, have been found to possess both antioxidant properties 67 

and inhibit α-glucosidase [19]. The relatively planar structures of catechin derivatives have 68 

more pronounced α-glucosidase inhibitory activity than catechin itself [20]. Therefore, 69 

planar polyphenols likely have stronger antioxidant and α-glucosidase inhibition activity 70 

than non-planar polyphenols, suggesting that planar phenolic structures can improve the 71 

therapeutic efficacy of antidiabetic drugs. 72 

 Tournefolic acid A, which is characterized by a planar phenolic structure, has been 73 

reported to inhibit Cu2+-induced low-density-lipoprotein (LDL) peroxidation, but it has 74 

never been reported to inhibit α-glucosidase (Fig. 1) [21]. The planar scaffold of 75 

tournefolic acid A, hydroxyl-functionalized 2-arylbenzo[b]furan conserves antioxidant 76 

activity and may also possess the α-glucosidase inhibition potential. Therefore, we used 77 

tournefolic acid A to develop novel antidiabetic agents that contain a planar scaffold of 78 

hydroxyl-functionalized 2-arylbenzo[b]furan. 79 

In this study, we demonstrate the efficient synthesis of hydroxyl-functionalized 80 

2-arylbenzo[b]furan derivatives and report on the antioxidant and α-glucosidase inhibitory 81 

effects of these derivatives. We also describe the potential docking model and mechanism 82 

underlying enzymatic inhibition by hydroxyl-functionalized 2-arylbenzo[b]furans. 83 

 84 

2. Results and Discussion  85 

2.1. Synthesis 86 

 The synthetic strategies for new antioxidants and α-glucosidase inhibitors with the 87 
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structural scaffold of 2-arylbenzo[b]furan are outlined in Schemes 1, 2 and 3. One-pot 88 

palladium-catalyzed coupling of 2-iodophenol with alkynes was utilized to efficiently 89 

construct the 2-arylbenzo[b]furan core structure (Scheme 1). First, phenylacetylene 2 was 90 

synthesized via a two-step reaction, as follows. Substituted benzaldehyde was treated with 91 

carbon tetrabromide to yield 1,1-dibromo-1-alkene 1. This interim compound was then 92 

debrominated using n-butyl lithium, which generated phenylacetylene 2, as shown in 93 

Scheme 1 [22]. Subsequently, one-pot palladium-catalyzed coupled phenylacetylene 2 with 94 

2-iodo-6-methoxyphenol 3 using palladium catalysis, yielded 2-arylbenzo[b]furan 4a [23]. 95 

To synthesize hydroxyl-functionalized 2-arylbenzo[b]furan 5a, deprotection of three 96 

methoxy groups on 2-arylbenzo[b]furan 4a was performed under strong acid conditions 97 

using boron tribromide. However, attempts to carry out one-pot palladium-catalyzed 98 

coupled reaction to obtain some halo-substituted 2-arylbenzo[b]furans were unsuccessful; 99 

therefore, a four-step procedure involving the Wittig reaction was employed to synthesize 100 

those compounds. Specifically, 2-arylbenzo[b]furan 4b was prepared using the Wittig 101 

reaction to convert substituted phosphonium ylide 7 and o-vanillin into stilbene 8. This was 102 

followed by cyclization in a basic iodine solution, as shown in Scheme 2. Boron tribromide 103 

was used to deprotect the methoxy-substituted 2-arylbenzo[b]furan 4b in a similar fashion, 104 

and compound 4b was then converted to the desired hydroxyl-functionalized 105 

2-arylbenzo[b]furan 5b. Bromo substituted 2-arylbenzo[b]furan 4b was coupled with ethyl 106 

acrylate though a palladium-catalyzed Heck coupling reaction to produce (E)-ethyl acrylate 107 

substituted 2-arylbenzo[b]furan 9a. The methoxy groups were removed from compound 9a 108 

using the same boron tribromide treatment procedure to obtain (E)-ethyl acrylate 109 

substituted hydroxyl-functionalized 2-arylbenzo[b]furan 5p. 110 
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 111 

 112 

Scheme 1. Synthesis of compound 5a from palladium-catalyzed coupled phenylacetylene 2 113 

with 2-iodo-6-methoxyphenol 3. 114 

 115 

 116 

Scheme 2. Synthesis of compound 5b via Wittig reaction and cyclization reactions. 117 

 118 
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Scheme 3. Synthesis of compound 5p via palladium-catalyzed Heck coupling reaction from 120 

bromo substituted 2-arylbenzo[b]furan 4b. 121 

 122 

2.2. Inhibition of α-glucosidase 123 

 All of the synthesized 2-arylbenzo[b]furans (Table 1) were evaluated for α-glucosidase 124 

inhibition activity in accordance with standard procedures [24]. For this analysis, quercetin 125 

and resveratrol were used for comparison purposes. The IC50 values, indicating the strength 126 

of α-glucosidase inhibition by 2-arylbenzo[b]furans, are summarized in Table 2. 127 

Compounds 5a, 5e, and 5n were shown to be potent α-glucosidase inhibitors with IC50 128 

values of 1.9-3.0 µM. This is 2- to 3-times more potent than quercetin (IC50 = 6.6 µM), a 129 

known α-glucosidase inhibitor. Indeed, most of the hydroxyl-functionalized 130 

2-arylbenzo[b]furans (except 5g, 5m, and 5p) presented with potent inhibitory activity with 131 

IC50 values below 10 µM. Nevertheless, hydroxyl-functionalized 2-arylbenzo[b]furans 5l 132 

and 5m, with an (E)-ethyl acrylate substitution, only showed modest activity with IC50 133 

values of 8.9 and 23.8 µM, respectively. Compound 5p, which has only one hydroxyl group 134 

on the 2-phenyl ring of 2-arylbenzo[b]furan, presented with potency similar to that of the 135 

reference inhibitor resveratrol. Moreover, compounds 5b, 5c, 5f, 5h, and 5k, which have a 136 

catechol ring on the 2-position of 2-arylbenzo[b]furan, showed similar levels of inhibitory 137 

activity. In a comparison of compounds 5a and 5b, the bromo substituent on the catechol 138 

ring of 2-arylbenzo[b]furan was found to confer an increase in inhibitory activity on par 139 
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with compounds 5e and 5i. However, compounds 5f and 5k, which possess a bromo 140 

substituent on the 4 and 5-position of 2-arylbenzo[b]furan, presented with potency similar 141 

to that of compound 5b. Finally, the inhibitory activity of the pyrogallol ring on the 142 

2-position of benzo[b]furan 5e is superior to that of the catechol 5k and 4-hydroxyphenyl 143 

5p groups. The relative inhibitory strengths of compounds considered by this study were as 144 

follows: pyrogallol ＞ catechol ＞ 4-hydroxyphenyl. The methoxy-substituted 145 

2-arylbenzo[b]furans 4a, 4b, 4c, and 9a were inactive at the highest tested concentration (> 146 

100 µM). 147 

 148 

2.3. Evaluation of antioxidant activities 149 

 The antioxidant activity of synthesized 2-arylbenzo[b]furans was evaluated using 150 

DPPH radical scavenging assays [25]. This widely-used method determines antioxidant 151 

activity by measuring the hydrogen donating ability of the compound being studied. The 152 

IC50 values are displayed in Table 3. Methoxy-substituted 2-arylbenzo[b]furans (i.e. 153 

compounds 4a, 4b, 4c, and 9a) did not reveal any DPPH radical scavenging activity (IC50154 

＞100 µM). However, most of the hydroxyl-functionalized 2-arylbenzo[b]furans (i.e. 155 

compounds 5a-5o, but not 5p) demonstrated radical scavenging activity in the micromolar 156 

range, and a number of these were also potent in the low micromolar range. A comparison 157 

of compounds with the pyrogallol ring 5e, catechol ring 5k, and 4-hydroxyphenyl ring 5p 158 

on the 2-position of 2-arylbenzo[b]furan revealed that these compounds possess the same 159 

order of radical scavenging activity as their α-glucosidase inhibition activity, which is 160 

pyrogallol ＞ catechol ＞ 4-hydroxyphenyl. In addition, compounds 5e, 5i, and 5j, which 161 
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contain a pyrogallol ring on the 2-position of 2-arylbenzo[b]furan, demonstrated 162 

comparable DPPH free radical scavenging activities; however, they were 2-fold less potent 163 

than quercetin. Finally, the free radical scavenging ability of (E)-ethyl acrylate substituents 164 

5l and 5m was slightly better than that of bromo substituents 5c, 5f, and 5k. 165 

 166 

2.4. Mode of α-glucosidase inhibition by hydroxyl-functionalized 2-arylbenzo[b]furans 167 

 Inhibition kinetics of hydroxyl-functionalized 2-arylbenzo[b]furans were determined 168 

by conducting a Lineweaver-Burk plot analysis on compounds 5a and 5n, as shown in 169 

Figure 2 [24]. In this figure, the concentrations of 1/(4-NPGP) are displayed on the X-axis, 170 

and 1/V values obtained from the Lineweaver-Burk plot are shown along the Y-axis. The 171 

plots did not intersect either the X- or Y-axis, suggesting that both 5a and 5n are 172 

mixed-type mode inhibitors with respect to 4-NPGP for α-glucosidase. We also examined 173 

Dixon plots of how compounds 5a and 5n affect α-glucosidase. As shown in Figure 3, these 174 

plots further confirm that compounds 5a and 5n are mixed-type α-glucosidase inhibitors. 175 

The Ki values of 5a and 5n were 4.21 ± 0.03 µM and 3.19 ± 0.1 µM, respectively, while the 176 

Ki′ values of these compounds were 13.66 ± 1.38 µM and 11.81 ± 1.08 µM, respectively. 177 

Ki is the equilibrium constant for the inhibitor binding to α-glucosidase, and Ki′ is the 178 

equilibrium constant for the inhibitor binding to the α-glucosidase-4-NPGP complex. 179 

Previous studies have reported that in a reversible mixed-competitive inhibition reaction, 180 

the Ki values are usually smaller than the Ki′ values, and the results from this current study 181 

are in strong agreement with those findings. This indicates that the inhibitor-enzyme 182 

binding affinity exceeds the binding affinity of the inhibitor-enzyme-substrate complex and 183 

compounds 5a and 5n are mixed-competitive inhibitors of α-glucosidase. The binding sites 184 
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and mechanism underlying inhibition have yet to be determined; however, the result of 185 

mixed-competitive inhibition against α-glucosidase suggests that compounds 5a and 5n 186 

may bind to either α-glucosidase or the α-glucosidase-4-NPGP complex. 187 

 188 

2.5. Molecular modeling 189 

 The docking experiments were performed base on the maltose binding model of S. 190 

cerevisiae α-glucosidase, as shown in Figure 4. [26] There are three catalytic acidic 191 

residues in the active site of α-glucosidase and they are Asp 215, Glu 277, and Asp 352. 192 

Both binding models of compounds 5a and 5n showed that Asp 215 is involved in the 193 

interactions between the compound and enzyme. For compound 5a, there are two residues 194 

(Arg 213 and Asp 215) formed two hydrogen bonds with the compound. One catalytic 195 

acidic residue, Asp 215, is involved in the binding of compound 5a. In a competitive 196 

inhibitor maltose binding model, Arg 213 also formed hydrogen bond with maltose. 197 

Compound 5a and maltose may show similar binding properties with α-glucosidase. For 198 

compound 5n, three residues (Asp 69, Asp 215, and Arg 442) formed three hydrogen bonds 199 

with the compound. In addition to the catalytic acidic residue (Asp 215), Asp 69 and Arg 200 

442 were shown to interact with maltose [26]. Compound 5n may occupy the glucose 201 

binding site of α-glucosidase through hydrogen bonding with these three residues. The 202 

moiety -CH=CHCO2Et of 5n is extend into the pocket formed by Gln 22, Trp 58, Phe 301, 203 

and Tyr 387. Hydrophobic interactions may be involved in the binding of compound 5n. 204 

 205 

3. Conclusions 206 

An ideal anti-diabetic drug should possess both hypoglycemic and antioxidant 207 
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properties and be free from adverse side effects. This study prepared a series of 208 

hydroxyl-functionalized 2-arylbenzo[b]furan compounds from the core structure of 209 

tournefolic acid A using one-pot palladium-catalyzed coupling methods. The synthesized 210 

2-arylbenzo[b]furans were evaluated for α-glucosidase inhibition and antioxidant activity. 211 

A DPPH radical scavenging assay revealed that most of these compounds possess 212 

antioxidant properties. Some of the hydroxyl-functionalized 2-arylbenzo[b]furans also 213 

showed remarkable inhibitory activity against α-glucosidase with potency exceeding that of 214 

quercetin. Further investigation of binding kinetics indicated that the mechanism of 215 

α-glucosidase inhibition by compounds 5a and 5n was mixed-competitive. This suggests 216 

that the hydroxyl-functionalized 2-arylbenzo[b]furans may bind to either the α-glucosidase 217 

or α-glucosidase-4-NPGP complex. Furthermore the docking study has predicted that 218 

compounds 5a and 5n bind to the active site of the Saccharomyces cerevisiae α-glucosidase 219 

through both hydrophobic and hydrogen interactions. Compound 5a and maltose may have 220 

binding properties that are similar to α-glucosidase, and compound 5n may occupy the 221 

glucose binding site of α-glucosidase through hydrogen bonding with the three amino acid 222 

residues of Asp 69, Asp 215, and Arg 442. Taken together, our results suggest that 223 

hydroxyl-functionalized 2-arylbenzo[b]furans 5a and 5n are promising candidates for the 224 

further development of diabetes treatments.  225 

 226 

4. Experimental section 227 

4.4. Chemistry synthesis 228 

 All reactions were conducted in dried glassware under an oven at 120 οC overnight 229 
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and cooled in a desiccator. All reagents were used as received from commercial suppliers 230 

unless otherwise stated. Dichloromethane (DCM) and N,N’ -dimethylformamide (DMF) 231 

were dried over calcium hydride for 48 h prior to distillation. Tetrahydrofuran (THF) was 232 

distilled from sodium/benzophenone ketyl under nitrogen. The proton NMR spectra were 233 

obtained on Bruker Avance 400 (400 MHz), Varian Unity Inova 500 (500 MHz) and 234 

Varian VNMRS600 (600 MHz) spectrometers. All NMR chemical shifts were reported as δ 235 

values in parts per million (ppm), and coupling constants (J) were given in hertz (Hz). The 236 

splitting pattern abbreviations are as follows: s, singlet; d, doublet; t, triplet; q, quartet; br, 237 

broad; m, unresolved multiplet due to the field strength of the instrument; dd, doublet of 238 

doublet; dt, doublet of triplet; and ddd, doublet of doublet of doublet. Melting points were 239 

measured on a Yanaco MP-S3 micro melting point apparatus and are uncorrected. Fourier 240 

transform infrared spectra were collected with an Avatar 320 spectrometer. Mass spectra 241 

were carried out on ThermoQuest Finnigan and Microsaic 4000MiD mass spectrometers. 242 

Purification was performed using preparative separations in flash column chromatography 243 

(Merck silica gel 60, particle size of 230-400 mesh). Analytical TLC was carried out on 244 

precoated plates (Merck silica gel 60, F254). The compounds analyzed on the TLC plates 245 

were visualized using a UV light, I2 vapor, or basic aqueous potassium permanganate 246 

(KMnO4) with heating. 247 

 248 

4.4.1.  General procedure for synthesis of 2-(3,4-dimethoxyphenyl) -7-methoxybenzofuran 249 

(4a) via palladium-catalyzed coupled reaction 250 

 A solution of 4-ethynyl-1,2-dimethoxybenzene 2 (105 mg, 0.65 mmol), 251 
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2-iodo-6-methoxyphenol 3 (135 mg, 0.54 mmol), bis(triphenylphosphine) palladium(II) 252 

chloride (19 mg, 0.027 mmol), copper(I) iodide (5 mg, 0.027 mmol) and triethylamine 253 

(0.15 mL) in N,N’ -dimethylformamide (5 mL) under nitrogen atmosphere was heated at 70 254 

°C for 24 h until complete by TLC. The reaction mixture was quenched with water and 255 

extracted with ethyl acetate. The organic layers were combined, dried over with MgSO4 and 256 

concentrated. The residue was purified by column chromatography to give the 257 

2-arylbenzo[b]furan 4a (79 mg, 52 %) as a white solid. 1H NMR (500 MHz, CDCl3): 7.45 258 

(dd, J = 8.0, 2.0 Hz, 1H), 7.36 (d, J = 2.0 Hz, 1H), 7.13 (s, 1H), 7.10 (t, J = 8.0 Hz, 1H), 259 

6.90 (d, J = 8.0 Hz, 1H), 6.88 (s, 1H), 6.77 (dd, J = 8.0, 2.0 Hz, 1H), 4.02 (s, 3H), 3.97 (s, 260 

3H), 3.90 (s, 3H).13C NMR (125 MHz, CDCl3): 156.1, 149.5, 149.1, 145.1, 143.8, 131.1, 261 

123.5, 123.4, 118.1, 113.0, 111.2, 108.2, 106.3, 100.4, 56.0, 55.9. ESMS m/z: 307.3 (M + 262 

23)+. 263 

 264 

4.4.2.  General procedure for the synthesis of (E)-2-(2-bromo-4,5-dimethoxystyryl) 265 

-6-methoxyphenol (8) via Wittig reaction 266 

 To a solution of phosphorus ylide 7 (297 mg, 0.52 mmol) in THF (20 mL) was cooled 267 

to 0 oC under nitrogen and lithium tert-butoxide (83 mg, 1.04 mmol) was added 268 

portionwise. The mixture was stirred at 0 oC for 30 min. A solution of 269 

6-bromo-2-hydroxy-3-methoxybenzaldehyde (79 mg, 0.52 mmol) in THF (5 mL) was 270 

added dropwise at 0 oC and the reaction mixture was warmed up to room temperature and 271 

stirred for 24 h. Sat’d aqueous NH4Cl solution was added to the reaction mixture and 272 

extracted with EtOAc (15 mL × 3). The combined organic layers were washed with brine, 273 
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dried with MgSO4, filtered and concentrated. The residue was purified by column 274 

chromatography to yield 8 (97 mg, 51%) as a white solid. 1H NMR (500 MHz, CDCl3): 275 

7.00 (s, 1H), 6.75 (d, J = 12.0, 1H), 6.72-6.65 (m, 2H), 6.60 (t, J = 8.0 Hz, 1H), 5.77 (s, 1H), 276 

3.86 (s, 3H), 3.84 (s, 3H), 3.43 (s, 3H). 13C NMR (125 MHz, CDCl3): 148.8, 147.6, 146.6, 277 

143.5, 129.6, 129.5, 124.8, 123.0, 122.1, 119.1, 115.0, 114.4, 113.2, 109.5, 56.0, 56.0, 55.6. 278 

ESMS m/z: 388.7 (M + 23)+. 279 

 280 

4.4.3.  General procedure for the synthesis of 2-(2-bromo-4,5-dimethoxyphenyl) 281 

-7-methoxybenzofuran (4b) 282 

 To a solution of (E)-2-(2-bromo-4,5- dimethoxystyryl)-6-methoxyphenol 8 (250 mg, 283 

0.68 mmol) in 15 mL of THF was mixed with potassium carbonate (568 mg, 4.1 mmol) and 284 

iodine (1.04 g, 4.1 mmol). The mixture was stirred at room temperature for 3 h until 285 

complete by TLC. Sat’d NaHSO3 aqueous solution was added to the solution, and the 286 

mixture was extracted with ethyl acetate. The organic layers were combined and dried over 287 

MgSO4. The residue was purified by flash column chromatography to afford the title 288 

compound (206 mg, 83%) as a yellowish solid. Mp = 106-109 oC. IR νmax: 3439, 2953, 289 

1511, 1254, 1180 cm-1. 1H NMR (500 MHz, CDCl3): 7.44 (s, 1H), 7.38 (s, 1H), 7.20 (d, J = 290 

8.0 Hz, 1H), 7.15 (t, J = 8.0 Hz, 1H), 7.12 (s, 1H), 6.80 (d, J = 8.0 Hz, 1H), 4.02 (s, 3H), 291 

3.95 (s, 3H), 3.90 (s, 3H). 13C NMR (125 MHz, CDCl3): 153.4, 149.4, 148.3, 145.2, 143.4, 292 

130.7, 123.6, 123.4, 116.6, 113.6, 112.2, 111.6, 106.7, 106.3, 56.2, 56.1, 56.0. ESMS m/z: 293 

385.2 (M + 23)+, 747.2 (2M + 23)+. 294 

 295 
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4.4.3.1  5-Bromo-7-methoxy-2-(3,4,5-trimethoxyphenyl)benzofuran (4c). Yield: 81%. 296 

Amorphous powder. IR νmax: 3441, 2957, 1531, 1251, 1132 cm-1. 1H NMR (500 MHz, 297 

CDCl3): 7.28 (d, J = 1.5 Hz, 1H), 7.05 (s, 1H), 6.89 (d, J = 1.5 Hz, 1H), 6.86 (s, 1H), 4.01 298 

(s, 3H), 3.94 (s, 6H), 3.88 (s, 3H). 13C NMR (125 MHz, CDCl3): 157.0, 153.6, 145.5, 143.0, 299 

139.1, 125.4, 116.0, 115.8, 110.1, 102.5, 100.7, 61.0, 56.3, 56.2, 29.7. ESMS m/z: 393.2 (M 300 

+ 1)+, 395.2 (M + 1)+, 415.2 (M + 23)+, 417.2 (M + 23)+. 301 

 302 

4.4.4.  General procedure for the synthesis of 4-bromo-5-(7-hydroxybenzofuran 303 

-2-yl)benzene-1,2-diol (5b) 304 

 To a solution of 4b (200 mg, 0.55 mmol) in dry dichloromethane (15 mL) at -60 °C 305 

under N2 was added BBr3 (0.48 ml, 4.96 mmol) dropwise. The reaction mixture was then 306 

allowed to warm up to -40 oC and stirred for another 2 h until complete by TLC. The 307 

reaction was carefully mixed with addition of sat’d aqueous NaHCO3 (20 mL) at 0 °C and 308 

stirred for 30 min. This mixture was extracted with ethyl acetate twice (15 mL × 2) and the 309 

organic portion was combined, washed further with brine, and dried with MgSO4. The 310 

residue was filtered, concentrated and purified by column chromatography to yield 5b as an 311 

off-white solid (122 mg, 69%). Mp = 205-210 oC. IR νmax: 3253, 1596, 1489, 1174 cm-1. 312 

1H NMR (500 MHz, CD3OD): 7.43 (s, 1H), 7.30 (s, 1H), 7.09 (s, 1H), 7.06 (dd, J = 7.8, 1.2 313 

Hz, 1H), 7.00 (t, J = 7.8 Hz, 1H), 6.72 (dd, J = 7.8, 1.2 Hz, 1H). 13C NMR (125 MHz, 314 

CD3OD): 154.8, 148.0, 146.3, 144.1, 143.4, 132.2, 124.6, 123.6, 121.5, 117.2, 113.2, 111.5, 315 

110.6, 106.5. ESMS m/z: 321.1 (M - 1)-. 316 

 317 
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4.4.4.1.  4-(7-Hydroxybenzofuran-2-yl)benzene-1,2-diol (5a). Yield: 72%. Mp = 149-152 318 

oC. IR νmax: 3253, 1596, 1489, 1206, 1069 cm-1. 1H NMR (600 MHz, CD3OD): 7.33 (d, J 319 

= 2.0 Hz, 1H), 7.26 (dd, J = 8.5, 2.0 Hz, 1H), 6.99 (d, J = 7.5 Hz, 1H), 6.98 (dd, J = 15.0, 320 

8.0 Hz, 1H), 6.84 (d, J = 8.0 Hz, 1H), 6.84 (s, 1H), 6.88 (dd, J = 7.5, 2.0 Hz, 1H). 13C NMR 321 

(150 MHz, CD3OD): 157.6, 147.3, 146.6, 144.6, 143.3, 132.8, 124.5, 124.0, 118.2, 116.6, 322 

113.1, 112.8, 111.0, 100.5. ESMS m/z: 241.4 (M - 1)-. 323 

 324 

4.4.4.2.  4-(Benzofuran-2-yl)-5-bromobenzene-1,2-diol (5c). Yield: 64%. Mp = 111-113 325 

oC. IR νmax: 3333, 1614, 1506, 1256 cm-1. 1H NMR (500 MHz, CDCl3): 7.59 (d, J = 7.5 326 

Hz, 1H), 7.48 (s, 1H), 7.47 (dd, J = 7.5, 0.5 Hz, 1H), 7.40 (d, J = 0.5 Hz, 1H), 7.28 (dt, J = 327 

7.5, 1.0 Hz, 1H), 7.22 (dt, J = 7.5, 1.0 Hz, 1H), 7.21 (s, 1H), 5.59 (s, 1H), 5.38 (s, 1H). 13C 328 

NMR (125 MHz, CDCl3): 154.0, 152.9, 144.5, 142.8, 128.9, 124.5, 122.9, 121.2, 120.8, 329 

116.1, 111.4, 110.9, 105.9. ESMS m/z: 305.2 (M - 1)-. 330 

 331 

4.4.4.3.  5-(Benzofuran-2-yl)-4-bromobenzene-1,2,3-triol  (5d). Yield: 62%. Mp = 159-162 332 

oC. IR νmax: 3419, 1613, 1507, 1452, 1187 cm-1. 1H NMR (600 MHz, CD3OD): 7.58 (d, J 333 

= 7.2 Hz, 1H), 7.45 (dd, J = 7.8, 0.6 Hz, 1H), 7.31 (d, J = 0.6 Hz, 1H), 7.26 (dt, J = 7.2, 1.2 334 

Hz, 1H), 7.20 (dt, J = 7.2, 1.2 Hz, 1H), 7.01 (s, 1H). 13C NMR (150 MHz, CD3OD): 155.8, 335 

155.4, 146.1, 145.2, 136.2, 130.4, 125.2, 123.6, 123.0, 122.0, 111.6, 109.3, 100.9. ESMS 336 

m/z: 321.0 (M -1)-. 337 

 338 

4.4.4.4.  5-(5-Bromo-7-hydroxybenzofuran-2-yl)benzene-1,2,3-triol (5e). Yield: 59%. Mp 339 
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= 224-227 oC. IR νmax: 3445, 1646, 1445, 1314, 1197 cm-1. 1H NMR (500 MHz, CD3OD): 340 

7.14 (d, J = 2.0 Hz, 1H), 6.90 (s, 2H), 6.80 (d, J = 2.0 Hz, 1H), 6.78 (s, 1H). 13C NMR (125 341 

MHz, CD3OD): 159.1, 147.3, 144.2, 143.6, 135.9, 134.2, 122.4, 116.6, 115.2, 114.1, 105.6, 342 

100.1. ESMS m/z: 337.1 (M - 1)-. 343 

  344 

4.4.4.5.  4-(4-Bromo-7-hydroxybenzofuran-2-yl)benzene-1,2-diol (5f). Yield: 67%. Mp = 345 

82-86 oC. IR νmax: 3220, 2924, 1486, 1186 cm-1. 1H NMR (400 MHz, CD3OD): 7.33 (d, J 346 

= 2.5 Hz, 1H), 7.30 (d, J = 8.0 Hz, 1H), 7.12 (d, J = 8.0 Hz, 1H), 6.85 (d, J = 8.5 Hz, 1H), 347 

6.83 (s, 1H), 6.61 (d, J = 8.5 Hz, 1H). 13C NMR (125 MHZ, CD3OD): 158.5, 148.0, 146.8, 348 

144.3, 143.2, 133.4, 127.1, 123.2, 118.5, 116.7, 113.2, 112.3, 103.1, 100.2. ESMS m/z: 349 

321.2 (M - 1)-. 350 

 351 

4.4.4.6.  4-Bromo-5-(4-bromo-7-hydroxybenzofuran-2-yl)benzene-1,2,3-triol (5g). Yield: 352 

55%. Mp = 171-174 oC. IR νmax: 3378, 1609, 1486, 1294, 1190 cm-1. 1H NMR (600 MHz, 353 

CD3OD): 7.24 (s, 1H), 7.15 (d, J = 7.8 Hz, 1H), 7.07 (s, 1H), 6.66 (d, J = 7.8 Hz, 1H), 4.60 354 

(br). 13C NMR (150 MHz, CD3OD): 156.2, 146.2, 145.2, 143.9, 143.2, 136.6, 132.7, 127.1, 355 

122.3, 112.7, 109.5, 106.2, 103.4, 101.0. ESMS m/z: 415.0 (M - 1)-. 356 

 357 

4.4.4.7.  4-Bromo-5-(4-bromo-7-hydroxybenzofuran-2-yl)benzene-1,2-diol (5h). Yield: 358 

61%. Mp = 210-214 oC. IR νmax: 3260, 1592, 1484, 1277, 1199 cm-1. 1H NMR (500 MHz, 359 

CD3OD): 7.43 (s, 1H), 7.26 (s, 1H), 7.13 (d, J = 8.4 Hz, 1H), 7.11 (s, 1H), 6.66 (d, J = 8.4 360 

Hz, 1H), 5.03 (br). 13C NMR (125 MHz, CD3OD): 155.6, 148.5, 146.4, 143.9, 143.3, 132.7, 361 
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127.2, 122.9, 121.6, 117.2, 112.8, 110.8, 106.0, 103.4. ESMS m/z: 399.0 (M - 1)-. 362 

 363 

4.4.4.8.  5-(7-Hydroxybenzofuran-2-yl)benzene-1,2,3-triol (5i). Yield: 67%. Mp = 200-203 364 

oC. IR νmax: 3332, 1747, 1595, 1447, 1310, 1192 cm-1. 1H NMR (500 MHz, CD3OD): 7.24 365 

(s, 1H), 7.15 (d, J = 7.8 Hz, 1H), 7.07 (s, 1H), 6.66 (d, J = 7.8 Hz, 1H), 4.60 (br). 13C NMR 366 

(125 MHz, CD3OD): 156.2, 146.2, 145.2, 143.9, 143.2, 136.6, 132.7, 127.1, 122.3, 112.7, 367 

109.5, 106.2, 103.4, 101.0. ESMS m/z: 257.2 (M - 1)-. 368 

  369 

4.4.4.9.  5-(Benzofuran-2-yl)benzene-1,2,3-triol (5j). Yield: 68%. Mp = 187-188 oC. IR 370 

νmax: 3386, 1612, 1522, 1453, 1188 cm-1. 1H NMR (600 MHz, CD3OD): 7.51 (dd, J = 7.2, 371 

1.2 Hz, 1H), 7.43 (dd, J = 7.2, 1.2 Hz, 1H), 7.20 (dt, J = 7.2, 1.2 Hz, 1H), 7.16 (dt, J = 7.2, 372 

1.2 Hz, 1H), 6.89 (s, 2H), 6.85 (d, J = 1.2 Hz, 1H). 13C NMR (125 MHz, CD3OD): 158.0, 373 

155.9, 147.3, 135.6, 131.0, 124.6, 123.8, 122.8, 121.5, 111.6, 105.3, 100.2. ESMS m/z: 374 

241.2 (M - 1)-. 375 

  376 

4.4.4.10.  4-(5-Bromo-7-hydroxybenzofuran-2-yl)benzene-1,2-diol (5k). Yield: 51%. Mp = 377 

221-224 oC. IR νmax: 3231, 2925, 1615, 1446, 1249, 1203 cm-1. 1H NMR (400 MHz, 378 

CD3OD): 7.30 (d, J = 2.0 Hz, 1H), 7.25 (dd, J = 8.5, 2.0 Hz, 1H), 7.14 (d, J = 2.0 Hz, 1H), 379 

6.84 (d, J = 8.5 Hz, 1H), 6.82 (s, 1H), 6.80 (d, J = 2.0 Hz, 1H). 13C NMR (125 MHz, 380 

CD3OD): 159.0, 147.8, 146.7, 144.2, 143.6, 134.2, 123.4, 118.4, 116.7, 116.6, 115.2, 114.1, 381 

113.2, 100.0. ESMS m/z: 321.1 (M - 1)-. 382 

 383 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

19 

 

4.4.4.11.  (E)-Ethyl 3-(2-(3,4-dihydroxyphenyl)-7-hydroxybenzofuran-4-yl) acrylate (5l). 384 

Yield: 53%. Mp = 156-160 oC. IR νmax: 3408, 1678, 1613, 1506, 1269, 1177 cm-1. 1H 385 

NMR (500 MHz, CD3OD): 7.84 (d, J = 16.0 Hz, 1H), 7.36 (d, J = 2.0, 1H), 7.32 (dd, J = 386 

8.0, 2.0 Hz, 1H), 7.27 (d, J = 8.0 Hz, 1H), 7.12 (s, 1H), 6.85 (d, J = 8.5 Hz, 1H), 6.69 (d, J 387 

= 8.5 Hz, 1H), 6.37 (d, J = 16.0 Hz, 1H), 4.94 (br), 4.21 (q, J = 7.0 Hz, 2H), 1.31 (t, J = 7.0 388 

Hz, 3H). 13C NMR (125 MHz, CD3OD): 169.6, 159.2, 147.9, 146.6, 145.7, 144.3, 132.4, 389 

126.1, 123.3, 119.6, 118.7, 116.7, 115.6, 113.3, 111.7, 99.2, 61.5, 14.6. ESMS m/z: 339.4 390 

(M - 1)-. 391 

 392 

4.4.4.12.  (E)-Ethyl 3-(2-(3,4-dihydroxyphenyl)-7-hydroxybenzofuran-5-yl)acrylate (5m). 393 

Yield: 57%. Mp = 183-186 oC. IR νmax: 3342, 1686, 1629, 1282 cm-1. 1H NMR (600 MHz, 394 

CD3OD): 7.67 (d, J = 15.5 Hz, 1H), 7.32 (d, J = 2.0 Hz, 1H), 7.26 (dd, J = 8.5, 2.0 Hz, 1H), 395 

7.25 (br), 6.96 (d, J = 2.0 Hz, 1H), 6.89 (s, 1H), 6.85 (d, J = 8.5 Hz, 1H), 6.38 (d, J = 15.5 396 

Hz, 1H), 4.23 (q, J = 7.2 Hz, 2H), 1.31 (t, J = 7.2 Hz, 3H). 13C NMR (150 MHz, CD3OD): 397 

169.2, 158.8, 147.7, 147.3, 146.6, 146.0, 143.7, 133.2, 131.7, 123.5, 118.4, 117.1, 116.8, 398 

114.4, 113.2, 110.0, 100.6, 61.7, 14.6. ESMS m/z: 339.2 (M - 1)-. 399 

 400 

4.4.4.13.  (E)-Ethyl 3-(7-hydroxy-2-(3,4,5-trihydroxyphenyl)benzofuran-5-yl)acrylate (5n). 401 

Yield: 64%. Mp = 234-239 oC. IR νmax: 3412, 1685, 1629, 1451, 1287 cm-1. 1H NMR (600 402 

MHz, CD3OD): 7.67 (d, J = 16.2 Hz, 1H), 7.25 (d, J = 1.2 Hz, 1H), 6.94 (d, J = 1.2 Hz,1H), 403 

6.91 (s, 2H), 6.85 (s, 1H), 6.39 (d, J = 16.2 Hz, 1H), 4.23 (q, J = 7.2 Hz, 2H), 1.32 (t, J = 404 

7.2 Hz, 3H). 13C NMR (150 MHz, CD3OD): 169.1, 159.1, 147.3, 147.2, 146.1, 143.8, 135.8, 405 
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133.2, 131.7, 122.5, 117.1, 114.3, 109.9, 105.5, 100.7, 61.6, 14.6. ESMS m/z: 355.2 (M - 406 

1)-. 407 

 408 

4.4.4.14.  (E)-Ethyl 3-(4,5-dihydroxy-2-(7-hydroxybenzofuran-2-yl)phenyl)acrylate (5o). 409 

Yield: 62%. Mp = 171-176 oC. IR νmax: 3256, 2925, 1685, 1368, 1297 cm-1. 1H NMR 410 

(400 MHz, CD3OD): 8.09 (d, J = 16.0, 1H), 7.25 (s, 1H), 7.18 (s, 1H), 7.08 (t, J = 8.0 Hz, 411 

1H), 7.06 (dd, J = 8.0, 1.0 Hz, 1H), 6.74 (dd, J = 8.0, 1.0 Hz, 1H), 6.66 (s, 1H), 6.30 (d, J = 412 

16.0 Hz, 1H), 4.22 (q, J = 7.0 Hz, 2H), 1.30 (t, J = 7.0 Hz, 3H). 13C NMR (125 MHz, 413 

CD3OD): 169.2, 155.3, 149.1, 147.8, 145.0, 144.7, 143.6, 132.3, 126.1, 125.3, 124.8, 117.8, 414 

116.5, 114.4, 113.0, 111.7, 107.5, 61.6, 14.6. ESMS m/z: 339.1 (M - 1)-. 415 

 416 

4.4.4.15.  5-Bromo-2-(4-hydroxyphenyl)benzofuran-7-ol (5p). Yield: 52%. Mp = 255-258 417 

oC. IR νmax: 3358, 1584, 1469, 1209 cm-1. 1H NMR (600 MHz, CD3OD): 7.73 (dd, J = 6.6, 418 

1.8 Hz, 2H), 7.14 (d, J = 1.8 Hz, 1H), 6.86 (d, J = 6.6 Hz, 2H), 6.85 (d, J = 1.8 Hz, 1H), 419 

6.80 (d, J = 1.8 Hz, 1H). 13C NMR (150 MHz, CD3OD): 159.7, 158.9, 144.3, 146.6, 134.2, 420 

127.7, 122.9, 116.7, 116.6, 115.2, 114.1, 99.9. ESMS m/z: 305.1 (M - 1)-. 421 

 422 

4.4.5. General procedure for the synthesis of (E)-Ethyl 3-(4,5-dimethoxy-2-(7- 423 

methoxybenzofuran-2-yl)phenyl)acrylate (9a).  424 

 To a dry pressure tube was added 4a (180 mg, 0.50 mmol), Pd(OAc)2 (5 mg, 0.02 425 

mmol), triphenylphosphine (16 mg, 0.06 mmol) and Et3N (0.14 mL, 0.99 mmol) in 426 

degassed DMF (15 mL) under nitrogen was added ethyl acrylate (0.081 mL, 0.74 mmol). 427 
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Ethyl acrylate was degassed before being added to the reaction mixture. The tube was then 428 

sealed and the mixture was heated to 110 °C with stirring for 24 h. The reaction was cooled 429 

to ambient temperature and the solvent was removed under high vacuum. The residue was 430 

purified by column chromatography to yield 9a (136 mg, 71%) as a white solid. IR νmax: 431 

3448, 2929, 1716, 1519, 1274, 1205 cm-1. 1H NMR (500 MHz, CDCl3): 8.12 (d, J = 15.6 432 

Hz, 1H), 7.32 (s, 1H), 7.19 (d, J = 8.0 Hz, 1H), 7.16 (t, J = 8.0 Hz, 1H), 7.10 (s, 1H), 6.82 433 

(d, J = 8.0 Hz, 1H), 6.71 (s, 1H), 6.34 (d, J = 15.5 Hz, 1H), 4.24 (q, J = 7.0 Hz, 2H), 4.03 (s, 434 

3H), 3.97 (s, 3H), 3.94 (s, 3H), 1.31 (t, J = 7.0 Hz, 3H). 13C NMR (125 MHz, CDCl3): 435 

167.0, 153.4, 150.5, 149.5, 145.3, 144.1, 142.9, 130.8, 126.0, 124.4, 123.7, 118.5, 113.5, 436 

111.1, 109.3, 107.5, 106.9, 60.4, 56.2, 56.1, 56.0, 14.3. ESMS m/z: 787.2 (2M + 23)+. 437 

 438 

4.5. Inhibition assay for α-glucosidase activity 439 

All synthetic compounds were evaluated for α-glucosidase inhibition activity. We 440 

purchased α-glucosidase (isolated from Saccharomyces cerevisiae) and 4-nitrophenyl 441 

α-D-glucopyranoside (4-NPGP) from Sigma Chemical Co. (St. Louis, MO, USA). 442 

Inhibitory activity was measured according to Chu, Wu and Hsieh (2014). Briefly, the 443 

quantity of 4-nitrophenol released from 4-NPGP was measured using a UV-Vis 444 

spectrophotometer at 405 nm. The reaction mixture, comprising 20 µL of the test 445 

compound at various concentrations (0 to 100 µM), was premixed with 120 µL of 100 mM 446 

phosphate buffer solution (pH 7.0). Following incubation at 30 oC for 10 min, 40 µL of 447 

12.5 mM 4-NPGP was added, and the absorbance at 405 nm was measured using a 448 

VersaMax microplate reader (Molecular Devices Corporation, Sunnyvale, CA, USA). 449 
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Resveratrol and quercetin were used as positive controls in this α-glucosidase inhibition 450 

assay. IC50 values were defined as the concentration of compound required to inhibit 50% 451 

of α-glucosidase activity under assay conditions. 452 

 453 

4.6. DPPH radical scavenging assays  454 

 The free radical scavenging activity of each hydroxyl-functionalized 455 

2-arylbenzo[b]furan was evaluated using 1,1-diphenyl-2-picrylhydrazyl (DPPH) free 456 

radicals. The reactions were performed in 96-well microplates with each well containing 457 

150 µL of the final reaction mixture. The test compound was dissolved in MeOH at varying 458 

concentrations (0 to 100 µM) and mixed with 0.1 mM DPPH at 37 °C for 5 min. The 459 

absorbance was read using a microplate spectrophotometer at 517 nm. Antioxidant activity 460 

was determined according to the IC50 value of DPPH. 461 

 462 

4.7. Kinetics involved in the inhibition of α-glucosidase  463 

Lineweaver-Burk plot analysis was performed to determine the inhibition mode of 464 

hydroxyl-functionalized 2-arylbenzo[b]furans 5a and 5n, and kinetics were measured using 465 

increasing concentrations of 4-NPGP as a substrate in the absence or presence of various 466 

concentrations of hydroxyl-functionalized 2-arylbenzo[b]furans 5a and 5n. Dixon plot 467 

analysis was used to determine the competitive inhibition constant (Ki) and uncompetitive 468 

inhibition constant (Ki′). Ki expresses the equilibrium constant for the binding of 469 

hydroxyl-functionalized 2-arylbenzo[b]furans 5a and 5n to α-glucosidase, and Ki ′ is the 470 

equilibrium constant of hydroxyl-functionalized 2-arylbenzo[b]furans 5a and 5n binding to 471 

α-glucosidase-4-NPGP complex. This study of kinetics was conducted using various 472 
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concentrations of hydroxyl-functionalized 2-arylbenzo[b]furans, 5a and 5n, and 4-NPGP. 473 

The initial velocity was expressed as the absorbance rate/min at 405 nm. 474 

 475 

4.8. Docking experiments 476 

 The 3D-structural model of the Saccharomyces cerevisiae α-glucosidase (protein 477 

sequence entry: NP_011803, PDB code: 3A4A) was used in docking experiments. The 478 

models of compounds 5a and 5n were docked into the active site of the α-glucosidase based 479 

on the binding mode of maltose in S. cerevisiae α-glucosidase. On the basis of the 480 

structures of α-glucosidase, compounds 5a and 5n were manually docked into the active 481 

site with the program Coot to generate an initial binding pose of compounds 5a and 5n in S. 482 

cerevisiae α-glucosidase, respectively. These models of S. cerevisiae α-glucosidase-5a 483 

complex and S. cerevisiae α-glucosidase-5n complex were optimized by energy 484 

minimization with the program Discovery Studio, and the resulting models with most low 485 

potential energy were selected. The structure figures were generated with the program 486 

PyMOL (Schrödinger, New York, NY). 487 

 488 

Acknowledgements  489 

 This study was supported by the National Science Council (Grant NSC 490 

102-2113-M-077-002-MY2). 491 

 492 

Appendix A. Supplementary data 493 

 Supplementary data related to this article can be found at 494 

 495 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

24 

 

References 496 

[1] H. Fernemark, C. Jaredsson, B. Bunjaku, U. Rosenqvist, F.H. Nystrom, H. Guldbrand, A 497 

randomized cross-over trial of the postprandial effects of three different diets 498 

in patients with type 2 diabetes, PLoS One 8 (2013) e79324. 499 

[2] S. Kumar, S. Narwal, V. Kumar, O. Prakash, α-Glucosidase inhibitors from plants: A 500 

natural approach to treat diabetes, Pharmacogn. Rev. 9 (2011) 19‒29. 501 

[3] F.V. Fonseca, J.R. Silva, R.I. Samuels, R.A. DaMatta, W.R. Terra, C.P. Silva, 502 

Purification and partial characterization of a midgut membrane-bound α- glucosidase from 503 

Quesada gigas (Hemiptera: Cicadidae), Comp. Biochem. Physiol. B 155 (2010) 20‒25. 504 

[4] T. Hara, J. Nakamura, N. Koh, F. Sakakibara, N. Takeuchi, N. Hotta, An importance of 505 

carbohydrate ingestion for the expression of the effect of alpha-glucosidase inhibitor in 506 

NIDDM, Diabetes Care. 19 (1996) 642‒647. 507 

[5] S. Ogawa, M. Kanto, Design and synthesis of 5a-carbaglycopyranosylamime 508 

glycosidase inhibitors, Curr. Top. Med. Chem. 9, (2009), 58‒75. 509 

[6] G. Derosa, P. Maffioli, α-Glucosidase inhibitors and their use in clinical practice, Arch. 510 

Med. Sci. 9 (2012) 899‒906. 511 

[7] S. Yamagishi, T. Matsui, S. Ueda, K. Fukami, S. Okuda, Clinical utility of acarbose, 512 

an alpha-glucosidase inhibitor in cardiometabolic disorders, Curr. Drug Metab. 10 (2009) 513 

159‒163. 514 

[8] P.B. Fischer, M. Collin, G.B. Karlsson, W. James, T.D. Butters, S.J. Davis, Gordon 515 

S, R.A. Dwek, F.M. Platt, The alpha-glucosidase inhibitor N-butyldeoxynojirimycin 516 

inhibits human immunodeficiency virus entry at the level of post-CD4 binding. J. Viol. 69 517 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

25 

 

(1995) 5791‒5797. 518 

[9] S. Atsumi, C. Nosaka, Y. Ochi, H. Iinuma, K. Umezawa, Inhibition of experimental 519 

metastasis by an alpha-glucosidase inhibitor, 1,6-epi-cyclophellitol, Cancer Res. 53 (1993) 520 

4896‒4899. 521 

[10] J.P. Chambers, A.D. Elbein, J.C. Williams, Nojirimycin-a potent inhibitor of purified 522 

lysosomal alpha-glucosidase from human liver, Biochem. Biophys Res. Commun. 107 523 

(1982) 1490‒1496. 524 

[11] R. Saul, J.J. Ghidoni, R.J. Molyneux, A.D. Elbein, Castanospermine inhibits 525 

alpha-glucosidase activities and alters glycogen distribution in animals. Proc. Natl. Acad. 526 

Sci. U S A. 82 (1985) 93‒97. 527 

[12] A.D. Rodríguez-Carrizalez, J.A. Castellanos-González, E.C. Martínez-Romero, G. 528 

Miller-Arrevillaga, D. Villa-Hernández, P.P. Hernández-Godínez, G.G. Ortiz, F.P. 529 

Pacheco-Moisés, E.G. Cardona-Muñoz, A.G. Miranda-Díaz. Oxidants, antioxidants and 530 

mitochondrial function in non-proliferative diabetic retinopathy, J. Diabetes. 6 (2014) 531 

167‒175. 532 

[13] R. Gupta, M. Mathur, V.K. Bajaj, P. Katariya, S. Yadav, R. Kamal, R.S. Gupta, 533 

Evaluation of antidiabetic and antioxidant activity of Moringa oleifera in 534 

experimental diabetes, J. Diabetes 4 (2012) 164‒171. 535 

[14] E. Ladopoulou, A. N. Matralis, A. P. Kourounakis, New multifunctional 536 

di-tert-butylphenoloctahydro(pyrido/benz)oxazine derivatives with antioxidant, 537 

antihyperlipidemic, and antidiabetic action, J. Med. Chem. 56 (2013) 3330–3338. 538 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

26 

 

[15] J.V. Higdon, B. Frei, Tea catechins and polyphenols: health effects, metabolism, and 539 

antioxidant functions, Crit. Rev. Food Sci. Nutr. 43 (2003) 89‒143. 540 

[16] W. Zhou, G. Kallifatidis, B. Baumann, V. Rausch, J. Mattern, J. Gladkich, N. Giese, 541 

G. Moldenhauer, T. Wirth, M.W. Büchler, A.V. Salnikov, I. Herr, Dietary polyphenol 542 

quercetin targets pancreatic cancer stem cells, Int. J. Oncol. 37 (2010) 551‒561. 543 

[17] J. Dai, R.J. Mumper, Plant phenolics: extraction, analysis and their antioxidant and 544 

anticancer properties, Molecules 15 (2010) 7313‒7352. 545 

[18] M. Moalin, G.P. Strijdonck, M. Beckers, G. Hagemen, P. Borm, A. Bast, G.R. Haenen. 546 

A planar conformation and the hydroxyl groups in the B and C rings play a pivotal role in 547 

the antioxidant capacity of quercetin and quercetin derivatives, Molecules. 16 (2011) 548 

9636‒9650. 549 

[19] X. Liu, L. Zhu, J. Tan, X. Zhou, L. Xiao, X. Yang, B. Wang, Glucosidase inhibitory 550 

activity and antioxidant activity of flavonoid compound and triterpenoid compound from 551 

Agrimonia Pilosa Ledeb, BMC Complement Altern. Med. 14 (2014) 12. 552 

[20] W. Hakamata, I. Nakanishi, Y. Masuda, T. Shimizu, H. Higuchi, Y. Nakamura, S. Saito, 553 

S. Urano, T. Oku, T. Ozawa, N. Ikota, N. Miyata, H. Okuda, K. Fukuhara, 554 

Planar catechin analogues with alkyl side chains: a potent antioxidant and an 555 

alpha-glucosidase inhibitor, J. Am. Chem. Soc. 128 (2006) 6524‒6525. 556 

[21] Y.L. Lin, Y.Y. Chang, Y.H. Kuo, M.S. Shiao, Anti-lipid-peroxidative principles from 557 

Tournefortia sarmentosa, J. Nat. Prod. 65 (2002) 745‒747. 558 

[22] Z. Fang, Y. Song, T. Sarkar, E. Hamel, W. E. Fogler, G. E. Agoston, P. E. Fanwick, M. 559 

Cushman, Stereoselective synthesis of 3,3-diarylacrylonitriles as tubulin polymerization 560 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

27 

 

inhibitors, J. Org. Chem. 73 (2008) 4241–4244. 561 

[23] N. G. Kundu, M. Pal, J. S. Mahanty, M. De, Palladium-catalysed heteroannulation with 562 

acetylenic compounds: synthesis of benzofurans J. Chem. Soc., Perkin Trans. 1 (1997) 563 

2815‒2820. 564 

[24] Y.-H. Chu, S.-H. Wu, J.-F. Hsieh, Isolation and characterization of α-glucosidase 565 

inhibitory constituents from Rhodiola crenulata, Food Res. Int. 57 (2014) 8‒14. 566 

[25] D. P. Flaherty, T. Kiyota, Y. Dong, T. Ikezu, J.L. Vennerstrom, Phenolic 567 

bis-styrylbenzenes as β-amyloid binding ligands and free radical scavengers J. Med. Chem. 568 

53 (2010) 7992–7999. 569 

[26] K. Yamamoto, H. Miyake, M. Kusunoki, S. Osaki, Crystal structures of isomaltase 570 

from Saccharomyces cerevisiae and in complex with its competitive inhibitor maltose. 571 

FEBS J. 277 (2010) 4205‒4214. 572 

 573 

 574 

 575 

 576 

 577 

 578 

 579 

 580 

 581 

 582 

 583 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

28 

 

 584 

 585 

Figure legend 586 

Fig. 1. Chemical structure of tournefolic acid A 587 

Fig. 2. Linweave-Burk analysis of compounds 5a (A) and 5n (B). The 5a (A) 588 

concentrations were 0.0 µM (●), 0.5 µM (○), 1.0 µM (▼) and 2.0 µM (∆). The 5n (B) 589 

concentrations were 0.0 µM (●), 0.25 µM (○), 0.5 µM (▼) and 1.0 µM (∆). 590 

Fig. 3. Dixon plots of compounds 5a (A) and 5n (B). The 4-NPGP concentrations were 0.5 591 

mM (●), 1.0 mM (○), 1.5 mM (▼) and 2.0 mM (∆). 592 

Fig. 4. Proposed structure models of compound-α-glucosidase complex. (A) 3D-structural 593 

model of S. cerevisiae α-glucosidase bound to compound 5a. The 3D-structural model of 594 

α-glucosidase is shown in green. (B) A close-up view of the compound 5a molecule bound 595 

in the active site of S. cerevisiae α-glucosidase. Residues that may be involved in the 596 

interactions of compound binding are drawn with a stick model and shown in different 597 

colors. The possible hydrogen-bond interactions are indicated with dashed lines (purple). 598 

(C) The 3D-structural model of S. cerevisiae α-glucosidase bound to compound 5n. (D) A 599 

close-up view of the compound 5n molecule bound in the active site of S. cerevisiae 600 

α-glucosidase. Residues that may be involved in the interactions of compound binding are 601 

drawn with stick model and shown in different colors. The possible hydrogen-bond 602 

interactions are indicated with dashed lines (purple). 603 
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Table 1 

2-Arylbenzo[b]furans prepared via one-pot palladium-catalyzed or Wittig reactions 

 

 

Compd R1 R2 R3 R4 R5 R6 R7 R8 R9 

4a H H H OCH3 H OCH3 OCH3 H H 

4b H H H OCH3 H OCH3 OCH3 H Br 

4c H Br H OCH3 H OCH3 OCH3 OCH3 H 

5a H H H OH H H OH OH H 

5b H H H OH Br H OH OH H 

5c H H H H Br H OH OH H 

5d H H H H Br OH OH OH H 

5e H Br H OH H OH OH OH H 

5f Br H H OH H OH OH H H 

5g Br H H OH Br OH OH OH H 

5h Br H H OH H OH OH H Br 

5i H H H OH H OH OH OH H 

5j H H H H H OH OH OH H 

5k H Br H OH H OH OH H H 

5l 
(E) 

-CH=CHCO2Et 
H H OH H OH OH H H 

5m H 
(E) 

-CH=CHCO2Et 
H OH H OH OH H H 

5n H 
(E) 

-CH=CHCO2Et 
H OH H OH OH OH H 

5o H H H OH H OH OH H 
(E) 

-CH=CHCO2Et 

5p H Br H OH H H OH H H 

9a H H H OCH3 H OCH3 OCH3 H 
(E) 

-CH=CHCO2Et 
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Table 2 

α-Glucosidase inhibitory activity of 2-arylbenzo[b]furans 

Compound α-Glucosidase 

IC50 (µM)a 

Compound α-Glucosidase 

IC50 (µM)a 

Resveratrol 31.1 ± 0.8d 5g 12.4 ± 0.7 

Quercetin 6.6 ± 0.4e 5h 6.4 ± 0.8 

4a 
＞100 

5i 9.2 ± 0.2 

4b 
＞100 

5j 8.2 ± 1.7 

4c 
＞100 

5k 7.5 ± 0.8 

5a 1.9 ± 0.2 5l 8.9 ± 0.6 

5b 7.1 ± 0.5 5m 23.8 ± 0.6 

5c 7.7 ± 1.6 5n 2.0 ± 0.4 

5d 8.5 ± 0.7 5o 5.5 ± 0.5 

5e 3.0 ± 0.4 5p 29.8 ± 3.2 

5f 6.4 ± 0.5 9a 
＞100 

aIC50 values represent as mean ± SD of three determinations. 
dReported IC50 = 27.9 µM. eReported IC50 = 5.3 µM. 
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Table 3 

DPPH radical scavenging activity of 2-arylbenzo[b]furans 

Compound DPPH 

IC50 (µM)a 

Compound DPPH 

IC50 (µM)a 

Resveratrol 63.5 ± 5.5b 5g 19.4 ± 2.8 

Quercetin 6.0 ± 0.7c 5h 7.8 ± 1.6 

4a 
＞100 

5i 12.8 ± 0.7 

4b 
＞100 

5j 10.8 ± 1.1 

4c 
＞100 

5k 28.6 ± 3.4 

5a 18.5 ± 2.5 5l 16.8 ± 1.2 

5b 20.6 ± 1.9 5m 25.4 ± 3.1 

5c 33.8 ± 2.8 5n 11.7 ± 1.8 

5d 18.0 ± 1.7 5o 26.2 ± 2.8 

5e 14.6 ± 2.1 5p 
＞100 

5f 18.4 ± 2.7 9a 
＞100 

aIC50 values represent as mean±SD of three determinations. 
bReported IC50 = 38.0 µM. cReported IC50 = 9.1 µM. 
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Fig. 1. Chemical structure of tournefolic acid A 
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1H NMR Spectra 

 

2-(3,4-dimethoxyphenyl)-7-methoxybenzofuran (4a)

 
 

2-(2-bromo-4,5-dimethoxyphenyl)-7-methoxybenzofuran (4b)
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5-Bromo-7-methoxy-2-(3,4,5-trimethoxyphenyl)benzofuran (4c)

 

 

4-(7-Hydroxybenzofuran-2-yl)benzene-1,2-diol (5a) 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

4 

 

4-bromo-5-(7-hydroxybenzofuran-2-yl)benzene-1,2-diol (5b) 

 

 

4-(Benzofuran-2-yl)-5-bromobenzene-1,2-diol (5c) 
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5-(Benzofuran-2-yl)-4-bromobenzene-1,2,3-triol (5d) 

 
 

5-(5-Bromo-7-hydroxybenzofuran-2-yl)benzene-1,2,3-triol (5e) 
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4-(4-Bromo-7-hydroxybenzofuran-2-yl)benzene-1,2-diol (5f)

 
 

4-Bromo-5-(4-bromo-7-hydroxybenzofuran-2-yl)benzene-1,2,3-triol (5g)  
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4-Bromo-5-(4-bromo-7-hydroxybenzofuran-2-yl)benzene-1,2-diol (5h)

 
 

5-(7-Hydroxybenzofuran-2-yl)benzene-1,2,3-triol (5i)
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5-(Benzofuran-2-yl)benzene-1,2,3-triol (5j)  

 

 

4-(5-Bromo-7-hydroxybenzofuran-2-yl)benzene-1,2-diol (5k) 
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(E)-Ethyl 3-(2-(3,4-dihydroxyphenyl)-7-hydroxybenzofuran-4-yl) acrylate (5l)

 

(E)-Ethyl 3-(2-(3,4-dihydroxyphenyl)-7-hydroxybenzofuran-5-yl)acrylate (5m) 
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(E)-Ethyl 3-(7-hydroxy-2-(3,4,5-trihydroxyphenyl)benzofuran-5-yl)acrylate (5n) 

 
 

(E)-Ethyl 3-(4,5-dihydroxy-2-(7-hydroxybenzofuran-2-yl)phenyl)acrylate (5o)
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5-Bromo-2-(4-hydroxyphenyl)benzofuran-7-ol (5p) 

 

 

(E)-Ethyl 3-(4,5-dimethoxy-2-(7-methoxybenzofuran-2-yl)phenyl)acrylate (9a)
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13C NMR Spectra 

2-(3,4-dimethoxyphenyl)-7-methoxybenzofuran (4a) 

 

2-(2-bromo-4,5-dimethoxyphenyl)-7-methoxybenzofuran (4b) 
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5-Bromo-7-methoxy-2-(3,4,5-trimethoxyphenyl)benzofuran (4c)

 

4-(7-Hydroxybenzofuran-2-yl)benzene-1,2-diol (5a) 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

14 

 

4-bromo-5-(7-hydroxybenzofuran-2-yl)benzene-1,2-diol (5b)

 

4-(Benzofuran-2-yl)-5-bromobenzene-1,2-diol (5c) 
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5-(Benzofuran-2-yl)-4-bromobenzene-1,2,3-triol (5d) 

 

5-(5-Bromo-7-hydroxybenzofuran-2-yl)benzene-1,2,3-triol (5e) 
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4-(4-Bromo-7-hydroxybenzofuran-2-yl)benzene-1,2-diol (5f)

 

4-Bromo-5-(4-bromo-7-hydroxybenzofuran-2-yl)benzene-1,2,3-triol (5g)
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4-Bromo-5-(4-bromo-7-hydroxybenzofuran-2-yl)benzene-1,2-diol (5h)

 

5-(7-Hydroxybenzofuran-2-yl)benzene-1,2,3-triol (5i)
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5-(Benzofuran-2-yl)benzene-1,2,3-triol (5j)

 

4-(5-Bromo-7-hydroxybenzofuran-2-yl)benzene-1,2-diol (5k) 
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(E)-Ethyl 3-(2-(3,4-dihydroxyphenyl)-7-hydroxybenzofuran-4-yl) acrylate (5l)

 

(E)-Ethyl 3-(2-(3,4-dihydroxyphenyl)-7-hydroxybenzofuran-5-yl)acrylate (5m) 
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(E)-Ethyl 3-(7-hydroxy-2-(3,4,5-trihydroxyphenyl)benzofuran-5-yl)acrylate (5n) 

 

(E)-Ethyl 3-(4,5-dihydroxy-2-(7-hydroxybenzofuran-2-yl)phenyl)acrylate (5o)
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5-Bromo-2-(4-hydroxyphenyl)benzofuran-7-ol (5p) 

 

(E)-Ethyl 3-(4,5-dimethoxy-2-(7-methoxybenzofuran-2-yl)phenyl)acrylate (9a) 
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Mass spectra 

2-(3,4-dimethoxyphenyl)-7-methoxybenzofuran (4a) 

 

2-(2-bromo-4,5-dimethoxyphenyl)-7-methoxybenzofuran (4b) 

 

5-Bromo-7-methoxy-2-(3,4,5-trimethoxyphenyl)benzofuran (4c) 
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4-(7-Hydroxybenzofuran-2-yl)benzene-1,2-diol (5a)  

 

4-bromo-5-(7-hydroxybenzofuran-2-yl)benzene-1,2-diol (5b) 
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4-(Benzofuran-2-yl)-5-bromobenzene-1,2-diol (5c)  

 

 

5-(Benzofuran-2-yl)-4-bromobenzene-1,2,3-triol (5d)  
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5-(5-Bromo-7-hydroxybenzofuran-2-yl)benzene-1,2,3-triol (5e)  

 

 

4-(4-Bromo-7-hydroxybenzofuran-2-yl)benzene-1,2-diol (5f) 
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4-Bromo-5-(4-bromo-7-hydroxybenzofuran-2-yl)benzene-1,2,3-triol (5g)

 

 

4-Bromo-5-(4-bromo-7-hydroxybenzofuran-2-yl)benzene-1,2-diol (5h)
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5-(7-Hydroxybenzofuran-2-yl)benzene-1,2,3-triol (5i) 

 

5-(Benzofuran-2-yl)benzene-1,2,3-triol (5j)
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4-(5-Bromo-7-hydroxybenzofuran-2-yl)benzene-1,2-diol (5k)  

 

 

(E)-Ethyl 3-(2-(3,4-dihydroxyphenyl)-7-hydroxybenzofuran-4-yl) acrylate (5l) 
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(E)-Ethyl 3-(2-(3,4-dihydroxyphenyl)-7-hydroxybenzofuran-5-yl)acrylate (5m)  

 

 

(E)-Ethyl 3-(7-hydroxy-2-(3,4,5-trihydroxyphenyl)benzofuran-5-yl)acrylate (5n)  
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(E)-Ethyl 3-(4,5-dihydroxy-2-(7-hydroxybenzofuran-2-yl)phenyl)acrylate (5o) 

 

 

5-Bromo-2-(4-hydroxyphenyl)benzofuran-7-ol (5p)  
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(E)-Ethyl 3-(4,5-dimethoxy-2-(7-methoxybenzofuran-2-yl)phenyl)acrylate (9a) 

 


