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Abstract: Myeloid cell leukemia-1 (Mcl-1) is a validated and attractive target for 

cancer therapy. Over-expression of Mcl-1 in many cancers allows cancer cells to 

evade apoptosis and contributes to their resistance to current chemotherapeutics. In 

this study, more than thirty coumarin derivatives with different substituents were 

designed and synthesized, and their Mcl-1 inhibitory activities evaluated using a 

fluorescence polarization-based binding assay. The results showed that the catechol 

group was a key constituent for Mcl-1 inhibitory activity of the coumarins, and 

methylation of the catechol group led to decreased inhibitory activity. The 

introduction of a hydrophobic electron-withdrawing group at the C-4 position of 

6,7-dihydroxycoumarin, enhanced Mcl-1 inhibitory capacity, and a hydrophilic group 

in this position was unbeneficial to the inhibitory potency. In addition, the 

introduction of a nitrogen-containing group to the C-5 or C-8 position, which allowed 

an intramolecular hydrogen bond, was also unfavorable for Mcl-1 inhibition. Among 

all coumarins tested, 4-trifluoromethyl-6,7-dihydroxycoumarin (Cpd 4) displayed the 

most potent inhibitory activity towards Mcl-1 (Ki = 0.21 ± 0.02 μM, IC50 = 1.21 ± 0.56 

μM, respectively), for which the beneficial effect on taxol resistance was also 

validated in A549 cells. A strong interaction between Cpd 4 and Mcl-1 in docking 

simulations further supported the observed potent Mcl-1 inhibition ability of Cpd 4. 

3D-QSAR analysis of all tested coumarin derivatives further provides new insights 

into the relationships linking the inhibitory effects on Mcl-1 and the 

steric-electrostatic properties of coumarins. These findings could be of great value for 

medicinal chemists for the design and development of more potent Mcl-1 inhibitors 

for biomedical applications.

Keywords: Myeloid cell leukemia-1 (Mcl-1); coumarins; structure-activity 

relationship (SAR)
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1. Introduction

Mcl-1 (myeloid cell leukemia 1) is a member of the Bcl-2 family of proteins and 

plays a central role in apoptosis regulation via interacting with other Bcl-2 family 

members.1 Mcl-1 was established as a major regulator of carcinogenesis and its 

dysregulation prevents cancer cells from undergoing programmed cell death. Mcl-1 

overexpression was observed in a variety of human cancers, including lung, breast, 

prostate, pancreatic, ovarian, and cervical cancers, and also in melanoma and 

leukemia.2-6 Moreover, Mcl-1 overexpression has emerged as a resistance mechanism 

against a number of anticancer therapies including paclitaxel and vincristine, which 

are widely prescribed microtubule-targeted chemotherapeutic agents and also 

gemcitabine,7,8 a first-line drug for pancreatic cancer. Mcl-1 overexpression also 

confers resistance to ABT-263, which is an inhibitor of other Bcl-2 family members 

Bcl-2/Bcl-xL, and is currently in clinical trials.9-11 Inhibited cell growth and induced 

apoptosis of cancer cells in vitro, and markedly decreased tumorigenicity in vivo were 

observed after specific inhibition of Mcl-1 or by Mcl-1 silencing.12 These data suggest 

that direct inhibition of Mcl-1 could be an effective therapeutic option for a wide 

variety of cancers. In recent years, several groups reported on small molecules and 

stapled peptides that bind to Mcl-1 in an attempt to target Mcl-1 for cancer 

treatment,13-17 although few of these identified Mcl-1 inhibitors showed significant 

downregulating effects, and none have entered into the clinic. 

Coumarins are bioactive compounds of both natural and synthetic origin. There has 

been a growing interest in their discovery and development into drugs due to their 

versatile synthetic scaffold and immeasurable pharmaceutical and biological potential 

with minimum side effects. A number of natural coumarins, as well as coumarin 

derivatives that have been modified by medicinal chemists over the years, have been 

used as antioxidants, antivirals, monoamine oxidases, cholinesterases and aromatase 

inhibitors to treat various diseases and metabolic pathway disorders.18-23 Coumarins 

also exhibit antitumor activities at different stages of cancer formation through 

various mechanisms, for example blocking cell cycle, inducing cell apoptosis, 

modulating estrogen receptor (ER), or inhibiting the DNA-associated enzymes, such 
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as topoisomerase.24-29 Recently, natural coumarins were demonstrated to have 

anticancer activities through a mechanism involving Mcl-1 inhibition,30 but the 

corresponding systematic study on their structure-Mcl-1 inhibitory activity 

relationship is lacking. 

In the present study, a series of natural or synthetic coumarins with varied 

substitutions on their scaffolds were used to evaluate the inhibitory activity towards 

Mcl-1 as assessed by the FAP assay. The structure-Mcl-1 inhibitory activity 

relationship of these coumarins are summarized and discussed in detail. To get a 

deeper understanding of the interaction between these analogs and Mcl-1, the 

compound with the most potent inhibitory activity was docked to the binding site of 

Mcl-1. A 3D-QSAR model was further developed to explore the structural 

requirement of coumarins for potent Mcl-1 inhibition. This research could provide 

useful guidance to the design and optimization of potent coumarin-type Mcl-1 

inhibitors for anticancer therapy. 

2. Results and discussion

2.1. Chemistry 
To explore the effects of different property groups and their position on 

hydroxycoumarin on Mcl-1 inhibition activities, a series of 4-substituted 

6,7-dihydroxycoumarin derivatives were designed and prepared from 1,2,4-phenenyl 

triacetate via acid catalytic pechmann condensation with good yields (Scheme 1). After 

that, compounds 6 and 7 were obtained from chloride 5 by reflux in a mixture of DMF 

and water (3:10, v:v) and treated with sodium azide, respectively. 4-Carboxylic 9 was 

synthesized by treating 1,2,3-phenenyl triacetate with 1,3-acetonedicarboxylic acid in 

the present of perchloric acid.31 The substituents were selected mainly based on the 

electronic and lipophilic considerations defined by Craig′s plot.32 In the present study, 

trifluoromethyl and phenyl were selected for their electron-withdrawing and 

hydrophobic property; carboxyl was selected to represent electron-withdrawing and 

hydrophilic substituents, while groups like hydroxymethyl, azidomethyl, and 

chloromethyl were representative of electron-donating and hydrophilic substitution, 

methyl represented electron-donating and hydrophobic substituents.
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Introduction of a nitrogen containing group as hydrogen bond acceptor on the 

6,7-dihydroxycoumarins by Mannich reaction (Scheme 2) was also carried out. After 

formaldehyde and the corresponding secondary amine were stirred in ethanol for 0.5 h, 

the reaction was added to a solution of 6,7-dihydroxycoumarin/4-substituted 

6,7-dihydroxycoumarin in ethanol or methanol, and stirring for 8 ~ 12 h at 25 ~ 60oC, 

which obtained compounds 9 ~ 16 after being purified through flash column 

chromatography on a silica gel. It is worth mentioning that esculetin condenses with 

formaldehyde and amines with the low yield and poor regioselectivity. For example, 

5-substituted compounds 10 and 12 were formed simultaneously, when 8-substituted 

compounds 9 and 11 were prepared, respectively. While the C4-H was substituted with 

methyl, 4-methyl-6,7-dihydroxycoumarin condensed with formaldehyde and amines to 

compound 14 ~ 16 with the good yield and the excellent regioselectivity. Furthermore, 

monomethylation 17 and 18 were obtained from 6,7-dihydroxycoumarin via selectively 

methylated at 7-OH and 6-OH in a good yield with CH3I in the presence of Na2CO3 at 

25 oC and NaH at 0 oC, respectively (Scheme 3).33 The nitro-esculetin 20 was obtained 

from dimethylation 19 through nitration reaction.

To further explore the effect of the existence of phenolic groups on the coumarin 

skeleton for Mcl-1 inhibition activities, 4-substituted 7,8-dihydroxycoumarins and their 

methylation were prepared by acid catalytic pechmann condensation mentioned above 

(Scheme 4).34 Furthermore, a few 7-hydroxycoumarin derivatives including 

7-hydroxyl-4-methyl coumarin 29, 7-hydroxyl-4-methyl-8-nitro coumarin 30, 

6-chloro-7-hydroxy-4-methyl coumarin 31 and 6-ethyl-7-hydroxy-4-methy coumarin 

32 were also prepared as depicted in Scheme 5. In addition, some hydroxycoumarin 

derivatives including daphnetin 21, 7-methoxy daphnetin 25, fraxetin 33, coumarin 34, 

7-hydroxycoumarin 35 and 6-hydroxycoumarin 36, which were purchased from 

Chengdu Pufei De Biotech Co. Ltd. (Sichuan, China), and were employed in our study 

in order to explore the potential structure-Mcl-1 inhibition activity relationships of 

hydroxyl coumarin derivatives.
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rt, 10 h; (d) HClO4, 50oC, 4 h. 
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Scheme 3. Synthesis of methylated 6,7-dihydroxycoumarin derivatives. Reagents and 
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2.2. Mcl-1 inhibitory activity assays 

Coumarins, a class of widespread natural compounds containing fused benzene and 

pyrone ring systems, are an excellent reservoir of biologically active compounds.35 To 

investigate the potency of Mcl-1 inhibition, the binding affinities of 36 natural and 

synthesized coumarins to Mcl-1 protein were determined using Fluorescence 

polarization-based binding assay, in which the ability of inhibitors to disrupt the 

interaction between Mcl-1 and two different BH3 peptides, fluorescently labeled Bid 

and biotin-labeled Bim, was tested. 
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The effect of the position and number of hydroxyl groups on the coumarin scaffold 

toward inhibitory activity of Mcl-1 were investigated firstly. As shown in Table 1, 

coumarin 33 exhibited Mcl-1inhibitory activity with Ki value of 4.06 ± 0.05 μM. A 

6-fold decrease in Mcl-1 inhibitory activity was observed when hydroxyl was 

introduced to the C-6 position of coumarin (34), while the C-7 hydroxyl substituent of 

coumarin (35) displayed little effect on its inhibition potency of Mcl-1. When 

catechol group was introduced on coumarin to form 6,7-dihydroxycoumarin 1 and 

7,8-dihydroxycoumarin 21, the Mcl-1inhibitory activities were improved significantly 

with Ki values of 1.49 ± 0.04 μM and 1.75 ± 0.032 μM, respectively. Furthermore, 

when the catechol groups of compounds 1 and 21 were blocked by methylation, the 

inhibitory activities towards Mcl-1 were significantly reduced, with Ki values of 15.9 

± 0.03 μM, 13.4 ± 0.08 μM and 9.54±0.08 μM for the methylated products 17, 18 and 

19 of compound 1, respectively. The competitive binding curves of these compounds 

to Mcl-1 were outlined in Fig.1A and 1B. These results indicated that catechol 

moieties are key groups for the Mcl-1inhibitory activities of these coumarin 

derivatives.

For 6,7-dihydroxycoumarin derivatives, the order of Mcl-1 inhibitory activity 

among compounds with varying substituents in the 4-position was as follows: 

trifluoromethyl 4 (Ki = 0.21 ± 0.02 μM) > phenyl 3 (Ki = 0.65±0.03 μM) > 

hydroxymethyl 6 (Ki = 0.76 ±0.03 μM) > chloromethyl 5 (Ki = 1.04 ± 0.04 μM) > 

methyl 2 (Ki = 1.19 ± 0.04 μM) > hydrogen 1 (Ki = 1.49 ±0.04 μM) > azidomethyl 7 

(Ki = 9.17 ±0.06 μM) ≈ carboxyl 8 (Ki = 9.36 ±0.05 μM). This trend indicated that 

hydrophobic and electron–withdrawing groups in 4-position of 

6,7-dihydroxycoumarin 1 were beneficial for Mcl-1 inhibitory activity, while 

hydrophilic substitution in 4-position was unfavorable for the potency of 

Mcl-1inhibition. As shown in Fig. 1C, when 4-hydrogen of parent 1 was replaced by 

trifluoromethyl group or carboxyl group, the IC50 of parent 1 (8.77 ± 1.16 μM) was 

decreased to 1.21 ± 0.56 μM or increased to 33.7 ± 0.86 μM, respectively. In order to 

increase the metabolic stability of coumarin analogues, nitrogen-containing groups 

including dimethylamino, pyrrolidinyl and piperidinol as the hydrogen bond acceptor 
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were introduced at the 5-position or 8-position of 6,7-dihydroxycoumarin 

derivatives.31 All the nitrogen-containing derivatives tested exhibited lower inhibitory 

activities than parent 1 except Cpd 14, among which more than 7-fold decrease of 

inhibitory activity was observed for 8-piperidinol-6,7-dihydroxycoumarin 15.

Similar trend in potency was also observed for 7,8-dihydroxycoumarin derivatives, 

as blockage of the catechol group by methylation was unbeneficial for 

Mcl-1inhibitory activity regardless of the types of substitution on 4-postion (21 (1.75 

± 0.03 μM) > 25 (7.02 ± 0.06 μM), 22 (2.11 ± 0.03 μM) > 26 (2.39 ± 0.10 μM), 23 

(3.19 ± 0.08 μM) > 27 (6.59 ± 0.10 μM), 24 (5.67 ± 0.11 μM) > 28 (7.15 ±0.11 μM)). 

It’s worth noting that the substitutes at 4-position showed different effects on Mcl-1 

inhibitory activity of 7,8-dihydroxycoumarins compared to that of 

6,7-dihydroxycoumarins, with the following order of inhibitory potency: methyl 22, 

26 > chloromethyl 23, 27 > hydroxymethyl 24, 28. Furthermore, methyl group 

introduced at C-4 position of 7-hydroxycoumarin 35 led to a 5-fold decrease in 

inhibitory activity of Mcl-1, while this decrease in inhibitory activity could be 

alleviated by introduction of a chlorine, ethyl or nitro group to the C-6 or C-8 position 

of compound 35. In addition, a known inhibitor gossypol was tested under identical 

conditions as a positive control.36 The result indicated that the most potent Mcl-1 

inhibitor obtained, Cpd 4, possessed comparable inhibitory activity against Mcl-1 to 

that of the positive control (Table 1). The structure-activity relationships (SAR) of 

these coumarin derivatives as Mcl-1 inhibitors are summarized in Fig. 2, which could 

be helpful for medical chemists to design and develop more potent Mcl-1 inhibitors 

for biomedical applications.

2.3. Cytotoxicity assay

Most solid tumor malignancies show high expression levels of Mcl-1and Mcl-1 

levels are correlated with resistance to anti-cancer therapeutics. A549 cells, which 

also express relatively high levels of Mcl-1, demonstrated resistance to taxol, a widely 

prescribed microtubule-targeted agent.37 To validate whether the coumarin type Mcl-1 

inhibitors has the ability to enhance the apoptotic response induced by other 

anti-cancer drugs known to prime cells for apoptosis, here we investigated the effect 
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of taxol and Cpd 4, the most potent Mcl-1 inhibitor, alone or in combination on the 

viability of A549 cell lines. As shown in Fig. 3, cell killing activity of taxol toward 

A549 cell lines was significantly enhanced by combination with Cpd 4, with a more 

than 10 fold decreased IC50 value (0.0025 μM) observed for the combination 

compared with that for taxol alone (0.034 μM). These results demonstrated that Cpd 4 

is potentially useful as a reversal agent in lung cancer therapy.

2.4. Molecular Docking Analysis

To gain a deeper understanding of the interaction mode between Mcl-1 and the 

coumarins, the most potent Mcl-1 inhibitor-Cpd 4 with a Ki value of 0.204 μM, was 

selected and subjected to docking at the hydrophobic binding pocket of Mcl-1. 79 

low-energy conformational poses were generated from docking runs and the best 

conformation was selected based on the docking score after investigation of ensemble 

of ligand poses. Good alignment was observed between the crystal ligand Mcl-1 and 

the low-energy conformational pose of Cpd 4. The docked ligand Cpd 4 was 

surrounded by Met231, Leu235, Leu246, Val249, Met250, Val253, Phe254, Thr266, 

Leu267, Phe270, Gly271, Val274, Leu290, and Ile294 residues at the Mcl-1 binding 

pocket which cover a larger area of interaction (Fig. 4A). A similar binding region of 

Mcl-1 was also reported previously when N-substituted 

1-hydroxy-4-sulfamoyl-2-naphthoate compounds were docked into the crystal 

structure of Mcl-1.38

Further graphical inspection of bonded and non-bonded contacts shows that the π– 

π interactions stabilizes the predicted low-energy conformational pose of Cpd 4 inside 

the binding pocket of Mcl-1. As shown in Fig. 4B, the π– π interactions take place 

between A ring and B ring of Cpd 4 that insert deep into the binding pocket with the 

side-chain benzene ring of Phe270, enhancing the complex’s stability by helping 

anchor Cpd 4 in place. The distances between residues involved in the π–π 

interactions are also depicted in Fig. 4B. Despite the strong π– π interactions, the 

predicted low-energy conformational pose of Cpd 4 was further stabilized by a series 

of interactions between A and B rings of Cpd 4 and the alkyl groups of Met231 and 

Met250. Furthermore, the rest of the surrounding hydrophobic residues provide 
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additional strength for complex stability via non-bonded interactions. All these 

interactions may contribute to the relatively high binding affinity of Cpd 4 to Mcl-1 

protein observed in FP assay. These results of docking simulation are also in good 

agreement with the SAR analysis, given that both the hydroxyl in B ring and the 

hydrophobic groups in A ring could be beneficial for Mcl-1 inhibition as these 

substituents could interact favorably with specific residues of Mcl-1 protein. In 

addition, to explore why the introduction of 6-hydroxyl or 7-hydroxyl alone showed 

little impact on the Mcl-1inhibitory activity of coumarin while the introduction of 

6,7-dihydroxyls led to a significant improvement of inhibitory activity of coumarin 

towards Mcl-1, Cpd 33, Cpd 34, Cpd 35 and Cpd 1 were docked to the binding pocket 

of Mcl-1. As shown in Fig. S1 and Table S1, the more favored conformation formed 

between Cpd 1 and Mcl-1indicated by Libdock score and binding energy, as well as 

the relatively shorter interaction distances between residues involved in the bonded 

interactions for Cpd 1 compared to those for the other three coumarins, may 

contribute to the significantly improved Mcl-1 inhibitory activity for Cpd 1. 

2.5. Establishment of 3D QSAR model

Quantitative Structure-Activity Relationship (QSAR) studies have been extensively 

applied to explore the correlations between biological activities and molecular 

descriptors for different classes of compounds.39,40 In this investigation, 3D QSAR 

models were built using Drug Discovery Studio to acquire a systematic SAR profile 

on the coumarin derivates as Mcl-1 inhibitors. Among 36 coumarin-type Mcl-1 

inhibitors, the training and test sets were chosen to develop the 3D QSAR model (Fig. 

5). Coefficient determination (r2), external validation coefficient (q2) and root mean 

squared error (RMSE) of 0.977, 0.968 and 0.392 were achieved for training set, and r2 

of 0.672, q2 of 0.633 and RMSE of 0.501 were obtained for test set, indicating that the 

built 3D QSAR model was acceptable.

Also, the compounds aligned with the iso-surfaces of the 3D QSAR model 

coefficients on van der Waals grids and electrostatic potential grids are shown in Fig. 

6. In the electrostatic map, red contours around regions where high electron density 

(negative charge) is favorable for Mcl-1 inhibition, and blue contours represent areas 
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where low electron density (partial positive charge) is expected to increase activity 

(Fig. 6A). Similarly, the green-yellow steric contours depicted in Fig. 6B illustrate 

areas where steric bulk is predicted to increase (green) or decrease (yellow) activity. 

The resulting mappings suggested that both 3-D steric and electronic interactions 

could strongly affect the inhibitory effects of coumarins on Mcl-1. Notably, these 

findings agreed well with the experimental data, such as the substitutional groups on 

the aromatic B ring or heterocyclic A ring ask for high negative charged groups, and 

the small substitutional groups on the two rings are suitable. These findings provide 

new insights into the fine correlations between the inhibitory effects against Mcl-1 

and the steric-electrostatic properties of coumarins, which could be helpful for the 

rational design of novel coumarins as potent Mcl-1 inhibitors.

3. Conclusion

In summary, more than thirty coumarin derivatives with different substituents were 

designed and synthesized. The Mcl-1 inhibitory activities of these compounds were 

assayed and the potential structure–inhibition relationships of coumarin derivatives 

were summarized and discussed. The results demonstrated that the catechol group in 

the coumarin scaffold was a key group for Mcl-1 inhibitory activity, while 

introduction of a hydrophobic and electron-withdrawing group at the C-4 position of 

coumarins was beneficial for the Mcl-1 inhibition effect. Among all the tested 

compounds, 4-trifluoromethyl-6,7-dihydroxycoumarin (Cpd 4) exhibited the strongest 

inhibitory activity against Mcl-1, and its beneficial effect on taxol resistance was 

validated in A549 cell lines. The strong interaction between Cpd 4 and Mcl-1 protein 

in docking simulation further supported the observed potent Mcl-1 inhibitory ability 

of Cpd 4. Meanwhile, a 3D-QSAR model was well established for these coumarin 

derivatives, and the results demonstrated that the steric bulk and the electrostatic 

potential of substituted groups in the coumarin scaffold were key determinants for 

Mcl-1 inhibitory activity. Among all the tested compounds, Cpd 4 exhibited the 

strongest Mcl-1 inhibitory activity, which meet all the preferred structural 

requirements according to the 3D-QSAR model. All these findings could be helpful 

for medicinal chemists to design and develop potent anticancer agents by targeting 
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Mcl-1 based on the structural modifications of coumarin derivatives. 

4. Materials and methods

4.1 Reagents and materials

A Bid BH3 peptide of 21-residue (residues 79-99) with a 6-carboxy-fluorescein 

succinimidyl ester fluorescence tag (FAM-Bid) was synthesized by HD Biosciences 

(Shanghai, China). Recombinant Mcl-1 protein Escherichia coli BL21 was 

synthesized and purified following methods described earlier.41,42

4.2. Chemicals and Measurements

The 1H NMR and 13C NMR spectra were recorded on a Bruker ARX (Bruker, 

Rheinstetten, Germany) 400 MHz or Bruker AMX 400 MHz or 600 MHz 

spectrometer in dimethyl sulfoxide (DMSO-d6) if not noted otherwise, and the 

chemical shifts were expressed as ppm using trimethylsilane (TMS) as an internal 

reference. High-resolution mass spectral (HRMS) analyses were measured on a 

TripleTOF™ Mass Spectrometer (TripleTOF 5600, SCIEX, Foster City, USA). 

Coumarin derivatives were analyzed using an ultra-fast liquid chromatography 

spectrometry system (Shimadzu, Kyoto, Japan) equipped with two LC-20AD pumps, 

a DGU-20A3 vacuum degasser, a SIL-20ACHT auto-sampler, a CTO-20AC column 

oven, and an SPD-M 20A diode-array detector (DAD). All reagents used in the 

synthesis were obtained commercially and used without further purification. The 

reactions were monitored using thin layer chromatography (TLC) on glass packed 

precoated silica gel GF254 plates. Flash column chromatography was performed 

using silica gel (200–300 mesh), which was purchased from the Qingdao Ocean 

Chemical Co. Ltd (Qingdao, China). Compounds 1, 21, 25, 33, 34, 35 and 36 were 

purchased from Chengdu Pufei De Biotech Co. Ltd. (Sichuan, China).

General procedure for the synthesis of 4-substituted esculetins (2 ~ 5). To a 

mixture of 1,2,4-phenenyl triacetate (5.0 mmol) and properly substituted β-ketoesters 

(10 mmol) was added drop-wise perchloric acid (5.0 mL) at room temperature and 

stirred for 6 ~ 8 h. After completion of the reaction, as indicated by TLC monitoring, 

the reaction mixture was poured slowly into 100 mL ice-water with stirring. The 

resultant suspension was filtered and the collected solid washed with water and dried, 
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then the crude compound was recrystallized from methanol.

6,7-dihydroxy-4-methyl-2H-chromen-2-one (2). According to the general procedure, 

1,2,4-phenenyl triacetate was reacted with ethyl acetoacetate in the presence of 

perchloric acid, and crude compound was recrystallized from methanol to produce 

compound 2 as light white solid, 87% yield. 1H NMR (400 MHz, DMSO-d6) δ: 2.31 

(s, 3H, CH3), 6.09 (s, 1H, COCH=C), 6.73 (s, 1H, ArH), 7.00 (s, 1H, ArH), 9.34 (s, br, 

1H, ArOH), 10.19 (s, br, 1H, ArOH); 13C NMR (100 MHz, DMSO-d6) δ: 18.68, 

103.13, 109.89, 110.86, 111.96, 143.24, 148.17, 150.58, 153.68, 161.08; ESI-MS: M 

= 192, found 191.0 [M-H]-.

6,7-dihydroxy-4-phenyl-2H-chromen-2-one (3). According to the general procedure, 

1,2,4-phenenyl triacetate was reacted with ethyl benzoylacetate in the presence of 

perchloric acid, and crude compound was recrystallized from methanol to generate 

compound 3 as white solid, 91% yield. 1H NMR (400 MHz, DMSO-d6) δ: 6.12 (s, 1H, 

COCH=C), 6.80 (s, 1H, ArH), 6.84 (s, 1H, ArH), 7.50-7.58 (m, 5H, ArH) 9.43 (s, br, 

1H, ArOH), 10.26 (s, br, 1H, ArOH); ESI-MS: M = 254, found 253.0 [M-H]-. 

6,7-dihydroxy-4-trifluoromethyl-2H-chromen-2-one (4). According to the general 

procedure, 1,2,4-phenenyl triacetate was reacted with ethyl 4,4,4-trifluoroacetoacetate 

in the presence of perchloric acid, and crude compound was recrystallized from 

methanol to produce compound 4 as light yellow solid, 63% yield.1H NMR (400 MHz, 

DMSO-d6) δ: 6.71 (s, 1H, COCH=C), 6.86 (s, 1H, ArH), 7.03 (s, 1H, ArH), 9.78 (s, br, 

1H, ArOH), 10.61 (s, br, 1H, ArOH); 13C NMR (100 MHz, DMSO-d6) δ: 104.01, 

105.05, 108.89, 112.12, 120.94, 123.68, 144.03, 149.59, 152.08, 159.62; ESI-MS: M 

= 246, found 245.1 [M-H]-.

6,7-dihydroxy-4-chloromethyl-2H-chromen-2-one (5). According to the general 

procedure, 1,2,4-phenenyl triacetate was reacted with ethyl 4-chloroacetoacetate in 

the presence of perchloric acid, and crude compound was recrystallized from 

methanol to generate compound 5 as white solid, 78% yield. 1H NMR (400 MHz, 

DMSO-d6) δ: 4.90 (s, 2H, CH2Cl), 6.40 (s, 1H, COCH=C), 6.78 (s, 1H, ArH), 7.12 (s, 

1H, ArH), 9.48 (s, br, 1H, ArOH), 10.39 (s, br, 1H, ArOH). ESI-MS: M = 225.5, 

found 224.9 [M-H]- and 226.9 [M-H]-.



16

6,7-dihydroxy-4-hydroxymethyl-2H-chromen-2-one (6). Chloride 5 (0.5 g, 2.2 mmol) 

was dissolved in a mixture of DMF (3 ml) and H2O (10 ml) with stirring and then 

refluxed for 20 h. After completion of the reaction as indicated by TLC, the mixture 

was diluted with water. The resultant suspension was filtered and the collected solid 

was washed with water and dried, then crude compound was recrystallized from 

methanol to produce hydroxymethyl 6 (380 mg, 83%) as light brown solid. 1H NMR 

(400 MHz, DMSO-d6) δ: 4.63 (s, 2H, CH2OH), 6.21 (s, 1H, COCH=C), 6.75 (s, 1H, 

ArH), 6.94 (s, 1H, ArH), 9.31 (s, br, 1H, ArOH), 10.19 (s, br, 1H, ArOH); ESI-MS: M 

= 208, found 208.9 [M+H]+.

4-(azidomethyl)-6,7-dihydroxy-2H-chromen-2-one (7). Chloride 5 (0.5 g, 2.2 mmol) 

was dissolved in a mixture of DMF (6.0 ml), then NaN3 (0.3 g 4.5 mmol) was added 

and stirred overnight. After completion of the reaction as indicated by LC-MS, the 

mixture was diluted with water. The resultant suspension was filtered and the 

collected solid was washed with water and dried, then crude compound was 

recrystallized from methanol to generate azidomethyl 7 in 90% yield as light brown 

solid. 1H NMR (400 MHz, d-DMSO) δ: 4.73 (s, 2H, CH2N3), 6.26 (s, 1H, COCH=C), 

6.78 (s, 1H, ArH), 6.98 (s, 1H, ArH), 9.49 (s, br, 1H, ArOH), 10.38 (s, br, 1H, ArOH). 

ESI-MS: M = 233, found 234.2 [M+H]+.

2-(7,8-dihydroxy-2-oxo-2H-chromen-4-yl)acetic acid (8). According to the general 

procedure mentioned above, 1,2,4-phenenyl triacetate was reacted with 

1,3-acetonedicarboxylic acid in the presence of perchloric acid, and crude compound 

was recrystallized from methanol to produce compound 8 in 70 % yield as white solid. 

1H NMR (400 MHz, DMSO) δ 12.75 (s, 1H), 10.11 (s, 1H), 9.35 (s, 1H), 7.03 (d, J = 

8.4 Hz, 1H), 6.81 (d, J = 8.4 Hz, 1H), 6.22 (s, 1H), 3.80 (s, 2H). 13C NMR (101MHz, 

DMSO) δ: 37.88, 112.43,112.58,112.71, 116.03, 132.74, 143.95, 149.93, 150.99, 

160.63,171.23; ESI-MS: M = 236, found 235.1 [M-H]-.

General procedure for the synthesis of 5/8-substituted esculetin Mannich bases 

(9 ~ 16). To a solution of the appropriate amines (0.013 mol) in 30 mL of absolute 

methanol was added aqueous formaldehyde (37%) (0.015 mol). After 0.5 h of gentle 

refluxing at 50°C, esculetin/4-substituted esculetin was added (0.01 mol), dissolved in 
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50 mL of absolute methanol. The duration of the reaction was 8 ~ 12 h and the 

reaction was monitored by TLC. 

6,7-dihydroxy-8-((dimethylamino)methyl)-2H-chromen-2-one (9) and 

6,7-dihydroxy-5-((dimethylamino)methyl)-2H-chromen-2-one (10). According to the 

general procedure, esculetin was reacted with aqueous formaldehyde and aqueous 

dimethylamine. After completion of the reaction as indicated by TLC, the solvent was 

removed under reduced pressure. The residue was applied to flash column 

chromatography (silicagel) to generate compound 9 and compound 10 with the yield 

of 17% and 6%, respectively. 

Compound 9: 1H NMR (400 MHz, DMSO-d6) δ: 2.49 (s, 6H, 2CH3), 4.03 (s, 2H, 

CH2), 6.03 (d, J=8.0 Hz, 1H, COCH=C), 6.86 (s, 1H, ArH), 7.79 (d, J=12.0 Hz, 1H, 

PhCH=C), 8.16 (s, 1H, ArOH); ESI-MS: M = 235, found 236.1 [M+H]+.

Compound 10: 1H NMR (400 MHz, d-DMSO) δ: 2.25 (s, 6H, 2CH3), 3.81 (s, 2H, 

CH2), 6.17 (d, J=12 Hz, 1H, COCH=C), 6.70 (s, 1H, ArH), 8.10 (d, J=12 Hz, 1H, 

PhCH=C), 8.15 (s, 1H, ArOH), ESI-MS: M = 235, found 236.1 [M+H]+.

6,7-dihydroxy-8-((4-hydroxypiperidin-1-yl)methyl)-2H-chromen-2-one (11) and 

5-((4-hydroxypiperidin-1-yl)methyl)-6,7-dihydroxy-2H-chromen-2-one (12). 

According to the general procedure, esculetin was reacted with aqueous formaldehyde 

and 4-hydroxy piperidine. After completion of the reaction as indicated by TLC, the 

solvent was removed under reduced pressure. The residue was applied to flash 

column chromatography (silicagel) to produce compound 11 and compound 12 with 

the yield of 12% and 3%, respectively. 

Compound 11: 1H NMR (400 MHz, DMSO-d6) δ: 1.48 (m, 2H, CH2), 1.82 (m, 2H, 

CH2), 2.49 (m, 2H, NCH2), 2.91 (m, 2H, NCH2), 3.62 (m, 1H, CHOH), 4.00 (s, 2H, 

CH2), 6.08 (d, J=8 Hz, 1H, COCH=C), 6.89 (s, 1H, ArH),7.81 (d, J=8 Hz, 1H, 

PhCH=C); 13C NMR (100 MHz, DMSO-d6) δ: 33.50, 49.72, 52.56, 106.77, 108.87, 

109.71, 110.38, 142.79, 144.87, 146.79, 153.60, 160.62; ESI-MS: M = 291, found 

292.1 [M+H]+; HRMS (ESI): C15H17NO5 calcd for [M + H]+: 292.1185, found: 

292.1181.

Compound 12: 1H NMR (400 MHz, DMSO-d6) δ: 1.68 (m, 2H, CH2), 1.92 (m, 2H, 
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CH2), 3.09 (m, 2H, NCH2), 3.29 (m, 2H, NCH2), 3.76 (m, 1H, CHOH), 4.44 (s, 2H, 

CH2), 6.27 (d, J=8 Hz, 1H, COCH=C), 6.97 (s, 1H, ArH), 8.33 (d, J=8 Hz, 1H, 

PhCH=C); 13C NMR (100 MHz, DMSO-d6) δ: 30.38, 48.53, 49.61, 103.75, 110.68, 

111.56, 112.92, 141.95, 143.54, 148.89, 150.28, 160.18; ESI-MS: M = 291, found 

292.1 [M+H]+; HRMS (ESI): C15H17NO5 calcd for [M + H]+: 292.1185, found: 

292.1183.

6,7-dihydroxy-8-(pyrrolidin-1-ylmethyl)-2H-chromen-2-one (13). According to the 

general procedure, esculetin was reacted with aqueous formaldehyde and pyrrolidine. 

After completion of the reaction as indicated by TLC, the solvent was removed under 

reduced pressure. The residue was applied to flash column chromatography (silicagel) 

to afford compound 13 with the yield of 18 % as light brown solid. 1H NMR (400 

MHz, DMSO-d6) δ: 1.85 (m, 4H, CH2 CH2), 2.88 (t, J = 4.8 Hz 4H, NCH2 CH2), 4.17 

(s, 2H, CH2), 5.97 (d, J=8.0 Hz, 1H, COCH=C), 6.82 (s, 1H, ArH), 7.76 (d, J=8.0 Hz, 

1H, PhCH=C); 13C NMR (100 MHz, DMSO-d6) δ: 23.05 (2C), 49.88, 52.84(2C), 

105.98, 107.16, 107.75, 109.05, 143.49, 144.90, 147.58, 156.57, 160.86; ESI-MS: M 

= 261, found 262.1 [M+H]+; HRMS (ESI): C14H15NO4 calcd for [M + H]+: 262.1079, 

found: 262.1072.

8-((dimethylamino)methyl)-4-methyl-2H-chromen-2-one (14). According to the 

general procedure, 4-methyl esculetin was reacted with aqueous formaldehyde and 

aqueous dimethylamine. After completion of the reaction, as indicated by TLC, the 

mixture was diluted with water. The resultant suspension was filtered and the 

collected solid washed with water and dried, then crude compound was recrystallized 

from methanol to generate compound 14 as yellow solid with 78% yield. 1H NMR 

(400 MHz, DMSO-d6) δ: 2.30 (s, 3H, CH3), 2.42 (s, 6H, 2CH3), 4.00 (s, 2H, CH2), 

5.99 (s, 1H, COCH=C), 6.92 (s, 1H, ArH);13C NMR (100 MHz, DMSO-d6) δ: 18.87, 

43.83, 54.51, 106.93, 107.48, 108.82, 109.27, 143.39, 146.82, 154.21, 155.03, 160.98 ; 

ESI-MS: M = 249, found 250.0 [M+H]+; HRMS (ESI): C13H15NO4 calcd for [M + 

H]+: 250.1079, found: 250.1074.

6,7-dihydroxy-8-((4-hydroxypiperidin-1-yl)methyl)-4-methyl-2H-chromen-2-one 

(15). According to the general procedure, 4-methyl esculetin was reacted with 
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aqueous formaldehyde and 4-hydroxy piperidine. After completion of the reaction as 

indicated by TLC, the mixture was diluted with water. The resultant suspension was 

filtered and the collected solid washed with water and dried, then crude compound 

was recrystallized from methanol to produce compound 15 as light yellow solid with 

80% yield. 1H NMR (400 MHz, DMSO-d6) δ: 1.47 (m, 2H, CH2), 1.81 (m, 2H, CH2), 

2.31 (s, 1H, CH3), 2.45 (m, 2H, NCH2), 2.87 (m, 2H, NCH2), 3.61 (m, 1H, CHOH), 

3.99 (s, 2H, CH2), 6.04 (s, 1H, COCH=C), 6.94 (s, 1H, ArH); 13C NMR (100 MHz, 

DMSO-d6) δ: 18.30, 33.61, 49.77, 52.88, 107.02, 107.58, 109.18, 109.77, 142.49, 

145.82, 152.80, 153.61, 160.32; ESI-MS: M = 305, found 306.1 [M+H]+; HRMS 

(ESI): C16H19NO5 calcd for [M + H]+: 306.1341, found: 306.1337.

6,7-dihydroxy-8-(pyrrolidin-1-ylmethyl)-4-methyl-2H-chromen-2-one (16). 

According to the general procedure, 4-methyl esculetin was reacted with aqueous 

formaldehyde and pyrrolidine. After completion of the reaction as indicated by TLC, 

the mixture was diluted with water. The resultant suspension was filtered and the 

collected solid washed with water and dried, then crude compound was recrystallized 

from methanol to afford compound 16 as yellow solid with 88% yield.1H NMR (400 

MHz, DMSO-d6) δ: 1.84 (m, 4H, 2CH2), 2.29 (s, 3H, CH3), 2.83 (m, 4H, 2NCH2), 

4.15 (s, 2H, CH2), 5.96 (s, 1H, COCH=C), 6.89 (s, 1H, ArH); 13C NMR (100 MHz, 

DMSO-d6) δ: 18.89, 23.60, 50.17, 53.33, 106.97, 108.32, 108.70, 143.65, 146.90, 

154.23, 155.87, 161.07; ESI-MS: M = 275, found 276.1 [M+H]+; HRMS (ESI): 

C15H17NO4 calcd for [M + H]+: 276.1236, found: 276.1230.         

6-hydroxy-7-methoxy coumarin (17). To the solution of  6,7-dihydroxycoumarins 

(500 mg, 2.81 mmol) in DMF, Na2CO3 (3 eq.) was added at 15°C and stirred for 0.5 

h. iodomethane (525 L) was added dropwise to the reaction mixture at 15°C, 

maintaining the temperature at 20°C for 4 h. The reaction mixture was poured into 

water-ice and acidified with 2N hydrochloric acid. The reaction mixture was extracted 

with ethyl acetate (50 mL x 3). The combined organic layer was washed with water 

and brine, dried over anhydrous sodium sulfate, and evaporated in vacuo. The residue 

was purified by column chromatography using silica gel with petroleum ether- 

dichloromethane- acetone as mobile phase to obtain compound 17 in 75% yield as 

javascript:void(0);
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white solid. 1H NMR (400 MHz, DMSO-d6) δ 3.82 (s, 3H, OCH3), 6.23 (d, J = 9.5 

Hz, 1H, COCH=C), 7.00 (s, 2H, Ar-H), 7.89 (d, J = 9.5 Hz, 1H, C=CH). M = 192, 

found 193 [M+H]+.

6-methoxy-7-hydroxycoumarin (18). To the solution of 6,7-dihydroxycoumarins  

(500 mg, 2.81 mmol) in DMF, NaH (60% suspension in oil) (7.0 mmol) was added at 

0°C under dry argon and allowed to stir for 0.5 h for the anion generation. 

iodomethane (210 L) was added dropwise to the reaction mixture, maintaining the 

temperature at 0-5°C until the reaction was completed, as indicated by TLC (VDCM: 

VMeOH = 50: 1). The reaction mixture was poured into water-ice and acidified with 2N 

hydrochloric acid. The resultant suspension was filtered and the collected solid was 

washed with water and dried, then crude compound was recrystallized from methanol 

to afford compound 18 in about 90% yield as white solid. 1H NMR (400 MHz, 

DMSO-d6) δ 3.82 (s, 3H, OCH3), 6.22 (d, J = 9.5 Hz, 1H, COCH=C),   6.78 (s, 1H, 

Ar-H), 7.22 (s, 1H, Ar-H), 7.91 (d, J = 9.5 Hz, 1H, C=CH), 10.29 (d, br, 1H, Ar-OH). 

M = 192, found 191.1 [M-H]-, found 193 [M+H]+.

6,7-dimethoxylcoumarin (19). To the solution of 6,7-dihydroxycoumarin (500 mg, 

2.81 mmol) in DMF, NaH (60% suspension in oil) (7.0 mmol) was added at 0°C 

under dry argon and allowed to stir for 0.5 h for the anion generation. iodomethane 

(300 L) was added dropwise to the reaction mixture and stirred for 5 h at room 

temperature. The reaction mixture was poured into water-ice and acidified with 2N 

hydrochloric acid. The resultant suspension was filtered and the collected solid was 

washed with water and dried, then crude compound was recrystallized from methanol 

to produce compound 19 in about 95% yield as white solid. 1H NMR (400 MHz, 

d-DMSO) δ: 3.80 (s, 3H, CH3O), 3.86 (s, 3H, CH3O), 6.29 (d, J = 8.0 Hz, 1H, 

COCH=C), 7.06 (s, 1H, ArH), 7.25 (s, 1H, ArH), 7.95 (d, J = 8.0 Hz, 1H, 

PhCH=C).13C NMR (100 MHz, d-DMSO) δ: 56.34, 56.63, 100.50, 109.38, 111.64, 

113.11, 144.79, 146.31, 149.88, 152.99, 161.01. ESI-MS: M = 206, found 207.1 

[M+H]+.

6,7-dimethoxy-3,8-dinitro-2H-chromen-2-one (20). To a solution of 

6,7-dimethoxylcoumarin 19 (0.5 g, 2.4 mmol) in DCM (10.0 ml) was added 
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drop-wise a mixture of concentrated sulfuric acid and fuming nitric acid (4 ml) at 0oC, 

After completion of the reaction as indicated by TLC, the reaction mixture was 

poured slowly into a mixture of ice-water (50 ml) with stirring. The resultant 

suspension was filtered and the collected solid was washed with water and dried, then 

the crude compound was recrystallized from methanol to afford 20 as yellow solid. 1H 

NMR (400 MHz, d-DMSO) δ: 3.91 (s, 3H, CH3O), 4.01 (s, 3H, CH3O), 7.62 (s, 1H, 

ArH), 8.77 (s, 1H, PhCH=C). 13C NMR (100 MHz, d-DMSO) δ: 58.60, 62.99, 102.69, 

104.28, 134.56, 137.36, 139.70, 142.02, 151.78, 152.65, 159.79. HRMS: M=296, 

found 327.0461 [M+MeOH-H]－.

7,8-dihydroxy-4-methyl-2H-chromen-2-one (22). To a mixture of 1,2,3-phenenyl 

triacetate (5.0 mmol) and ethyl acetoacetate (7.5 mmol) was added drop-wise 

perchloric acid (6.0 ml) at room temperature and stirred for 6 h. After completion of 

the reaction as indicated by TLC, the reaction mixture was poured slowly into a 

mixture of ice-water (50 ml) with stirring. The resultant suspension was filtered and 

the collected solid was washed with water and dried, then the crude compound was 

recrystallized from methanol to produce compound 22 as a light white solid with a 

yield of 78%. 1H NMR (600 MHz, DMSO) δ 10.05 (s, 1H), 9.28 (s, 1H), 7.09 (d, J = 8.6 

Hz, 1H), 6.82 (d, J = 8.6 Hz, 1H), 6.13 (d, J = 1.1 Hz, 1H), 2.36 (s, 3H); 13C NMR (151 

MHz, DMSO) δ 160.67, 154.40, 149.87, 143.79, 132.62, 115.95, 113.23, 112.58, 

110.65, 18.72; HRMS (ESI) for C10H8O4, Calcd 192.0423, found 192.0355 [M-H]-.

7,8-dihydroxy-4-chloromethyl-2H-chromen-2-one (23). To a mixture of 

1,2,3-phenenyl triacetate (5.0 mmol) and ethyl 4-chloroacetoacetate (7.5 mmol) was 

added drop-wise perchloric acid (6.0 ml) at room temperature and stirred for 6 h. 

After completion of the reaction as indicated by TLC, the reaction mixture was 

poured slowly into a mixture of ice-water (50 ml) with stirring. The resultant 

suspension was filtered and the collected solid was washed with water and dried, then 

the crude compound was recrystallized from methanol to produce compound 23 as a 

white solid with a yield of 69%. 1H NMR (600 MHz, DMSO) δ 10.19 (s, 1H), 9.40 (s, 

1H), 7.18 (d, J = 8.7 Hz, 1H), 6.85 (d, J = 8.7 Hz, 1H), 6.42 (s, 1H), 4.94 (s, 2H); 13C 

NMR (151 MHz, DMSO) δ 160.55, 151.86, 150.23, 144.15, 132.92, 115.95, 112.79, 
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111.42, 110.57, 41.95; HRMS (ESI) for C10H7ClO4, Calcd 226.0033, found 224.9967 

[M-H]-.

7,8-dihydroxy-4-hydroxymethyl-2H-chromen-2-one (24). Chloride C23 (0.5 g, 2.2 

mmol) was dissolved in a mixture of DMF (3 mL) and H2O (10 mL) with stirring and 

refluxed for 20 h. After TLC indicated that the reaction was complete, the mixture was 

diluted with water. The resultant suspension was filtered, and the collected solid was 

washed with water and dried. The crude compound was recrystallized from methanol to 

yield hydroxymethyl 24 as a light brown solid with a yield of 80%. 1H NMR (600 MHz, 

DMSO) δ 10.03 (s, 1H), 9.30 (s, 1H), 7.01 (d, J = 8.7 Hz, 1H), 6.78 (d, J = 8.6 Hz, 1H), 

6.24 (t, J = 1.4 Hz, 1H), 5.55 (t, J = 5.5 Hz, 1H), 4.69 (d, J = 4.2 Hz, 2H); 13C NMR (151 

MHz, DMSO) δ 161.03, 157.70, 149.75, 143.82, 132.75, 114.75, 112.65, 110.73, 

106.85, 59.56; HRMS (ESI) for C10H8O5, Calcd 208.0372, found 207.0304 [M-H]-.

8-hydroxy-7-methoxy-4-methylcoumarin (26). To a mixture of 

3-methoxybenzene-1,2-diol (0.5 g, 3.5 mmol) and ethyl acetoacetate (0.95 ml, 7.0 

mmol) was added drop-wise perchloric acid (3.0 ml) at room temperature and stirred 

for 6 h. After completion of the reaction as indicated by TLC, the reaction mixture 

was poured slowly into a mixture of ice-water (50 ml) with stirring. The resultant 

suspension was filtered and the collected solid was washed with water and dried, then 

the crude compound was recrystallized from methanol to produce 26 as light white 

solid. 1H NMR, δ: 2.38 (s, 3H, CH3), 3.89 (s, 3H, OCH3), 6.20 (s, 1H, COCH=C), 

7.03 (d, J = 8 Hz, 1H, Ar-H), 7.21 (d, J = 8 Hz, 1H, Ar-H), 9.38 (s, 1H, OH). 13C 

NMR, δ: 160.4, 154.3, 154.1, 148.1, 134.7, 120.9, 113.5, 113.4, 110.8, 61.1, 18.7. M 

= 206, found 205.1 [M-H]-, found 206.9 [M+H]+. IR (KBr), ṽ/cm–1: 3552, 3447, 3362, 

2968, 2840, 1663, 1613, 1574, 1511, 1457, 1444, 1385.

4-(chloromethyl)-8-hydroxy-7-methoxy-2H-chromen-2-one (27). To a mixture of 

3-methoxybenzene-1,2-diol (0.5 g, 3.5 mmol) and ethyl 4-chloroacetoacetate (1.0 ml, 

7.0 mmol) was added drop-wise perchloric acid (5.0 ml) at room temperature and 

stirred for 6 h. After completion of the reaction as indicated by TLC, the reaction 

mixture was poured slowly into a mixture of ice-water (50 ml) with stirring. The 

resultant suspension was filtered and the collected solid was washed with water and 
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dried, then the crude compound was recrystallized from methanol to generate 27 as 

light white solid. 1H NMR (400 MHz, d-DMSO) δ: 3.90 (s, 3H, OCH3), 4.97 (s, 2H, 

CH2Cl), 6.48 (s, 1H, COCH=C), 7.08 (d, J = 8 Hz, 1H, ArH), 7.30 (d, J = 8 Hz, 1H, 

ArH), 9.51 (s, br, 1H, ArOH); 13C NMR (100 MHz, d-DMSO) δ: 41.90, 56.79, 108.87, 

111.88, 112.67, 115.63, 134.13, 143.20, 151.34, 151.60, 160.36. ESI-MS: m/z 241 

and 243 [M+H]＋

8-hydroxy-7-methoxyl-4-hydroxymethyl-2H-chromen-2-one (28). Chloride 27 (0.4 g, 

1.7 mmol) was dissolved in a mixture of DMF (3 mL) and H2O (10 mL) with stirring 

and refluxed for 20 h. After TLC indicated that the reaction was complete, the mixture 

was diluted with water. The resultant suspension was filtered, and the collected solid 

was washed with water and dried. The crude compound was recrystallized from 

methanol to yield hydroxymethyl 28 as a light brown solid with a yield of 83%.1H 

NMR (400 MHz, d-DMSO) δ: 3.87 (s, 3H, OCH3), 4.70 (d, J = 4 Hz, 2H, CH2), 5.59 

(s, 1H, OH),6.30 (s, 1H, COCH=C), 6.96 (d, J = 8 Hz, 1H, ArH), 7.09 (d, J = 8 Hz, 

1H, ArH), 9.39 (s, br, 1H, ArOH); 13C NMR (100 MHz, d-DMSO) δ: 56.68, 59.56, 

108.07, 108.67, 112.10, 114.39, 133.98, 142.88, 150.93, 157.35, 160.87. ESI-MS: m/z 

223 [M+H]＋

4-methyl-7-hydroxy-8-nitrocoumarin (30). To a stirred solution of 

4-methyl-7-hydroxy coumarin (1.5 g, 8.5 mmol) in concentrated sulphuric acid (30 

mL), a solution of concentrated nitric acid (6.0 mL) in concentrated sulphuric acid 

(6.0 mL) was added at such a rate as to keep the temperature below 5 oC. After 

warming to 20 oC, the reaction mixture was poured into a stirred mixture of ice cold 

water. The yellow solid that separated was filtered and thoroughly washed with water. 

The product was recrystalized first from glacial acetic acid and then methanol to 

obtain compound 30 in 78% yield. 1H NMR (400 MHz, DMSO) δ 12.18 (s, 1H), 7.81 

(d, J = 9.0 Hz, 1H), 7.05 (d, J = 8.9 Hz, 1H), 6.32 (d, J = 1.1 Hz, 1H), 2.41 (d, J = 1.1 

Hz, 3H). 13C NMR (101 MHz, DMSO) δ 158.57, 154.05, 152.86, 146.09, 128.62, 

113.52, 112.46, 111.69, 18.74.

6-chloro-7-hydroxy-4-methyl-2H-chromen-2-one (31). To a mixture of 

4-chlorobenzene-1,3-diol (5.0 mmol) and ethyl acetoacetate (7.5 mmol) was added 
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drop-wise perchloric acid (6.0 ml) at room temperature and stirred for 6 h. After 

completion of the reaction as indicated by TLC, the reaction mixture was poured 

slowly into a mixture of ice-water (50 ml) with stirring. The resultant suspension was 

filtered and the collected solid was washed with water and dried, then the crude 

compound was recrystallized from methanol to produce compound 31 with a yield of 

65%.1H NMR (400 MHz, DMSO) δ 11.37 (s, 1H), 7.76 (s, 1H), 6.90 (s, 1H), 6.21 (d, 

J = 1.1 Hz, 1H), 2.38 (d, J = 1.1 Hz, 3H). 13C NMR (101 MHz, DMSO) δ 160.30, 

156.71, 153.46, 153.37, 126.59, 117.30, 113.30, 111.78, 103.77, 18.56.

6-ethyl-7-hydroxy-4-methyl-2H-chromen-2-one (32). To a mixture of 

4-ethylbenzene-1,3-diol (5.0 mmol) and ethyl acetoacetate (7.5 mmol) was added 

drop-wise perchloric acid (6.0 ml) at room temperature and stirred for 6 h. After 

completion of the reaction as indicated by TLC, the reaction mixture was poured 

slowly into a mixture of ice-water (50 ml) with stirring. The resultant suspension was 

filtered and the collected solid was washed with water and dried, then the crude 

compound was recrystallized from methanol to produce compound 32 with a yield of 

85%. 1H NMR (400 MHz, DMSO) δ 10.51 (s, 1H), 7.45 (s, 1H), 6.73 (s, 1H), 6.11 (d, 

J = 1.1 Hz, 1H), 2.60 (q, J = 7.5 Hz, 2H), 2.38 (d, J = 1.1 Hz, 3H), 1.16 (t, J = 7.5 Hz, 

3H). 13C NMR (101 MHz, DMSO) δ 160.90, 159.39, 154.11, 153.41, 128.18, 125.60, 

112.17, 110.57, 102.03, 22.98, 18.63, 14.60.

4.3. Fluorescence polarization-based binding (FP) assay 

For the competitive binding assay for Mcl-1 protein, FAM-Bid peptide (10 nM) 

and Mcl-1 protein (50 nM) were preincubated in the assay buffer (25 mM Tris, pH 8.0; 

150 mM NaCl). Each inhibitor was dissolved in DMSO to obtain a stock solution (10 

mM). The stock solution was then diluted successively to get different concentrations 

(1000 μM, 400 μM, 100 μM, 100 μM, 40 μM, 10 μM, 4 μM , 1 μM, 0.4 μM, 0.1 μM 

0.04 μM and 0.01 μM). The serial dilutions of each compound were added to the 

incubation mixture. After 30 min incubation, the polarization values were measured 

using a black 96-well plate in Spectra Max M5 Detection System. A Kd value of 13 

nM for FAM-Bid binding to Mcl-1 protein was determined by saturation experiments. 

The Ki value for each inhibitor was calculated using the equation developed for 
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FP-based assays by Kuntz et al. using a computer program for Ki value calculation,43 

which is available at: http://sw16.im.med.umich.edu/software/calc_ki/.

4.4. Cell culture

Human lung adenocarcinoma cells (A549 cell line) was cultured in RPMI1640 

medium supplemented with 10% fetal bovine serum (FBS), 60 mg/mL streptomycin 

and 100 mg/mL penicillin in a humidified atmosphere of a 5% CO2 at 37°C.

4.5. Cytotoxicity assay by SRB method

A549 cells were seeded in 96-well plates (6.5 × 103 cells/well) and incubated for 

24 hours at 37°C in a humid atmosphere with 5% CO2 for adhesion. After this period, 

the medium was withdrawn and the wells were treated with different concentrations 

(0.0001, 0.001, 0.01, 0.1, 1, 10 and 100 μM) of Cpd 4 and taxol, either alone or in 

combination in 10% FBS. After 48 h, 50 μl of 50% pre-cold trichloroacetic acid was 

added to the wells gently. After incubation at 4°C for one h, the plates were flicked 

and washed five times with cold water and were then air dried. The air-dried plates 

were stained with 100 μl SRB and kept for 30 min at 37°C. The unbound dye was 

removed by four times wash with 1% acetic acid. After being air-dried, 100 μl of 10 

mM Tris base (pH 10.5) was then added to the wells to solubilize the dye and the 

plates were shaken vigorously for 5 min. The absorbance reading was performed in a 

microplate reader (Powerwave HT; Biotek) at 570 nm. The percentage growth 

inhibition was calculated using following formula:

All experiments were performed in triplicate. The results were expressed as the means 

of the IC50 (drug concentration that reduced cell viability to 50% of the control).

4.6. Molecular docking

The crystal structure of Mcl-1 was obtained from the Protein Data Bank (PDB ID: 

4WMR).44 The molecular docking process was performed using Discovery Studio 

(BIOVIA Discovery Studio 2016, Dassault Systèmes, San Diego, USA). The 

CHARMM 40.1 force field was used to represent the protein and ligand structures. 

Docking simulations were performed by a standard LibDock protocol, where protein 
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features are referred to as hotspots. After a final energy-minimization step (allowing 

the ligand poses to be flexible), the top scoring ligand poses are saved. The rigid 

poses were placed into the active site of Mcl-1, and the hotspots are matched as 

triplets. The protein-ligand complexes with the highest LibDock score were taken 

from the docking results and depicted in full text.

4.7. 3D-QSAR Model Building

Three 3D-QSAR models were built using the corresponding package of Drug 

Discovery Studio. Primarily, compounds were aligned by consensus on both steric 

and electrostatic fields, with relative weight of 50-50%. The aligned molecules were 

placed in a 3D grid space, with grid spacing of 1.5 Å. The extent of the grid was set to 

the bounding box of all the ligands plus 6.0 Å of extension. The CHARMm force 

field was used. The electrostatic potential and the van derWaals potential were treated 

as separate terms. A +1e point charge was used as the electrostatic potential probe. 

Distance-dependent dielectric constant was used to mimic the solvation effect. For the 

van der Waals potential, a carbon atom with a 1.73 Å radius was used as a probe. The 

energy grid potentials were filtered to remove highly correlated descriptors 

(maximum descriptor correlation was set as 0.9). The energy grid potentials were 

filtered to remove highly correlated descriptors. Partial least squares (PLS) models 

were then built using these remaining descriptors, and Log (Ki for Mcl-1) was used as 

activity properties.
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Figure legends

Fig. 1. Binding affinities of (A) Cpd 1, 33, 34, 35, (B) Cpd 1, 17, 18, 19, and (C) Cpd 

1, 4, 8 to Mcl-l by FP assay.

Fig. 2.  SAR summary of coumarin derivatives.

Fig. 3. The IC50 concentrations of taxol or/and Cpd 4 detected in A549 cell lines and 

the parental cell lines.

Fig. 4. Docking simulation of the crystal structure of Mcl-1 and the stereo diagram of 

the ligand Cpd 4 aligned in its active site. (A) The possible binding pose of Cpd 4 in 

Mcl-1 active site. (B) The interactions (dotted lines with distances in Å) between the 

highly active compound- Cpd 4-and binding site residues of Mcl-1.

Fig. 5. Plots of experimental vs. predicted Mcl-1 inhibitory activities of training set 

and test set. (A) Plot for training set. (B) Plot for test set.

Fig. 6. (A) 3D-QSAR model coefficients on electrostatic potential grids. Blue 

represents positive coefficients; red represents negative coefficients. (B) 3D-QSAR 

model coefficients on van der Waals grids. Green represents positive coefficients; 

yellow represents negative coefficients.
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Table 1. The IC50 and Ki values of coumarins against Mcl-1.

O O

R2R3
R4

R5
R6

R1

B A

Cpd R1 R2 R3 R4 R5 R6 Ki  (μM) IC50  (μM)

1 H H H OH OH H 1.49 ± 0.04 8.77 ± 1.16

2 H CH3 H OH OH H 1.19 ± 0.04 6.28 ± 1.08

3 H C6H5 H OH OH H 0.65 ± 0.03 3.27 ± 1.77

4 H CF3 H OH OH H 0.21 ± 0.02 1.21 ± 0.56

5 H CH2Cl H OH OH H 1.04 ± 0.04 5.82 ± 1.18

6 H CH2OH H OH OH H 0.76 ± 0.03 4.01 ± 0.95

7 H CH2N3 H OH OH H 9.17 ± 0.06 34.62 ± 1.06

8 H CH2COOH H OH OH H 9.36 ± 0.05 33.73 ± 0.86

9 H H H OH OH CH2N(CH3)2 11.55 ± 0.09 53.6 ± 1.68
10 H H CH2N(CH3)2 OH OH H 4.79 ± 0.04 19.92 ± 0.94
11 H H H OH OH CH2N(CH2)4CHOH 4.81 ± 0.04 21.79 ± 1.06

12 H H CH2N(CH2)4CHOH OH OH H 2.77 ± 0.05 14.69 ± 3.16

13 H H H OH OH CH2N(CH2)4 5.42 ± 0.04 27.97 ± 1.02

14 H CH3 H OH OH CH2N(CH3)2 1.46 ± 0.07 7.39 ± 1.65

15 H CH3 H OH OH CH2N(CH2)4CHOH 21.26 ± 0.05 59.22 ± 0.62

16 H CH3 H OH OH CH2N(CH2)4 2.54 ± 0.06 11.34 ± 1.51

17 H H H OH OCH3 H 15.87 ± 0.03 51.48 ± 0.52

18 H H H OCH3 OH H 13.45 ± 0.08 22.59 ± 1.49

19 H H H OCH3 OCH3 H 9.54 ± 0.08 25.14 ± 1.53

20 NO2 H H OCH3 OCH3 NO2 2.19 ± 0.05 12.21 ± 1.29

21 H H H H OH OH 1.75 ± 0.03 11.77 ± 5.12

22 H CH3 H H OH OH 2.11 ± 0.03 11.21 ± 1.57

23 H CH2Cl H H OH OH 3.19 ± 0.08 18.61 ± 4.33

24 H CH2OH H H OH OH 5.67 ± 0.11 32.23 ± 7.45

25 H H H H OCH3 OH 7.02 ± 0.06 16.93 ± 4.70

26 H CH3 H H OCH3 OH 2.39 ± 0.10 16.93 ± 4.70

27 H CH2Cl H H OCH3 OH 6.59 ± 0.10 30.57 ± 6.83

28 H CH2OH H H OCH3 OH 7.15 ± 0.11 32.89 ± 7.45

29 H CH3 H H OH H 22.15 ± 0.28 103.70 ± 0.11
30 H CH3 H H OH NO2 10.75 ± 0.07 26.29 ± 4.14
31 H CH3 H Cl OH H 5.26 ± 0.08 28.57 ± 5.47

32 H CH3 H CH2CH3 OH H 5.47± 0.09 30.88 ± 6.12

33 H H H H H H 4.06 ± 0.05 24.38 ± 4.94

34 H H H OH H H 23.86 ± 0.18 83.69 ± 5.64

35 H H H H OH H 3.81 ± 0.07 21.04 ± 4.41

36 H H H OCH3 OH OH 5.51 ± 0.11 32.1 ± 6.90

(-)-gossypol Positive control 0.19 ± 0.03 1.52±0.85
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Highlights
1. The inhibitory effects of a series of structurally diverse coumarins on Mcl-1 were assayed.

2. The structure-activity relationship of couamrins as Mcl-1 inhibitors were summarized.

3. Docking simulations were conducted to explore the interactions between coumarins and Mcl-1.

4. 3D-QSAR analysis provided new insights into the relationships between the Mcl-1 inhibitory effects and 

the steric-electrostatic properties of coumarins.
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