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Abstract 

A series of chalcones (1a-1g, 2a-2g, 3a-3g) containing fluoro substituents at various positions of both rings 

were synthesized via Claisen-Schmidt condensation using solvent-free grinding and microwave-assisted 

methods. Among synthesized chalcones, eleven structures (1f, 2b, 2d-2g, 3b-3d, 3f-3g) are novel compounds. 

Based on the fact that fluorinated organic compounds displayed promising anticancer activities, fluorinated 

chalcones were assayed for cytotoxicity against HepG2 cancer cells by determining their IC50 values. We found 

three structures (1c, IC50 = 63.38±6.76 µM; 1e, IC50 = 59.33±1.10 µM; 1g, IC50 = 43.18±6.54 µM) showing 

highest the antiproliferative activities. The in vitro results indicated the effects of the position of fluoro 

substituents on the cytotoxic activity. In particular, the scaffold of 4-F chalcone might be regarded as playing a 

crucial role in the promising anticancer inhibitory effects towards HepG2 cells.  
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Introduction 

 

Chalcone analogues derived from chalcone skeleton consisting of two aromatic rings joined by a three-carbon 

α,-unsaturated ketone. Chalcones are commonly synthesized by the base-catalyzed Claisen-Schmidt 

condensation of acetophenones and aryl aldehydes. The green chemistry approach to this reaction by grinding 

together of the reactants with solid NaOH in the absence of solvent at room temperature has proceeded 

smoothly.1-3 However, our group has experienced the disadvantages in the isolation of hydroxy chalcones by 

grinding method, which was consistent with the results reported.4-6 It was detrimental to the purity of the 

desired product due to low yields and side reactions under basic medium. In order to overcome limitations of 

base-catalyzed protocols for the synthesis of the required chalcones, clays as solid catalysts have been 

explored as effective candidates for C-C-coupling reactions.7-9 An aspect of green chemistry, microwave-

assisted green method has been highly efficient in the field of organic synthesis due to the reduction of side-

products.10 Therefore, in a series of reactions focusing on the synthesis of trans-chalcones, the eco-friendly 

protocol involved solvent-free, clay-based catalyst under microwave irradiation has been developed and 

applicable to various substrates.8  

Chalcones exhibited promising in vitro and in vivo anticancer activities.11-15 Hence, chalcone skeleton is 

a valuable template for the development of novel chalcone-based anticancer agents. Majority of chalcones 

have been identified from plants containing hydroxy (-OH) and methoxy (-OCH3) substituents on aromatic 

rings while instances having fluorine (F) have been rarely isolated. Halogenated chalcones exhibited an 

increase in the antiproliferative activity and among halogens, fluorine displays promising effects as medicinal 

chemistry targets.14,16,17 As established in the literature, replacement of fluorine in aromatic C-H in biologically 

active molecules has been shown to demonstrate improved biological activity in multiple cases.18-23 The 

significant activity results can be attributed to the presence of C-F bonds, which resulted in higher affinities for 

binding to target molecules, bonding interactions, metabolic stabilities and physical properties.24,25 

The anticancer activity of fluorinated chalcones against human hepatocarcinoma cell line (HepG2) have 

been reported. Chalcone with trimethoxy groups at positions 2,4,6 in ring A and 2,5-difluoro groups in ring B 

exhibited a significant 2.2-fold increase of HepG2 inhibitory activity compared to non-fluorinated chalcone.24 

Being motivated by these findings, Polat et al. designed trimethoxy chalcones with fluoro groups at different 

positions on ring B to evaluate the anticancer activities. Investigating the cytotoxic effects of these 

compounds, the synthesized fluorinated chalcones were found to be sensitive to HepG2 cancer cells and 

meta-F scaffold mainly contributed to the antiproliferative activity.20  

In continuation of our studies on fluorinated organic compounds as anticancer agents, our group is 

focusing on fluorinated chalcones. We selected fluoro acetophenones and benzaldehydes as starting materials 

to synthesize chalcones containing fluorine in both ring A and B via Claisen-Schmidt condensation under 

solvent-free, solid-catalyzed and microwave-assisted conditions (Scheme 1). Fluorinated chalcones were 

subsequently assayed for the cytotoxic potency against HepG2 cancer cells. 

 

 
 

Scheme 1. General synthesis for fluorinated chalcones.  
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Results and Discussion 
 

Fluorinated chalcones herein have been synthesized using grinding or microwave-assisted methods under 

solvent-free condition. Synthesis of fluoro-substituted chalcones (1a-1e, 2a-2e, 3a-3e) (Figure 1) was achieved 

by grinding together equivalent molar ratios of fluorine-containing acetophenones and benzaldehyde 

analogues. Two reagents were ground for 10 min in a solvent-free environment prior to adding solid NaOH. 

The reaction mixture was further ground for 10 min for C-C coupling reaction. The crude products were 

purified using flash column chromatography (CC) to afford the expected chalcones. 

 

 
 

Figure 1. Chemical structures of fluorinated chalcones (1a-1g; 2a-2g, 3a-3g). 

 

In a previous procedure for (E)-chalcone synthesis, we tried a classical procedure as a reference by 

stirring a mixture composing of acetophenone, benzaldehyde and solid NaOH in ethanol at reflux condition.6 

The reaction was monitored by thin layer chromatography (TLC). After stirring for 24 h, the conversion was 

determined by TLC (see the Supplementary Information). However, besides starting materials due to 

incomplete conversion, TLC displayed spots, which can be attributed to side-products. To obtain the pure (E)-

chalcone, the crude mixture was purified by silica gel CC. Unfortunately, after elucidating the structures of 

isolated products by analyzing 1H NMR data, the desired (E)-chalcone was obtained in yield of 5%, while the 

Michael addition product was isolated in 41% yield (1H NMR data of Michael product was found in the 

Supplementary Information). In addition, in solution chemistry, the interactions between reactants or/and 

reactant-product play crucial roles in the final outcome. Therefore, the Cannizzaro products formed by self-

oxidation-reduction reaction of benzaldehyde in basic condition can be found in our case.  

By eliminating the solvent, we created a solvent-free environment for the reaction by grinding 

reactants and solid NaOH together. During work-up and having a Michael product in hand, we easily 
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determined the presence of the Michael product in this procedure. Therefore, the effect of the grinding 

process on the reaction product must be considered. We found that the procedure involving grinding fluoro 

acetophenones and benzaldehydes for 10 min prior to adding solid NaOH gave the expected chalcones as 

main products in 32-81% yields (Table 1). 

In our previous results, the base-catalyzed synthesis of chalcones with hydroxyl groups in ring B was 

unfavorable due to the enolate formation from hydroxy benzaldehydes, which hinders the nucleophilic attack 

to form the expected chalcones.4-6 Keeping these observations in mind, we aimed at synthesizing hydroxy 

chalcones through the use of montmorillonite K10 (MK10) clay as a solid catalyst, solvent-free and microwave-

assisted condition. The clay-catalyzed Claisen-Schmidt condensation afforded chalcones 1f, 1g, 2f, 2g, 3f, 3g in 

yields of 33-46% (Table 1). MK10 clay acts as an acidic catalyst in the aldol condensation due to the presence 

of inorganic metal ions, which function as Lewis acids to promote the reaction. It was believed that these ions 

located near the carbonyl oxygen facilitate the enolisation of the aryl ketones by coordination.8,26,27  

In general, the use of grinding method for the preparation of chalcones (1a-1e, 2a-2e, 3a-3a) resulted 

in higher isolated yields (32-81%) when compared to clay-catalyzed, microwave irradiation procedure, in 

which the crude products were subjected to purification by CC to afford expected hydroxy chalcones (1f, 1g, 

2f, 2g, 3f, 3g) in 33-46% yields. Nevertheless, we successfully synthesized desired hydroxy chalcones, which 

have not been described in literature.1,8 Furthermore, our protocol avoided the protection step of phenolic 

groups by protecting reagents such as methoxyethoxymethyl (MEM) or methoxymethyl (MOM) ether.28,29   

The structure of fluorinated chalcones was elucidated by using NMR and HRESIMS/ESIMS spectra. The 
1H and 13C-NMR signals were assigned. The appearance of two doublet signals in the 1H-NMR spectra in a 

range from  7.3 to  7.8 ppm with coupling constants (3J(H-H) of ∼15 Hz) demonstrated a trans configuration 

in synthesized chalcones containing fluorines.  

Fluorinated chalcones were evaluated in vitro for their cytotoxicity towards hepatocellular carcinoma 

(HepG2) using MTT assay. Doxorubicin was tested as a positive control to assess test validity. The cytotoxic 

effect was expressed as the growth inhibitory concentration (IC50, µM) values (Table 1). In our assay, 

compounds showing < 50% activities in a range from 2 to 128 µg/mL were considered “not detectable”. The 

results are presented as IC50 values in Table 1. It could be observed that the majority of fluorinated chalcones 

demonstrated cytotoxic activity against HepG2 cells with IC50 values in a range from 43.18 to 321.47 µM, 

except for compound 3a. Chalcones are known for inhibitory activity against multiple targets as they possess 

the electrophilic α,-unsaturated ketone as a Michael acceptor, which can cross link with the -SH group of 

cysteine residues in protein/enzyme targets besides other cellular nucleophiles.30,31 In other words, the 

cellular toxicity of chalcones can be proposed regarding the Michael acceptor mechanism in which chalcones 

inhibited Phase 2 detoxification enzymes (e.g. glutathione S-transferases (GST)) by forming a covalent bond 

with –SH nucleophile.32-36 
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Table 1. Isolated yields and cytotoxicities of fluorinated chalcones against HepG2 cancer cell line 

Fluorinated 

chalcones 

Yield (%) 
Mp (C) IC50±SD (µM) 

Grinding Microwave 

1a 50  80-81 82.31±3.89 

1b 72  77-79 77.92±1.31 

1c 43  80-81 63.38±6.76 

1d 67  102-104 94.11±7.78 

1e 49  117-119 59.33±1.10 

1f  46 205-207 87.90±5.57 

1g  41 102-104 43.18±6.54 

2a 58  62-64 80.94±1.10 

2b 81  65-67 91.20±6.84 

2c 58  83-84 72.68±2.58 

2d 71  131-133 77.60±6.02 

2e 46  94-96 71.93±3.47 

2f  33 186-188 142.69±7.53 

2g  34 83-85 84.57±5.14 

3a 51  81-82 Not detectable 

3b 67  79-81 77.73±3.70 

3c 58  101-102 67.84±3.70 

3d 62  110-112 89.59±5.49 

3e 32  132-133 85.45±3.17 

3f  39 206-208 321.47±9.46 

3g  36 135-137 85.01±5.72 

Doxorubicin (a positive control) 28.70±2.21 

 

It is not trivial to define the exact role of fluorine in enhancing the bioactivity of fluorine-containing 

molecules.37,38 The structure-activity relationship (SAR) study has been considered as a straightforward 

solution to interpret the effects of fluoro group. In an attempt to improve the understanding of the influence 

of fluorine on the anticancer effects, Padhye et al. reported that the antiproliferative activities of fluoro 
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chalcones against human pancreatic BxPC-3 cancer cells were improved by 2- to 7-fold over the non-

fluorinated structures. It has been reported that the fluorination of ring B of chalcone leading to the metabolic 

stability of the C–F bond is responsible for the enhanced antiproliferative property.22 Nakamura et al. also 

reported an increase in antiproliferative activity of chalcones with the addition of fluorine substituents on the 

B ring of chalcones in their study.23 

The X-ray data of the ligand-protein complex revealed that the aromatic C-F units interacted favorably 

with >N-H and >C=O groups of residues at active site of protein via hydrogen bonds and C-F…C=O contacts, 

respectively, which provided valuable insights into the nature of effective F environments in target proteins.39-

41 In addition, the aromatic fluorination affected the electronic nature of the aromatic rings, which are prone 

to a pronounced π-π stacking interaction with phenylalanine residue.42,43 

In general, compounds 1c (IC50 = 63.38±6.76 µM), 1e (IC50 = 59.33±1.10 µM), 2c (IC50 = 72.68±2.58 µM), 

2e (IC50 = 71.93±3.47 µM), 3c (IC50 = 67.84±3.70 µM) containing meta-fluoro group in ring B have lower IC50 

values compared to the others, except for 1g (IC50 = 43.18±6.54 µM), suggesting that the meta-F substitution 

into ring B might boost up the cytotoxicity. Fluorinated chalcones 1e, 2e and 3e showed close or lower 

activities compared to compounds 1c, 2c, 3c, indicating that the introduction of the para-fluoro group in ring B 

has no apparent effect on activity against HepG2 cells. 

At the same time, chalcones (1f, IC50 = 87.90±5.57 µM; 2f, IC50 = 142.69±7.53 µM; 3f, IC50 = 321.47±9.46 

µM) bearing para-OH group in ring B exhibited decreased activity against HepG2 growth, suggesting that 

replacing fluorine with a hydroxyl group had a negative impact on the cytotoxicity of compounds 1f, 2f, and 3f. 

In order to evaluate the contribution of meta-F model on activity, except 1g, the replacement of -F with -OCH3 

group (2g, IC50 = 84.57±5.14 µM; 3g, IC50 = 85.01±5.72 µM) resulted in no improvement on growth inhibition in 

HepG2 cells. Remarkably, chalcone 1g was found to be the most effective inhibition activity on HepG2 cells 

with IC50 = 43.18±6.54 µM in our assay. The observation might be attributable to the presence of para-F group 

in ring A. Considering IC50 values, most structures 1a-1g showed close or lower IC50 values compared to the 

others, suggesting the crucial effect of para-F motif on the inhibitory activity against HepG2 cells. Finally, more 

fluorination on both ring A and B, 3e (IC50 = 85.45±3.17 µM) for example, resulted in no significant difference 

in cytotoxicity. 

 

 

Conclusions 
 

In summary, we synthesized 21 fluorinated chalcones in solvent-free condition and evaluated their in vitro 

cytotoxicities against HepG2 cancer cells. Fluorinated chalcones were synthesized from Claisen-Schmidt 

condensation reactions between acetophenone analogues and benzaldehydes. Chalcones (1a-1e, 2a-2e, 3a-

3e) were prepared in 32-81% yields using solid NaOH as base by grinding method, while compounds (1g-1f, 2g-

2f, 3g-3f) were synthesized in yields of 33-46% employing MK10 clay as a solid catalyst under microwave 

irradiation. Novel fluorinated chalcones (1f, 2b, 2d-2g, 3b-3d, 3f-3g) along with known compounds were 

elucidated by NMR and mass spectroscopic analysis. The in vitro observation revealed that fluorinated 

chalcones bearing 4-F groups in ring A or 3-F in ring B contributed to the cytotoxicity. However, the more 

fluorination in both rings led to insignificant inhibition toward HepG2 cells. On the basis of our finding, it can 

be concluded that the skeleton of 4-F chalcone might act as a pharmacophore on fluorinated chalcone 

structures against HepG2 cells.  
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Experimental Section 
 

Chemicals – General 

All chemicals used for synthesis and purification were purchased from suppilers without further purification. 

Acetophenone (99%, China), 3-fluoroacetophenone (99%, Acros Organics), 4-fluoroacetophenone (99%, 

Acros Organics), 3,4-difluoroacetophenone (96%, Fisher), benzaldehyde (99%, Fisher), 2-fluorobenzaldehyde 

(97%, Acros Organics), 3-fluorobenzaldehyde      (98%, Acros Organics), 4-fluorobenzaldehyde (98%, Acros 

Organics), 3,4-difluorobenzaldehyde (96%, Acros Organics), 3-fluoro-4-hydroxybenzaldehyde (98%, Fisher), 4-

hydroxy-3-methoxybenzaldehyde (98%, China) were utilized as starting materials for the synthetic procedures 

of fluorinated chalcones. Sodium hydroxide (NaOH, 99%, China) and montmorillonite K10 (surface area 220 – 

270 m2/g, Sigma-Aldrich) are used as catalysts in synthetic procedures by grinding and microwave-assisted 

methods, respectively. n-Hexane (> 99%, J. T. Baker), dichloromethane (DCM, > 99%, J. T. Baker) and ethyl 

acetate (EtOAc, > 99%, J. T. Baker) as solvents were stored in 4.0 L glass bottles. 

 

Analytical methods 

The 1H and 13C NMR spectra were recorded on a Brüker Avance at 600 MHz and 150 MHz, respectively. 

Chemical shifts δ (ppm) were referenced to residual protonated solvent signals of CDCl3: δ 7.26 ppm (1H); 

77.16 ppm (13C), DMSO-d6: δ 2.50 ppm (1H); 39.52 ppm (13C). The proton and carbon signals were abbreviated 

as s (singlet), d (doublet), dd (doublet of doublet), t (triplet), td (triplet of doublet), m (multiplet). 

HRESIMS/ESIMS spectra were recorded on a 1100 Series LC-MSD-Trap-SL mass spectrometer (Agilent 

Technologies, USA). The products were monitored and purified by using thin layer chromatography-TLC (silica 

gel 60 F254, Merck) and flash column chromatography-CC (silica gel 0.035 – 0.070 mm, Merck). The UV–

detection was carried out at λ = 254 and 366 nm to visualize spots on TLC. 

Chemical synthesis 

Grinding procedure for synthesis of 1a-1e, 2a-2e, 3a-3e  

An open mortar (Agate mortar (inner diameter × outer diameter × depth = 100 × 120 × 30 mm) with pestle) 

was charged with fluorinated methyl ketones (5.0 mmol, 1.0 equiv) and aromatic aldehydes (5.0 mmol, 1.0 

equiv). Two reagents were ground for 10 min before adding solid NaOH (5.0 mmol, 1.0 equiv). The mixture 

was subsequently ground with a pestle at room temperature for 10 min. The consumption of starting 

materials was evidenced by TLC. The reaction was added with a volume of distilled water (15 mL) and acidified 

to pH 6 with HCl 6 M and finally transferred to a separatory funnel 125 mL. The aqueous phase was extracted 

with DCM (3×15 mL). The combined organic layers were dried over Na2SO4, filtered and the solvent was 

removed under reduced pressure. The crude product was purified via flash CC (eluent: n-hexane/EtOAc = 

98/2→ 90/10). 

(E)-3-(2-Fluorophenyl)-1-(3-fluorophenyl)prop-2-en-1-one (2b). Yield 81%; yellow powder; mp 65-67 °C; 1H 

NMR (600 MHz, CDCl3): δH 7.13-7.16 (m, 1H, H-3), 7.20 (td, J(H,H) 7.8 Hz, J(H,H) 0.6 Hz, 1H, H-5), 7.28-7.30 (m, 

1H, H-4), 7.38-7.42 (m, 1H, H-6), 7.47-7.51 (m, 1H, H-4), 7.58 (d, J(H,H) 16.2 Hz, 1H, H-α), 7.63 (td, J(H,F) 7.8 

Hz, J(H,H) 1.8 Hz, 1H, H-3), 7.70-7.72 (m, 1 H, H-6), 7.90 (dd, J(H,F) 7.8 Hz, J(H,H) 0.6 Hz, 1H, H-2), 7.90 (d, 

J(H,H) 15.6 Hz, 1H, H-β). 13C NMR (150 MHz, CDCl3): C 115.30 (d, J(C,F) 21.0 Hz, 1C, C-6), 116.32 (d, J(C,F) 21.0 

Hz, 1C, C-3), 119.99 (d, J(C,F) 21.0 Hz, 1C, C-4), 122.83 (d, J(C,F) 12.0 Hz, 1C, C-1), 124.20 (d, J(C,F) 7.5 Hz, 1C, 

C-2), 124.27 (1C, C-α), 124.59 (d, J(C,F) 3.0 Hz, 1C, C-5), 129.97 (d, J(C,F) 3.0 Hz, 1C, C-3), 130.31 (d, J(C,F) = 

7.5 Hz, 1C, C-4), 132.07 (d, 3J(C,F) 7.5 Hz, 1C, C-6), 138.31 (1C, C-), 140.21 (d, J(C,F) 7.5 Hz, 1C, C-1), 161.01 (d, 

J(C,F) 166.5 Hz, 1C, C-2), 162.70 (d, 1J(C,F) 160.5 Hz, 1C, C-5), 189.17 (1C, >C=O). HRESIMS calcd. for [M + H]: 

245.0778; found: m/z 245.0770 ([M + H]+). 
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(E)-1-(3-Fluorophenyl)-3-(4-fluorophenyl)prop-2-en-1-one (2d). Yield 71%; white solid; mp 131-133 ℃; 1H 

NMR (600 MHz, CDCl3): δH 7.14 (dd, J(H,F) 9.0 Hz, J(H,H) 8.4 Hz, 1H, H-3,5), 7.28-7.30 (m, 1H, H-4), 7.39 (d, 

J(H,H)  15.6 Hz, 1 H, H-α), 7.47-7.51 (m, 1H, H-3), 7.63 (d, J(H,H) 9,0 Hz, 1H; H-2), 7.64 (d, J(H,H) 9,0 Hz, 1H, H-

6), 7.68-7.71 (m, 1-H, H-6), 7.78 (d, J(H,H) 15.6 Hz, 1H, H-β), 7.79 (m, 1H, H-2). 13C-NMR (150 MHz, CDCl3): δC 

115.27 (d, J(C,F) 25.5 Hz, 1C, C-6), 116.17-116.31 (d, J(C,F) 21.0 Hz, 2C, C-3,5), 119.77 (d, J(C,F) 21.0 Hz, 1C, C-

4), 121.31 (1C, C-α), 124.13 (d, J(C,F) 3.0 Hz, 1C; C-2), 130.29 (d, J(C,F) 9.0 Hz, 1C, C-3), 130.51 (d, J(C,F) 9.0 

Hz, 2C, C-2,6), 130.99 (d, J(C,F) 3.0 Hz, 1C, C-1), 140.29 (d, J(C,F) 6.0 Hz, 1C, C-1), 144.25 (1C, C-), 162.12 (d, 

J(C,F) 246.0 Hz, 1C, C-4), 163.42 (d, J(C,F) 250.5 Hz, 1C, C-5), 188.96 (1C, >C=O). HRESIMS calcd. for [M + H]: 

245.0778; found: m/z 245.0775 ([M + H]+). 

(E)-3-(3,4-Difluorophenyl)-1-(3-fluorophenyl)prop-2-en-1-one (2e). Yield 46%; white solid; mp 94-96 C; 1H 

NMR (600 MHz, CDCl3): δH 7.20-7.23 (m, 1H, H-5), 7.29-7.30 (m, 1H, H-6), 7.37 (m, 1H, H-6), 7.37 (d, J(H,H) 16.2 

Hz, 1H, H-α), 7.46-7.52 (m, 2H, H-3,4), 7.68-7.69 (m, 1H, H-6), 7.71 (d, J(H,H) 15.6 Hz, 1H, H-β), 7.78-7.80 (m, 

1 H, H-2). 13C NMR (150 MHz, CDCl3): δC 115.23 (d, J(C,F) 27.0 Hz, 1C, C-6), 116.55 (d, J(C,F) 21.0 Hz, 1C, C-4), 

117.93 (d, J(C,F) 25.5 Hz, 1C; C-5), 119.99(d, J(C,F) 25.5 Hz, 1C, C-6), 122.39 (1 C, C-α), 122.39 (d, J(C,F) 3.0 Hz, 

1C, C-2), 125.39 (dd, J(C,F) 7.5 Hz, J(C,F) 4.5 Hz, 2C; C-2), 130.37 (d, J(C,F) 9.0 Hz, 1C, C-3), 131.94 (1C, C-1), 

140.03 (d, J(C,F) 7.5 Hz, 1C, C-1), 143.05 (1C, C-), 149.67 (dd, J(C,F) 162.0 Hz, J(C,F) 16.5 Hz, 1C, C-3), 151.66 

(dd, J(C,F) 183.0 Hz, J(C,F) 16.5 Hz, 1C, C-4), 161.96 (d, J(C,F) 295.5 Hz, 1C, C-5), 188.59 (1C, >C=O). HRESIMS 

calcd. for [M + H]: 263.0684; found: m/z 263.0678 ([M + H]+). 

(E)-1-(3,4-Difluorophenyl)-3-(2-fluorophenyl)prop-2-en-1-one (3b). Yield 67%; yellow powder; mp 79-81 C; 
1H NMR (600 MHz, CDCl3): δH 7.13-7.17 (m, 1H, H-3), 7.20 (t, J(H,H) 7.2 Hz, 1H, H-4), 7.27-7.32 (m, 1H, H-3), 

7.39-7.43 (m, 1H, H-6), 7.56 (d, J(H,H) 15.6 Hz, 1H, H-α), 7.62-7.65 (m, 1H, H-4), 7.80-7.83 (m, 1H, H-2), 7.86-

7.89 (m, 1H, H-6), 7.90 (d, J(H,H) 15.6 Hz, 1H, H-β). 13C-NMR (150 MHz, CDCl3): δH 116.32 (d, J(C,F) 22.5 Hz, 1C, 

C-3), 117.50 (d, J(C,F) 18.0 Hz, 1C, C-3), 117.84 (d, J(C,F) 19.5 Hz, 1C, C-6), 122.70 (d, J(C,F) 12.0 Hz, 1C, C-1), 

123.54 (1C, C-α), 124.59 (d, J(C,F) 3.0 Hz, 1C, C-5), 125.40 (dd, J(C,F) 7.5 Hz, J(C,F) 4.5 Hz, 1C, C-2), 130.06 (d, 

J(C,F) 3.0 Hz, 1C, C-4), 132.15 (d, J(C,F) 9.0 Hz, 1C, C-6), 135.11 (1C, C-1), 138.54 (1C, C-), 149.65 (d, J(C,F) 

249.0 Hz, 1C, C-5), 152.65 (d, J(C,F) 255.0 Hz, 1C, C-5), 161.01 (d, J(C,F) 255.0 Hz, 1C, C-2), 187.72 (1C, >C=O). 

HRESIMS calcd. for [M + H]: 263.0684; found: m/z 263.0662 ([M + H]+). 

(E)-1-(3,4-Difluorophenyl)-3-(3-fluorophenyl)prop-2-en-1-one (3c). Yield 58%; white solid; mp 101-102 °C; 1H 

NMR (600 MHz, CDCl3): δH 7.12-7.15 (m, 1H, H-2), 7.28-7.32 (m, 1H, H-3), 7.34-7.35 (m, 1H, H-4),  7.40-7.43 

(m, 2H, H-5,6), 7.43 (d, J(H, H) 15.6 Hz, 1H, H-α), 7.77 (d, J(H,H) 16.2 Hz, 1H, H-β), 7.80-7.83 (m, 1H, H-2), 7.85-

7.89 (m, 1H, H-6). 13C NMR (150 MHz, CDCl3): C 114.50 (d, J(C,F) 25.5 Hz, 1C, C-4), 117.56 (d, J(C,F) 21.0 Hz, 

1C, C-6), 117.70 (d, J(C,F) 21.0 Hz, 1C, C-2), 117.97 (d, J(C,F) 25.5 Hz, 1C, C-3), 122.06 (1C, C-α), 124.66 (d, 

J(C,F) 3.0 Hz, 1C, C-6), 125.36 (dd, J(C,F) 9.0 Hz, J(C,F) 4.5 Hz 1C, C-2), 130.60 (d, J(C,F) 9.0 Hz, 1C, C-5), 134.99 

(1C, C-1), 136.78 (d, J(C,F) 9.0 Hz, 1C, C-1), 144.22 (1C, C-),  149.20-154.50 (2C, C-4,5), 162.10 (d, J(C,F) 

295.5 Hz, 1C, C-3), 187.38 (1C, >C=O). HRESIMS calcd. for [M + H]: 263.0684; found: m/z 263.0688 ([M + H]+). 

(E)-1-(3,4-Difluorophenyl)-3-(4-fluorophenyl)prop-2-en-1-one (3d). Yield 62%; white solid; mp 110-112 °C; 1H 

NMR (600 MHz, CDCl3): δH 7.11-7.14 (dd, J(H,H) 8.4 Hz, J(H,F) 9.0 Hz, 2H, H-3,5), 7.27-7.32 (m, 1H, H-3), 7.37 

(d, J(H, H) 15.6 Hz, 1H, H-α), 7.63 (d, J(H,H) 9,0 Hz, 1H, H-2), 7.64 (d, J(H,H) 9,0 Hz, 1H, H-6), 7.79 (d, J(H,H) 15.6 

Hz, 1H, H-β), 7.80-7.82 (m, 1H, H-2), 7.85-7.88 (m, 1 H, H-6). 13C NMR (150 MHz, CDCl3): C 116.21 (d, J(C,F) 

21.0 Hz, 2C, C-3,5), 117.64 (d, J(C,F) 18.0 Hz, 1C, C-2), 117.81 (d, J(C,F) 16.5 Hz, 1C, C-6), 120.67 (1C, C-α), 

125.31 (d, J(C,F) 4.5 Hz, 1C, C-2), 130.49 (2C, C-2,6), 130.88 (1C, C-1), 135.21 (1C, C-1), 144.45 (1C, C-), 

163.47 (d, J(C,F) 250.5 Hz, 1C, C-4), 187.49 (1C, >C=O). HRESIMS calcd. for [M + H]: 263.0684; found: m/z 

263.0676 ([M + H]+). 
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Microwave-assisted procedure for synthesis of 1f-1g, 2f-2g, 3f-3g  

Firstly, an open mortar was charged with fluorinated acetophenones (5.0 mmol, 1.0 equiv), aromatic 

aldehydes containing hydroxyl group (5.0 mmol, 1.0 equiv) and montmorillonite K10 clay catalyst (1.0 g, 0.2 

g/mmol) and subsequently ground with a pestle at room temperature for 20 min. Next, the mixture was 

transferred to a 10 mL-vial vessel sealed with 10 mL cap and heated at 150 C under microwave irradiation 

(Microwave Reactor Discover 2.0, CEM, USA). “Standard” method (Vessel type: Pyrex; Control type: Standard; 

Temperature: 150 C; Time: 1.5 hr) was used to carry out microwave-assisted synthesis. The reaction was 

cooled down, diluted with a total volume of 45 mL DMC or EtOAc. The catalyst was removed by filtration using 

a Büchner funnel and the organic phase was dried over Na2SO4, filtered and the solvent was removed under 

reduced pressure. The crude product was purified via flash CC (eluent: n-hexane/EtOAc = 95/5→ 80/20). 

(E)-3-(3-Fluoro-4-hydroxyphenyl)-1-(4-fluorophenyl)prop-2-en-1-one (1f). Yield 46%; yellow powder; mp 205-

207 °C; 1H NMR (600 MHz, CDCl3): δH 7.05 (dd, J(H,H) 8.4 Hz, J(H,F) 9.0 Hz, 2H, H-5), 7.18 (dd, J(H,H) 8.4 Hz, 

J(H,F) 8.4 Hz, 2H, H-3,5), 7.33 (d, J(H,H) 7.8 Hz, 1H, H-6), 7.35 (d, J(H,H) 15.6 Hz, 1H, H-α), 7.39 (dd, J(H,F) 11.4 

Hz, J(H,H) 1.8 Hz, 1H, H-2), 7.70 (d, J(H,H) 15.6 Hz, 1H, H-β), 8.03 (d, J(H,H) 9.0 Hz, 1H, H-2), 8.04 (d, J(H,H) 9.0 

Hz, 1H, H-6). 13C NMR (150 MHz, CDCl3): δC 114.85 (d, 2J(C,F) 22.5 Hz, 1C, C-2), 115.68-115.85 (d, J(C,F) 25.5 

Hz, 2C, C-3,5), 120.53 (1C, C-α), 126.12 (1C, C-5), 130.74 (1C, C-1), 130.99-131.07 (d, J(C,F) 12.0 Hz, 2C, C-

2,6), 134.56 (1C, C-1), 143.70 (1C, C-β), 145.80 (1C, C-4), 152.07 (1C, C-3), 188.54 (1C, >C=O). HRESIMS calcd. 

for [M + H]: 261.0727; found: m/z 261.0710 ([M + H]+). 

(E)-3-(3-Fluoro-4-hydroxyphenyl)-1-(3-fluorophenyl)prop-2-en-1-one (2f). Yield 33%; yellow powder; mp 186-

188 °C; 1H NMR (600 MHz, CDCl3): δH 7.05 (dd, J(H,H) 9.0 Hz, J(H,F) 8.4 Hz, 1H, H-5), 7.27-7.29 (m, 1H; H-4), 

7.30 (d, J(H,H) 15.6 Hz, 1H, H-α) 7.32 (dd, J(H,H) 7.8 Hz, J(H,H) 1.2 Hz 1H, H-6), 7.39 (dd, J(H,F) 10.8 Hz, J(H,H) 

1.8 Hz, 1H, H-2), 7.47-7.50 (m, 1H, H-3), 7.67-7.70 (m, 1H, H-6), 7.71 (d, J(H,H) 15.6 Hz, 1H, H-β), 7.78-7.79 (m, 

1H, H-2). 13C-NMR (150 MHz,CDCl3): δC 114.96 (d, J(C,F) 16.5 Hz, 1C, C-2), 115.19 (d, J(C,F) 22.5 Hz, 1C, C-6), 

117.78 (1C, C-5), 119.71 (d, J(C,F) 22.5 Hz, 1C, C-4), 120.5 (1C, C-α), 124.09 (d, J(C,F) 3.0 Hz, 1C, C-2), 126.24 

(d, J(C,F) 3.0 Hz, 1C, C-6), 128.11 (d, J(C,F) 6.0 Hz, 1C, C-1), 130.26 (d, J(C,F) 7.5 Hz, 1C, C-3), 140.32 (d, J(C,F) 

7.5 Hz, 1C, C-1), 144.27 (1C, C-β), 146.08 (d, J(C,F) 15.0 Hz, 1C, C-4), 150.34 (1C, C-4), 152.30 (1C, C-3), 162.09 

(d, J(C,F) 246.0 Hz, 1C, C-5), 188.92 (1C, >C=O). HRESIMS calcd. for [M + H]: 261.0727; found: m/z 261.0710 

([M + H]+). 

(E)-1-(3-Fluorophenyl)-3-(4-hydroxy-3-methoxyphenyl)prop-2-en-1-one (2g). Yield 34%; yellow powder; mp 

83-85 C; 1H NMR (600 MHz, CDCl3): δH 3.97 (s, 3H, -OCH3), 6.96 (d, J(H,H) 7.8 Hz, 1H, H-5), 7.13 (d, J(H,H) 1.8 

Hz, 1H, H-2), 7.22 (dd, J(H,H) 7.8 Hz, J(H,H) 1.8 Hz, 1H, H-6), 7.27-7.28 (m, 1H, H-4'), 7.30 (d, J(H,H) 15.6 Hz, 1H, 

H-α), 7.46-7.49 (m, 1H, H-3), 7.68-7.70 (m, 1H, H-6′), 7.52 (d, J(H,H) 15.6 Hz, 1H, H-β), 7.78-7.79 (m, 1H, H-2). 
13C NMR (150 MHz, CDCl3): δC 56.08 (1C, -OCH3), 114.96 (1C, C-2), 115.19 (d, J(C,F) 21.0 Hz, 1C, C-6), 119.29 

(1C, C-α), 119.46 (d, J(C,F) 21.0 Hz, 1C, C-4), 123.64 (1C, C-6), 124.08 (d, J(C,F) 3.0 Hz, 1C, C-2), 127.31 (1C, C-

1), 130.20 (d, J(C,F) 7.5 Hz, 1C, C-3), 140.69 (1C, C-1'), 145.97 (1C, C-β), 146.88 (1C, C-3), 148.59 (1C, C-4), 

162.08 (d, J(C,F) 246.0 Hz, 1C; C-5), 189.25 (1C, >C=O). HRESIMS calcd. for [M + H]: 273.0927; found: m/z 

273.0930 ([M + H]+). 

(E)-1-(3,4-Difluorophenyl)-3-(3-fluoro-4-hydroxyphenyl)prop-2-en-1-one (3f). Yield 39%; yellow powder; mp 

206-208 C. 1H NMR (600 MHz, CDCl3-DMSO-d6): δH 5.56 (1H, OH), 7.04 (dd, J(H,H) 8.4 Hz, J(H,F) 8.4 Hz, 1H, H-

5), 7.28-7.41 (m, 3H, H-6,2,3), 7.30 (d, J(H,H) 15.6 Hz, 1H, H-), 7.72 (d, J(H,H) 15.6 Hz, 1H, H-), 7.79-7.80 (m, 

1H, H-2'), 7.84-7.87 (m, 1H, H-6'). 13C-NMR (150 MHz, CDCl3-DMSO-d6): δC 115.27 (d, J(C,F) 22.5 Hz, 1C, C-3), 

117.30 (d, J(C,F) 22.5 Hz, 1C, C-2), 117.45 (d, J(C,F) 21.0 Hz, 1C, C-6), 118.17 (d, J(C,F) 3.0 Hz, 1C, C-5), 

118.74(1C, C-), 125.23 (1C, C-2), 126.23 (1C, C-6), 126.43 (d, J(C,F) 7.5 Hz, 1C, C-1), 135.35 (1C, C-1), 144.86 
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(1C, C-β), 148.03 (1C, C-3), 148.13 (1C, C-4), 150.63 (1C, C-5), 165.80 (1C, C-4), 187.28 (1C, >C=O). HRESIMS 

calcd. for [M + H]: 279.0633; found: m/z 279.0615 ([M + H]+). 

(E)-1-(3,4-Difluorophenyl)-3-(4-hydroxy-3-methoxyphenyl)prop-2-en-1-one (3g). Yield 36%; yellow solid; mp 

135-137 C. 1H NMR (600 MHz, CDCl3): δH 3.96 (s, 3H, -OCH3), 5.95 (s, 1H, -OH), 6.96 (d, J(H,H) 8.4 Hz, 1H, H-5), 

7.12 (d, J(H,H) 1.8 Hz, 1H, H-2), 7.22 (dd, J(H,H) 8.4 Hz, J(H,H) 1.8 Hz, 1H, H-6), 7.28 (d, J(H,H) 15.6 Hz, 1H, H-α), 

7.28-7.29 (m, 1H, H-3), 7.76 (d, J(H,H) 15.6 Hz, 1H, H-β), 7.79-7.81 (m, 1H, H-2),  7.84-7.87 (m, 1H, H-6). 13C-

NMR (150 MHz, CDCl3): δC 56.07 (1C, -OCH3), 110.14 (1C, C-2), 114.97 (1C, C-5) 117.39 (d, J(C,F) 18.0 Hz, 1C, C-

3), 117.71 (d, J(C,F) 18.0 Hz, 1C, C-6), 118.57 (1C, C-α), 123.63 (1C, C-6), 125.23 (1C, C-2), 127.18 (1C, C-1), 

135.56 (1C, C-1'), 146.12 (1C, C-β), 146.88 (1C, C-3), 148.66 (1C, C-4), 187.71(1C, >C=O). HRESIMS calcd. for [M 

+ H]: 291.0833; found: m/z 291.0822 ([M + H]+). 

HepG2 cell cytotoxic assay 

All fluorinated chalcones were evaluated in vitro for their cytotoxic activities against human hepatocellular 

carcinoma (HepG2) cells using the modified MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) (Sigma-Aldrich, USA) method with Doxorubicin as a positive control to assess test validity. HepG2 (ATCC, 

HB-8065TM, USA) cell line was seeded in DMEM (Dulbeccos Modified Eagle Medium) supplemented with 10% 

FBS (Fetal Bovine Serum) and the other components. Cells (3×105) were grown in a 37 C humidified incubator 

with 5% CO2. Compounds were completely dissolved in dimethylsulfoxide 10% in medium (DMSO, Aldrich 

99.9%) at a concentration of 20 mg/mL. Each sample solution was diluted by culture medium into final 

concentrations of 128, 32, 8, 2 µg/mL in the wells. Each concentration was tested in four separate wells per 

96-well plate and in duplicate (4×2). The concentration of positive control Doxorubicin used was 0.01 mM. The 

concentration of DMSO in tested wells was 0.5%. Growing cells were inoculated at the appropriate 

concentration (190 µL volume) into each well of the 96-well plate. Sample solutions were applied (10 µL 

volume) to triplicate culture wells, and cultures were incubated for 72 hours at 37 C. MTT was prepared at 5 

mg/mL and 10 µL added to microculture wells. After 4 hours incubation at 37 C, 210 µL of culture medium 

were removed from each well, and formazan product was dissolved in 100 µL of DMSO. The optical density 

(OD) at 540 nm was measured with a BioTek microplate reader. The percent inhibition I (%) of HepG2 

inhibitory activity was calculated using the equation: 

I (%) = [(ODCulture medium with cells – ODSample) / (ODCulture medium with cells - ODCulture medium without cells)]× 100 

The IC50 (the half-maximal inhibitory concentration) was determined from plot of I% vs inhibitor 

concentration. 
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Supplementary Material 
 

The 1H, 13C NMR, HSQC and HRESIMS/ESIMS spectra of all fluorinated chalcones are available in the 

Supplementary Material. The details of spectral data of known compounds 1a-1e, 1g, 2a, 2c, 3a, 3e are added. 

In addition, TLC result of the base-catalyzed reaction between acetophenone and benzaldehyde after stirring 
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for 24 h at reflux condition and 1H NMR spectrum of the Michael addition product of this reaction are also 

found in the Supplementary Material. 
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