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1. General experimental information 

Unless otherwise noted, all commercially available reagents were used without further 

purification. All of the solvents were treated according to known methods. Column 

chromatography was performed on silica gel (200-400 mesh). 1H-NMR (400 MHz) chemical shifts 

were reported in ppm (δ) relative to tetramethylsilane (TMS) with the solvent resonance employed 

as the internal standard. 13C NMR (100 MHz) chemical shifts were reported in ppm (δ) from 

tetramethylsilane (TMS) with the solvent resonance as the internal standard. Data were reported 

as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, dd = doublet of doublets, 

td = triplet of doublets, ddd = doublet of doublet of doublets, dt = doublet of triplets, dq = doublet 

of quartets, m = multiplet), coupling constants (Hz) and integration. HRMS measurements were 

obtained on a TOF analyzer. Melting points were uncorrected.  

3-Iodochromones (1) were prepared according to the reported procedures.1 Bridged olefins 

2a-c were purchased from commercial suppliers. Bridged olefins 2d and 2e were prepared 

according to the reported procedures.2,3 Iodomethane (3) and all ligands used in the optimization 

of reaction conditions were purchased from Bidepharm (China), Tansoole (China) or Innochem 

(China).  
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2. Optimization of the reaction conditions for the construction of 4aa 

 
 

Entry Catalyst Ligand Base Solvent Yield b 

1 Pd(OAc)2 P(2,4,6-(CH3)3C6H3)3 Cs2CO3 Toluene 22 

2 Pd(OAc)2 Johnphos Cs2CO3 Toluene 25 

3 Pd(OAc)2 Sphos Cs2CO3 Toluene 33 

4 Pd(OAc)2 P(2-OMe-C6H4)3 Cs2CO3 Toluene 35 

5 Pd(OAc)2 P(4-Me-C6H4)3 Cs2CO3 Toluene 42 

6 Pd(OAc)2 P(3,5-(CF3)2C6H4)3 Cs2CO3 Toluene 45 

7 Pd(OAc)2 P(4-CF3-C6H4)3 Cs2CO3 Toluene 77 

8 Pd(OAc)2 P(3-FC6H4) Cs2CO3 Toluene 80 

9 Pd(OAc)2 TFP Cs2CO3 Toluene 81 

10 Pd(OAc)2 PPh3 Cs2CO3 Toluene 92 

11 Pd(PPh3)4 PPh3 Cs2CO3 Toluene 54 

12 Pd(dba)2 PPh3 Cs2CO3 Toluene 66 

13 PdBr2 PPh3 Cs2CO3 Toluene 70 

14 Pd(TFA)2 PPh3 Cs2CO3 Toluene 87 

15 Pd(OAc)2 PPh3 Cs2CO3 Mesitylene 89 

16 Pd(OAc)2 PPh3 Cs2CO3 DMSO N.R. 



S3 

 

17 Pd(OAc)2 PPh3 Cs2CO3 DMF trace 

18 Pd(OAc)2 PPh3 Cs2CO3 1,4-dioxane 90 

19 Pd(OAc)2 PPh3 Na2CO3 Toluene N.R. 

20 Pd(OAc)2 PPh3 K3PO4 Toluene 22 

21 Pd(OAc)2 PPh3 K2CO3 Toluene 25 

22 Pd(OAc)2 PPh3 NaOtBu Toluene 17 

a Unless otherwise noted, all reactions were performed with 1a (0.2 mmol, 1.0 equiv.), 2a (0.4 mmol, 2.0 equiv.), 3a (0.3 mmol, 1.5 equiv.), Pd-catalyst (10 mol%), 

ligand (20 mol%), base (0.4 mmol, 2.0 equiv.) in 2.0 mL of solvent under Ar atmosphere at 100 °C for 12 h. b Isolated yields based on 1a were given. N.R.: no reaction. 
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3. Synthetic methods of substrates 

3.1 Synthesis of 3-iodochromones 1 

 

A solution of substituted 2-hydroxyacetophenones (10 mmol, 1.0 equiv.) and DMF-DMA (35 

mmol, 3.5 equiv.) in N,N -dimethylformamide (DMF, 30 mL) was stirred at 75 °C (oil bath) for 30 

min. After the mixture was cooled to room temperature, saturated brine (100 mL) was added and 

an orange precipitate appeared. The solid was separated to afford the substituted 3-

(dimethylamino)-1-(2-hydroxyphenyl)propanones. 3-(Dimethylamino)-1-(2-

hydroxyphenyl)propanones were dissolved in 30 mL of CH2Cl2 (DCM), added iodine (30.0 mmol, 

3.0 equiv.), and the mixture was stirred at room temperature for 0.5 h. After completion of the 

reaction, the solution of 5% NaHSO3 was added into the mixture. 5% NaHCO3 (3 × 25 mL) was used 

to wash the organic phase and the solution was extracted three times with DCM (3 × 20 mL). The 

combined organic phase was concentrated and purified by flash chromatography on silica gel 

(petroleum ether/ethyl acetate = 10:1) to give 3-iodochromones (1).1 

3.2 Synthesis of bridged olefins 2  

 

PPh3 (54 mg, 0.2 mmol, 10 mol%), Pd(OAc)2 (22.6 mg, 0.1 mmol, 5 mol%), Cs2CO3 (752 mg, 2.0 

mmol, 1.0 equiv.), 1,4-dioxane (3 mL), 2-bromo-p-xylene (290 mg, 2.0 mmol, 1.0 equiv.), and 

norbornadiene (NBDE, 553 mg, 6.0 mmol, 3.0 equiv.) were added into a 10 mL glass vial, which 

was evacuated and filled with argon three times. Then the reaction mixture was stirred at room 

temperature for 5 min, and then heated to 120 °C for 12 h. After completion of the reaction, the 

mixture was cooled to room temperature and passed through a thin layer of Celite bed and washed 

with ethyl acetate to remove inorganic salts. The filtrate was evaporated under reduced pressure 

and purified by silica gel chromatography (eluted with hexanes) to afford compound 2d as a 

colorless oil (161 mg, 41% yield).2 
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Anthracene (891 mg, 5 mmol, 1.0 equiv.) and norbornadiene (NBDE, 2.3 g, 25 mmol, 5.0 

equiv.) were added into a sealed glass tube under argon atmosphere. The mixture was stirred for 

27 h at 175 °C in a heating module. After the completion of this reaction and cooling to room 

temperature, the mixture was purified by flash column chromatography on silica gel (petroleum 

ether) to afford the desired product 2e as a white solid (1.08 g, 79% yield).3  

4. Synthesis of substrate 5 

 

To a solution of estrone (a, 811 mg, 3.0 mmol, 1.0 equiv.) in pyridine (Py, 4 mL) was added 

acetic anhydride (Ac2O, 1.99 g, 19.5 mmol, 6.5 equiv.) at ice-bath condition. After that, the reaction 

was stirred for 16 h at room temperature. To the tetrachloroethane (TCE, 30 mL, 0.1 M) was added 

AlCl3 (1.00 g, 7.5 mmol, 2.5 equiv.) and the mixture was stirred at 90 °C in oil bath for 10 min, 

followed by the addition of a solution of estrone acetate (937 mg, 3 mmol, 1.0 equiv.) in DCM (3 

mL, 1 M). The reaction was stirred at 120 °C (oil bath) for 8 h before poured into cold 2 M HCl (25 

mL) and extracted with DCM (3 × 30 mL). The organic phase was washed with saturated NaHCO3 

solution (20 mL), brine (20 mL) and dried over Na2SO4. After the evaporation of solvent, the crude 

product was purified by column chromatography (petroleum ether/ethyl acetate = 5:1) to give the 

product b as a yellow solid (487 mg, 52% yield).4b 

A solution of b (487 mg, 1.56 mmol, 1.0 equiv.) and DMF-DMA (650 mg, 5.46 mmol, 3.5 equiv.) 

in DMF (30 mL) was stirred at 75 °C in oil bath for 1.5 h. After completion of the reaction, saturated 

brine (80 mL) was added to the mixture, and the resulting solid was filtrated. To a solution of the 

solid in DCM (30 mL) was added iodine (1381 mg, 5.46 mmol, 3.5 equiv.), and the mixture was 

stirred at room temperature for 2 h. After completion, the solution was quenched with 5% NaHSO3 

(60 mL), and was extracted with 50 mL DCM three times. The combined organic fractions were 

condensed and purified by flash column chromatography (petroleum ether/ethyl acetate = 5:1 ~ 

3:1) to give the product 5 as a white solid (496 mg, 71% yield).4c Characterization data of 1, 2 and 

5 can be found in previously reported.4 
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5. Representative procedure for the synthesis of compound 4a 

 

1a (54.4 mg, 0.2 mmol, 1.0 equiv.), 2a (37.7 mg, 0.4 mmol, 2.0 equiv.), Pd(OAc)2 (4.5 mg, 0.02 

mmol, 10 mol%), PPh3 (10.5 mg, 0.04 mmol, 20 mol%), Cs2CO3 (130.2 mg, 0.4 mmol, 2.0 equiv.) 

and toluene (2.0 mL) were added into a 4 mL flame-dried vial with a magnetic stir bar. The reaction 

vial was evacuated and backfilled with argon three times, then, 3a (42.4mg, 0.3mmol, 1.5 equiv.) 

was added into flask, and the mixture was stirred at 100 °C (heating module) for 12 h. After 

completion of the reaction, it was concentrated to remove solvent and purified by flash column 

chromatography on silica gel (petroleum ether/ethyl acetate = 10:1) to afford the product 4a (46.2 

mg, 92% yield). 

6. Characterization data of compounds 4a-6b 

 

Compound 4a: yellow solid, 46.2 mg, 92% yield, m.p. 131.2 – 133.0 °C (lit.4c
 m.p. 134.4 – 135.6 °C); 

1H-NMR (CDCl3, 400 MHz) δ 8.16 (dd, J = 8.0, 1.7 Hz, 1H), 7.53 (ddd, J = 8.6, 7.1, 1.7 Hz, 1H), 7.37 – 

7.27 (m, 2H), 3.16 – 3.01 (m, 2H), 2.55 – 2.43 (m, 2H), 2.29 – 2.20 (m, 1H), 2.00 (d, J = 4.1 Hz, 1H), 

1.60 – 1.41 (m, 2H), 1.39 – 1.30 (m, 1H), 1.24 – 1.12 (m, 2H), 1.04 (dt, J = 10.3, 1.6 Hz, 1H); 13C-NMR 

(CDCl3, 100 MHz) δ 176.2, 169.7, 156.8, 132.7, 125.7, 124.7, 124.3, 122.2, 117.9, 49.8, 42.8, 40.4, 

39.2, 38.4, 32.3, 28.8, 28.5; 1H and 13C NMR data are consistent with previously reported.4c 

 

 

Compound 4b: yellow solid, 43.6 mg, 77% yield, m.p. 179.8 – 180.8 °C; 1H-NMR (CDCl3, 400 MHz) 

δ 7.45 (t, J = 8.3 Hz, 1H), 6.95 (d, J = 8.4 Hz, 1H), 6.75 (d, J = 8.2 Hz, 1H), 3.94 (s, 3H), 3.15 – 3.02 (m, 
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2H), 2.58 (d, J = 4.0 Hz, 1H), 2.53 – 2.41 (m, 1H), 2.30 – 2.21 (m, 1H), 2.03 (d, J = 4.1 Hz, 1H), 1.63 – 

1.44 (m, 2H), 1.41 – 1.32 (m, 1H), 1.29 – 1.14 (m, 2H), 1.10 – 1.02 (m, 1H); 13C-NMR (CDCl3, 100 

MHz) δ 176.6, 167.2, 160.2, 159.3, 132.8, 123.6, 115.0, 110.3, 106.3, 56.5, 50.1, 42.9, 40.7, 39.1, 

38.1, 32.4, 28.8, 28.7; 1H and 13C NMR data are consistent with previously reported.4c 

 

 

Compound 4c: yellow solid, 44.9 mg, 83% yield, m.p. 146.2 – 148.3 °C (lit.4c
 m.p. 149.6 – 150.6 °C); 

1H-NMR (CDCl3, 400 MHz) δ 7.49 (td, J = 8.3, 5.4 Hz, 1H), 7.18 (d, J = 8.5 Hz, 1H), 6.98 (dd, J = 10.8, 

8.2 Hz, 1H), 3.19 – 3.03 (m, 2H), 2.59 – 2.45 (m, 2H), 2.34 – 2.23 (m, 1H), 2.05 (d, J = 4.1 Hz, 1H), 

1.63 – 1.45 (m, 2H), 1.41 – 1.33 (m, 1H), 1.27 – 1.17 (m, 2H), 1.09 (dt, J = 10.4, 1.7 Hz, 1H); 13C-NMR 

(CDCl3, 100 MHz) δ 174.9, 168.6, 161.2 (d, J = 263.8 Hz), 158.2 (d, J = 3.9 Hz), 132.7 (d, J = 10.9 Hz), 

123.3, 114.9 (d, J = 10.0 Hz), 114.0 (d, J = 4.5 Hz), 111.9 (d, J = 21.2 Hz), 49.9, 42.9, 40.5, 39.1, 38.2, 

32.4, 28.8, 28.6; 1H and 13C NMR data are consistent with previously reported.4c 

 

 

Compound 4d: yellow solid, 48.1 mg, 84% yield, m.p. 174.0 – 175.1°C (lit.4c
 m.p. 172.3 – 174.0 °C); 

1H-NMR (CDCl3, 400 MHz) δ 7.42 (t, J = 8.1 Hz, 1H), 7.30 (t, J = 7.6 Hz, 2H), 3.19 – 2.99 (m, 2H), 2.61 

– 2.44 (m, 2H), 2.29 (td, J = 9.9, 9.4, 3.8 Hz, 1H), 2.05 (d, J = 4.1 Hz, 1H), 1.62 – 1.47 (m, 2H), 1.39 – 

1.32 (m, 1H), 1.27 – 1.17 (m, 2H), 1.09 (dt, J = 10.4, 1.6 Hz, 1H); 13C-NMR (CDCl3, 100 MHz) δ 175.3, 

168.1, 158.7, 133.7, 131.9, 128.0, 123.5, 121.3, 117.4, 50.1, 42.9, 40.7, 39.1, 38.2, 32.4, 28.8, 28.6; 

1H and 13C NMR data are consistent with previously reported.4c 

 



S8 

 

 

Compound 4e: yellow solid, 46.2 mg, 87% yield, m.p. 136.6 – 137.4 °C (lit.4c
 m.p. 144.3 – 144.6 °C); 

1H-NMR (CDCl3, 400 MHz) δ 7.97 (d, J = 2.3 Hz, 1H), 7.37 (dd, J = 8.5, 2.2 Hz, 1H), 7.27 (d, J = 8.8 Hz, 

1H), 3.17 – 3.05 (m, 2H), 2.56 – 2.46 (m, 2H), 2.40 (s, 3H), 2.28 (td, J = 10.2, 9.8, 3.7 Hz, 1H), 2.03 

(d, J = 4.1 Hz, 1H), 1.63 – 1.45 (m, 2H), 1.42 – 1.34 (m, 1H), 1.27 – 1.16 (m, 2H), 1.07 (d, J = 9.8 Hz, 

1H); 13C-NMR (CDCl3, 100 MHz) δ 176.5, 169.7, 155.2, 134.6, 134.0, 125.3, 124.1, 122.2, 117.7, 49.9, 

43.0, 40.6, 39.3, 38.5, 32.4, 28.9, 28.7, 21.0; 1H and 13C NMR data are consistent with previously 

reported.4c 

 

 

Compound 4f: yellow solid, 46.7 mg, 83% yield, m.p. 124.5 – 126.3 °C (lit.4c
 m.p. 127.1 – 128.8 °C); 

1H-NMR (400 MHz, CDCl3) δ 7.57 (d, J = 3.1 Hz, 1H), 7.31 (d, J = 9.1 Hz, 1H), 7.16 (dd, J = 9.1, 2.9 Hz, 

1H), 3.86 (s, 3H), 3.21 – 3.05 (m, 2H), 2.60 – 2.46 (m, 2H), 2.29 (td, J = 10.7, 9.8, 3.6 Hz, 1H), 2.04 

(d, J = 4.1 Hz, 1H), 1.64 – 1.45 (m, 2H), 1.43 – 1.35 (m, 1H), 1.27 – 1.17 (m, 2H), 1.07 (d, J = 10.2 Hz, 

1H); 13C-NMR (CDCl3, 100 MHz) δ 176.1, 169.7, 156.7, 151.8, 125.0, 122.6, 121.7, 119.3, 105.2, 55.9, 

49.9, 43.0, 40.6, 39.3, 38.4, 32.4, 28.9, 28.7; 1H and 13C NMR data are consistent with previously 

reported.4c 

 

 

Compound 4g: yellow solid, 50.1 mg, 85% yield, m.p. 151.6 – 153.2 °C; 1H-NMR (400 MHz, CDCl3) 

δ 8.05 (d, J = 2.3 Hz, 1H), 7.45 (dd, J = 8.6, 2.3 Hz, 1H), 7.31 (d, J = 8.6 Hz, 1H), 3.29 – 3.06 (m, 2H), 

3.01 (h, J = 6.9 Hz, 1H), 2.64 – 2.44 (m, 2H), 2.38 – 2.22 (m, 1H), 2.03 (d, J = 4.1 Hz, 1H), 1.69 – 1.44 



S9 

 

(m, 2H), 1.39 (td, J = 10.0, 8.3, 2.5 Hz, 1H), 1.32 – 1.14 (m, 8H), 1.12 – 1.00 (m, 1H); 13C-NMR (CDCl3, 

100 MHz) δ 176.6, 169.7, 155.4, 145.6, 131.6, 124.1, 122.6, 122.2, 117.8, 49.9, 43.0, 40.5, 39.3, 

38.5, 33.8, 32.4, 28.9, 28.7, 24.1, 24.0; HRMS (ESI-TOF): calcd. for [C20H23O2]+ [M + H]+ 295.1693; 

found 295.1692. 

 

 

Compound 4h: yellow solid, 44.6 mg, 83% yield, m.p. 157.6 – 159.8 °C (lit.4c
 m.p. 158.8 – 159.8 °C); 

1H-NMR (400 MHz, CDCl3) δ 7.83 (dd, J = 8.5, 3.1 Hz, 1H), 7.39 (dd, J = 9.1, 4.2 Hz, 1H), 7.33 – 7.27 

(m, 1H), 3.21 – 3.05 (m, 2H), 2.58 – 2.48 (m, 2H), 2.37 – 2.26 (m, 1H), 2.06 (d, J = 4.1 Hz, 1H), 1.63 

– 1.47 (m, 2H), 1.42 – 1.34 (m, 1H), 1.27 – 1.18 (m, 2H), 1.09 (d, J = 10.4 Hz, 1H); 13C-NMR (CDCl3, 

100 MHz) δ 175.5 (d, J = 2.1 Hz), 170.4, 159.7 (d, J = 245.7 Hz), 153.1 (d, J = 1.8 Hz), 125.7 (d, J = 

7.1 Hz), 121.9, 120.9 (d, J = 25.5 Hz), 119.9 (d, J = 8.0 Hz), 110.8 (dd, J = 23.6, 2.1 Hz), 49.8, 43.0, 

40.6, 39.3 (d, J = 1.6 Hz), 38.5, 32.4, 28.8, 28.6; 1H and 13C NMR data are consistent with previously 

reported.4c 

 

 

Compound 4i: yellow solid, 44.5 mg, 78% yield, m.p. 181.5 – 183.0 °C (lit.4c
 m.p. 178.8 – 179.9 °C); 

1H-NMR (400 MHz, CDCl3) δ 8.16 (d, J = 2.4 Hz, 1H), 7.52 (dt, J = 8.9, 1.9 Hz, 1H), 7.35 (d, J = 8.9 Hz, 

1H), 3.23 – 3.06 (m, 2H), 2.60 – 2.48 (m, 2H), 2.36 – 2.25 (m, 1H), 2.07 (d, J = 4.1 Hz, 1H), 1.64 – 

1.47 (m, 2H), 1.39 (td, J = 10.1, 8.7, 2.5 Hz, 1H), 1.28 – 1.18 (m, 2H), 1.13 – 1.06 (m, 1H); 13C-NMR 

(CDCl3, 100 MHz) δ 175.1, 170.2, 155.3, 133.0, 130.8, 125.5, 125.4, 122.5, 119.7, 49.9, 43.0, 40.6, 

39.3, 38.5, 32.5, 28.9, 28.6; 1H and 13C NMR data are consistent with previously reported.4c 
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Compound 4j: yellow solid, 49.2 mg, 74% yield, m.p. 202.0 – 203.9 °C (lit.4c
 m.p. 206.1 – 207.4 °C); 

1H-NMR (400 MHz, CDCl3) δ 8.32 (d, J = 2.5 Hz, 1H), 7.66 (d, J = 6.3 Hz, 1H), 7.29 (d, J = 8.8 Hz, 1H), 

3.24 – 3.04 (m, 2H), 2.62 – 2.47 (m, 2H), 2.37 – 2.27 (m, 1H), 2.08 (s, 1H), 1.66 – 1.47 (m, 2H), 1.39 

(t, J = 9.8 Hz, 1H), 1.29 – 1.21 (m, 2H), 1.11 (d, J = 10.4 Hz, 1H); 13C-NMR (CDCl3, 100 MHz) δ 175.0, 

170.2, 155.8, 135.8, 128.6, 125.9, 122.6, 120.0, 118.3, 49.9, 43.0, 40.6, 39.3, 38.5, 32.5, 28.9, 28.6; 

1H and 13C NMR data are consistent with previously reported.4c 

 

 

Compound 4k: yellow solid, 22.6 mg, 41% yield, m.p. 180.6 – 182.2 °C (lit.4c m.p. 187.5 – 187.8 °C); 

1H-NMR (400 MHz, CDCl3) δ 8.54 (s, 1H), 7.82 (dd, J = 8.7, 2.1 Hz, 1H), 7.52 (d, J = 8.7 Hz, 1H), 3.31 

– 3.04 (m, 2H), 2.68 – 2.47 (m, 2H), 2.43 – 2.30 (m, 1H), 2.10 (d, J = 4.1 Hz, 1H), 1.66 – 1.49 (m, 2H), 

1.40 (td, J = 11.4, 3.0 Hz, 1H), 1.28 – 1.20 (m, 2H), 1.13 (d, J = 10.4 Hz, 1H); 13C-NMR (CDCl3, 100 

MHz) δ 174.4, 170.5, 158.7, 135.3, 131.7, 125.0, 123.5, 119.7, 117.9, 109.0, 49.8, 42.9, 40.5, 39.3, 

38.5, 32.5, 28.8, 28.6; 1H and 13C NMR data are consistent with previously reported.4c 

 

 

Compound 4l: yellow solid, 54.0 mg, 87% yield, m.p. 195.8 – 197.1 °C; 1H-NMR (400 MHz, CDCl3) δ 

8.93 – 8.85 (m, 1H), 8.24 (dd, J = 8.8, 2.2 Hz, 1H), 7.44 (d, J = 8.7 Hz, 1H), 3.94 (s, 3H), 3.26 – 3.08 

(m, 2H), 2.62 – 2.52 (m, 2H), 2.39 – 2.29 (m, 1H), 2.08 (d, J = 4.1 Hz, 1H), 1.65 – 1.49 (m, 2H), 1.44 

– 1.37 (m, 1H), 1.26 – 1.21 (m, 2H), 1.15 – 1.09 (m, 1H); 13C-NMR (CDCl3, 100 MHz) δ 175.7, 170.1, 
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166.1, 159.5, 133.6, 128.5, 126.9, 124.2, 123.0, 118.5, 52.5, 49.9, 43.0, 40.6, 39.3, 38.5, 32.5, 28.9, 

28.6; HRMS (ESI-TOF): calcd. for [C19H19O4]+ [M + H]+ 311.1278; found 311.1277. 

 

 

Compound 4m: yellow solid, 46.5 mg, 87% yield, m.p. 144.6 – 146.4 °C (lit.4c
 m.p. 146.6 – 148.1 °C); 

1H-NMR (400 MHz, CDCl3) δ 8.08 (d, J = 8.0 Hz, 1H), 7.15 (d, J = 9.0 Hz, 2H), 3.20 – 3.00 (m, 2H), 

2.60 – 2.47 (m, 2H), 2.43 (s, 3H), 2.33 – 2.22 (m, 1H), 2.04 (d, J = 4.1 Hz, 1H), 1.63 – 1.46 (m, 2H), 

1.43 – 1.34 (m, 1H), 1.28 – 1.17 (m, 2H), 1.08 (d, J = 10.3 Hz, 1H); 13C-NMR (CDCl3, 100 MHz) δ 

176.4, 169.5, 157.1, 144.0, 126.3, 125.6, 122.2, 122.1, 117.8, 49.9, 43.0, 40.5, 39.3, 38.5, 32.4, 28.9, 

28.7, 21.8; 1H and 13C NMR data are consistent with previously reported.4c 

 

 

Compound 4n: yellow solid, 47.4 mg, 84% yield, m.p. 128.8 – 130.5 °C (lit.4c
 m.p. 130.2 – 132.3 °C); 

1H-NMR (400 MHz, CDCl3) δ 8.08 (d, J = 8.8 Hz, 1H), 6.89 (d, J = 8.6 Hz, 1H), 6.77 (s, 1H), 3.84 (s, 

3H), 3.16 – 3.00 (m, 2H), 2.58 – 2.41 (m, 2H), 2.32 – 2.22 (m, 1H), 2.03 (d, J = 4.1 Hz, 1H), 1.61 – 

1.44 (m, 2H), 1.37 (t, J = 10.4 Hz, 1H), 1.28 – 1.15 (m, 2H), 1.06 (d, J = 10.3 Hz, 1H); 13C-NMR (CDCl3, 

100 MHz) δ 176.0, 169.2, 163.4, 158.7, 127.1, 122.1, 118.3, 113.7, 100.5, 55.8, 49.8, 43.0, 40.6, 

39.3, 38.4, 32.4, 28.9, 28.7; 1H and 13C NMR data are consistent with previously reported.4c 

 

 

Compound 4o: yellow solid, 45.2 mg, 84% yield, m.p. 125.5 – 126.7 °C (lit.4c
 m.p. 124.6 – 126.1 °C); 

1H-NMR (400 MHz, CDCl3) δ 8.21 (dd, J = 9.2, 6.4 Hz, 1H), 7.13 – 6.99 (m, 2H), 3.21 – 3.05 (m, 2H), 
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2.60 – 2.47 (m, 2H), 2.37 – 2.26 (m, 1H), 2.06 (d, J = 4.1 Hz, 1H), 1.65 – 1.45 (m, 2H), 1.44 – 1.33 (m, 

1H), 1.29 – 1.16 (m, 2H), 1.10 (d, J = 10.4 Hz, 1H); 13C-NMR (CDCl3, 100 MHz) δ 175.5, 170.0, 165.1 

(d, J = 253.4 Hz), 157.9 (d, J = 13.0 Hz), 128.2 (d, J = 10.6 Hz), 122.5, 121.3 (d, J = 2.4 Hz), 113.4 (d, 

J = 22.6 Hz), 104.7 (d, J = 25.4 Hz), 49.8, 42.9, 40.6, 39.3, 38.4, 32.4, 28.9, 28.6; 1H and 13C NMR 

data are consistent with previously reported.4c 

 

 

Compound 4p: yellow solid, 51.6 mg, 78% yield, m.p. 180.7 – 182.0 °C (lit.4c
 m.p. 182.4 – 183.8 °C); 

1H-NMR (400 MHz, CDCl3) δ 8.04 (d, J = 8.4 Hz, 1H), 7.55 (s, 1H), 7.44 (d, J = 8.4 Hz, 1H), 3.21 – 2.96 

(m, 2H), 2.59 – 2.45 (m, 2H), 2.36 – 2.24 (m, 1H), 2.05 (d, J = 4.1 Hz, 1H), 1.64 – 1.44 (m, 2H), 1.37 

(t, J = 10.7 Hz, 1H), 1.27 – 1.15 (m, 2H), 1.09 (d, J = 10.4 Hz, 1H); 13C-NMR (CDCl3, 100 MHz) δ 175.6, 

169.9, 157.0, 128.4, 127.3, 126.9, 123.4, 122.7, 121.1, 49.8, 42.9, 40.5, 39.3, 38.4, 32.4, 28.8, 28.6; 

1H and 13C NMR data are consistent with previously reported.4c 

 

 

Compound 4q: yellow solid, 48.9 mg, 92% yield, m.p. 126.3 – 128.0 °C (lit.4c
 m.p. 125.1 – 127.2 °C); 

1H-NMR (400 MHz, CDCl3) δ 8.04 (d, J = 7.9 Hz, 1H), 7.39 (d, J = 7.2 Hz, 1H), 7.21 (t, J = 7.7 Hz, 1H), 

3.21 – 3.06 (m, 2H), 2.59 – 2.50 (m, 2H), 2.42 (s, 3H), 2.33 – 2.23 (m, 1H), 2.05 (d, J = 4.0 Hz, 1H), 

1.61 – 1.46 (m, 2H), 1.42 – 1.34 (m, 1H), 1.29 – 1.18 (m, 2H), 1.07 (d, J = 10.4 Hz, 1H); 13C-NMR 

(CDCl3, 100 MHz) δ 176.7, 169.7, 155.5, 133.8, 127.3, 124.3, 124.2, 123.4, 122.1, 49.9, 43.0, 40.5, 

39.3, 38.5, 32.4, 28.8, 28.6, 15.7; 1H and 13C NMR data are consistent with previously reported.4c 
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Compound 4r: yellow solid, 49.0 mg, 86% yield, m.p. 142.9 – 144.1 °C (lit.4c
 m.p. 142.4 – 144.5 °C); 

1H-NMR (400 MHz, CDCl3) δ 8.11 (d, J = 8.0 Hz, 1H), 7.64 (d, J = 7.7 Hz, 1H), 7.28 (t, J = 7.8 Hz, 1H), 

3.22 (dd, J = 18.9, 10.3 Hz, 1H), 3.11 (d, J = 7.7 Hz, 1H), 2.67 – 2.51 (m, 2H), 2.39 – 2.28 (m, 1H), 

2.08 (d, J = 4.1 Hz, 1H), 1.65 – 1.47 (m, 2H), 1.44 – 1.35 (m, 1H), 1.30 – 1.19 (m, 2H), 1.11 (d, J = 

10.4 Hz, 1H); 13C-NMR (CDCl3, 100 MHz) δ 175.5, 169.9, 152.6, 133.2, 125.9, 124.9, 124.6, 122.9, 

122.7, 49.8, 43.0, 40.6, 39.2, 38.5, 32.4, 28.8, 28.6.; 1H and 13C NMR data are consistent with 

previously reported.4c 

 

 

Compound 4s: yellow solid, 29.8 mg, 50% yield, m.p. 158.9 – 160.3 °C (lit.4c
 m.p. 160.4 – 161.4 °C); 

1H-NMR (400 MHz, CDCl3) δ 8.50 (dd, J = 7.9, 1.8 Hz, 1H), 8.22 (dd, J = 7.9, 1.7 Hz, 1H), 7.48 (t, J = 

7.9 Hz, 1H), 3.24 (dd, J = 19.1, 10.2 Hz, 1H), 3.13 (d, J = 7.7 Hz, 1H), 2.70 – 2.53 (m, 2H), 2.40 – 2.33 

(m, 1H), 1.67 – 1.50 (m, 2H), 1.45 – 1.37 (m, 1H), 1.29 – 1.22 (m, 2H), 1.14 (dt, J = 10.4, 1.5 Hz, 1H); 

13C-NMR (CDCl3, 100 MHz) δ 174.2, 170.2, 149.1, 139.2, 131.8, 128.9, 126.4, 124.1, 123.5, 49.8, 

43.0, 40.6, 39.3, 38.5, 32.5, 28.9, 28.6; 1H and 13C NMR data are consistent with previously 

reported.4c 

 

 

Compound 4t: yellow solid, 47.5 mg, 85% yield, m.p. 168.0 – 169.2 °C (lit.4c
 m.p. 167.0 – 169.0 °C); 

1H-NMR (400 MHz, CDCl3) δ 7.91 (s, 1H), 7.12 (s, 1H), 3.16 – 3.03 (m, 2H), 2.56 – 2.45 (m, 2H), 2.31 

(d, J = 7.7 Hz, 7H), 2.03 (d, J = 4.1 Hz, 1H), 1.62 – 1.45 (m, 2H), 1.42 – 1.34 (m, 1H), 1.27 – 1.17 (m, 
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2H), 1.06 (d, J = 10.3 Hz, 1H); 13C-NMR (CDCl3, 100 MHz) δ 176.4, 169.3, 155.5, 143.0, 133.9, 125.5, 

122.2, 122.0, 118.1, 49.9, 43.0, 40.5, 39.3, 38.4, 32.4, 28.9, 28.7, 20.4, 19.3; 1H and 13C NMR data 

are consistent with previously reported.4c 

 

 

Compound 4u: yellow solid, 44.6 mg, 80% yield, m.p. 214.8 – 215.5 °C (lit.4c
 m.p. 212.1 – 213.6 °C); 

1H-NMR (400 MHz, CDCl3) δ 7.82 (s, 1H), 7.21 (s, 1H), 3.20 – 3.04 (m, 2H), 2.57 – 2.48 (m, 2H), 2.37 

(d, J = 7.5 Hz, 6H), 2.31 – 2.24 (m, 1H), 2.04 (d, J = 3.9 Hz, 1H), 1.62 – 1.45 (m, 2H), 1.42 – 1.34 (m, 

1H), 1.27 – 1.17 (m, 2H), 1.06 (d, J = 10.3 Hz, 1H); 13C-NMR (CDCl3, 100 MHz) δ 176.7, 169.4, 153.8, 

135.1, 134.0, 126.9, 123.9, 122.8, 121.9, 49.9, 43.0, 40.6, 39.3, 38.5, 32.4, 28.9, 28.6, 20.9, 15.6; 

1H and 13C NMR data are consistent with previously reported.4c 

 

 

Compound 4v: yellow solid, 45.8 mg, 76% yield, m.p. 184.3 – 185.8 °C (lit.4c
 m.p. 184.5 – 186.3 °C); 

1H-NMR (400 MHz, CDCl3) δ 8.12 (s, 1H), 7.25 (s, 1H), 3.23 – 3.01 (m, 2H), 2.61 – 2.39 (m, 5H), 2.30 

(d, J = 9.2 Hz, 1H), 2.05 (s, 1H), 1.63 – 1.46 (m, 2H), 1.37 (t, J = 10.5 Hz, 1H), 1.23 (d, J = 10.5 Hz, 2H), 

1.08 (d, J = 10.5 Hz, 1H); 13C-NMR (CDCl3, 100 MHz) δ 175.2, 169.9, 155.2, 141.8, 131.4, 125.6, 

123.6, 122.3, 119.8, 49.9, 43.0, 40.6, 39.3, 38.5, 32.4, 28.9, 28.6, 20.8; 1H and 13C NMR data are 

consistent with previously reported.4c 
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Compound 4w: yellow solid, 53.9 mg, 74% yield, m.p. 143.4 – 145.1 °C (lit.4c
 m.p. 144.0 – 146.3 °C); 

1H-NMR (400 MHz, CDCl3) δ 8.11 (d, J = 2.5 Hz, 1H), 7.78 (d, J = 2.4 Hz, 1H), 3.22 (dd, J = 19.0, 10.1 

Hz, 1H), 3.10 (d, J = 7.7 Hz, 1H), 2.67 – 2.50 (m, 2H), 2.39 – 2.30 (m, 1H), 2.09 (d, J = 4.1 Hz, 1H), 

1.65 – 1.48 (m, 2H), 1.39 (t, J = 9.9 Hz, 1H), 1.29 – 1.19 (m, 2H), 1.12 (d, J = 10.5 Hz, 1H); 13C-NMR 

(CDCl3, 100 MHz) δ 174.3, 170.4, 152.2, 136.0, 130.9, 126.3, 124.9, 122.7, 112.5, 49.8, 43.0, 40.6, 

39.3, 38.5, 32.5, 28.8, 28.6; 1H and 13C NMR data are consistent with previously reported.4c 

 

 

Compound 4x: yellow solid, 35.5 mg, 55% yield, m.p. 205.2 – 206.2 °C (lit.4c
 m.p. 202.1 – 203.3 °C); 

1H-NMR (400 MHz, CDCl3) δ 10.14 (d, J = 8.7 Hz, 1H), 7.97 (d, J = 9.0 Hz, 1H), 7.85 (d, J = 8.0 Hz, 1H), 

7.71 (t, J = 8.0 Hz 1H), 7.56 (t, J = 7.5 Hz, 1H), 7.42 (d, J = 9.0 Hz, 1H), 3.21 – 3.10 (m, 2H), 2.68 – 

2.50 (m, 2H), 2.37 – 2.27 (m, 1H), 2.07 (d, J = 4.1 Hz, 1H), 1.68 – 1.47 (m, 2H), 1.48 – 1.38 (m, 1H), 

1.29 – 1.18 (m, 2H), 1.14 – 1.07 (m, 1H); 13C-NMR (CDCl3, 100 MHz) δ 178.7, 166.9, 158.1, 134.5, 

131.1, 130.7, 128.9, 128.1, 127.2, 126.3, 125.1, 117.8, 117.4, 50.2, 43.0, 41.0, 39.3, 38.0, 32.5, 28.9, 

28.7; 1H and 13C NMR data are consistent with previously reported.4c 

 

 

Compound 4y: yellow solid, 50.5 mg, 84% yield, m.p. 181.9 – 183.7 °C (lit.4c
 m.p. 188.4 – 190.1 °C); 

1H-NMR (400 MHz, CDCl3) δ 8.43 (d, J = 8.9 Hz, 1H), 8.17 (d, J = 8.7 Hz, 1H), 7.88 (dd, J = 7.5, 1.8 Hz, 

1H), 7.71 (d, J = 8.7 Hz, 1H), 7.62 (pd, J = 7.1, 1.5 Hz, 2H), 3.26 (dd, J = 18.4, 10.1 Hz, 1H), 3.17 (d, J 

= 7.7 Hz, 1H), 2.73 – 2.57 (m, 2H), 2.41 – 2.30 (m, 1H), 2.10 (d, J = 4.2 Hz, 1H), 1.68 – 1.50 (m, 2H), 

1.47 – 1.39 (m, 1H), 1.31 – 1.21 (m, 2H), 1.12 (d, J = 10.4 Hz, 1H); 13C-NMR (CDCl3, 100 MHz) δ 

176.4, 168.9, 154.2, 135.6, 128.9, 128.1, 126.9, 124.9, 124.2, 123.7, 122.2, 121.2, 120.6, 50.0, 43.0, 

40.8, 39.3, 38.4, 32.5, 28.9, 28.7; 1H and 13C NMR data are consistent with previously reported.4c 
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Compound 4z: yellow solid, 30.1 mg, 60% yield, m.p. 140.0 – 142.0 °C; 1H-NMR (400 MHz, CDCl3) 

δ 8.22 (dd, J = 8.0, 1.8 Hz, 1H), 7.59 (ddd, J = 8.7, 7.1, 1.8 Hz, 1H), 7.43 – 7.33 (m, 2H), 6.24 (dd, J = 

5.8, 3.0 Hz, 1H), 6.08 (dd, J = 5.8, 3.0 Hz, 1H), 3.22 – 3.00 (m, 3H), 2.66 (s, 1H), 2.54 (ddd, J = 18.8, 

3.8, 2.3 Hz, 1H), 2.37 – 2.27 (m, 1H), 1.39 (dt, J = 9.2, 1.7 Hz, 1H), 1.31 (d, J = 8.9 Hz, 1H); 13C-NMR 

(CDCl3, 100 MHz) δ 176.2, 170.2, 157.0, 138.2, 136.4, 132.9, 125.9, 124.9, 124.5, 122.4, 118.0, 47.7, 

47.1, 44.4, 41.8, 37.6, 36.4; HRMS (ESI-TOF): calcd. for [C17H15O2]+ [M + H]+ 251.1067; found 

251.1064. 

 

 

Compound 4aa: yellow solid, 57.0 mg, 90% yield, m.p. 183.0 – 184.0 °C (lit.4c
 m.p. 180.2 – 182.1 °C); 

1H-NMR (400 MHz, CDCl3) δ 8.20 (dd, J = 8.0, 1.7 Hz, 1H), 7.61 – 7.54 (m, 1H), 7.36 (dd, J = 16.8, 8.2 

Hz, 2H), 3.49 (d, J = 7.3 Hz, 1H), 3.14 (dd, J = 18.5, 10.1 Hz, 1H), 2.70 – 2.59 (m, 2H), 2.44 (dt, J = 

18.6, 3.0 Hz, 1H), 2.38 (d, J = 3.0 Hz, 1H), 2.17 (d, J = 3.1 Hz, 1H), 2.09 (d, J = 4.8 Hz, 1H), 1.79 (dd, J 

= 10.0, 4.7 Hz, 1H), 1.72 – 1.64 (m, 2H), 1.52 – 1.42 (m, 2H), 1.28 (d, J = 10.2 Hz, 1H), 1.10 (d, J = 

10.3 Hz, 1H), 0.99 (t, J = 8.6 Hz, 3H); 13C-NMR (CDCl3, 100 MHz) δ 176.1, 169.5, 156.9, 132.8, 125.8, 

124.8, 124.4, 122.4, 117.9, 50.1, 50.1, 48.2, 44.8, 44.0, 38.9, 36.4, 35.6, 35.4, 35.2, 31.4, 31.4; 1H 

and 13C NMR data are consistent with previously reported.4c 

 

 

Compound 4ab: yellow solid, 64.4 mg, 91% yield, m.p. 233.6 – 234.4 °C (lit.4c
 m.p. 235.0 – 236.1 °C); 

1H-NMR (400 MHz, CDCl3) δ 8.25 (dd, J = 8.0, 1.7 Hz, 1H), 7.61 (ddd, J = 8.7, 7.0, 1.7 Hz, 1H), 7.47 – 
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7.32 (m, 2H), 6.90 (s, 2H), 3.40 (d, J = 3.8 Hz, 1H), 3.31 – 3.14 (m, 3H), 2.75 – 2.58 (m, 2H), 2.41 – 

2.33 (m, 1H), 2.25 – 2.10 (m, 7H), 1.03 (d, J = 11.7 Hz, 1H), 0.80 (d, J = 11.2 Hz, 1H); 13C-NMR (CDCl3, 

100 MHz) δ 176.4, 169.6, 157.0, 144.0, 143.3, 133.0, 129.7, 129.1, 128.7, 128.5, 125.9, 125.0, 124.4, 

122.1, 118.0, 48.6, 48.6, 47.8, 42.4, 39.2, 38.9, 38.2, 26.7, 16.4, 16.3; 1H and 13C NMR data are 

consistent with previously reported.4c 

 

 

Compound 4ac: white solid, 66.1 mg, 77% yield, m.p. 294.6 – 295.2 °C; 1H-NMR (400 MHz, CDCl3) 

δ 8.21 (d, J = 7.5 Hz, 1H), 7.60 – 7.54 (m, 1H), 7.35 (t, J = 8.0 Hz, 2H), 7.29 – 7.25 (m, 2H), 7.20 – 

7.13 (m, 2H), 7.13 – 7.04 (m, 4H), 4.37 (d, J = 2.8 Hz, 1H), 4.27 (d, J = 2.8 Hz, 1H), 3.13 – 2.96 (m, 

2H), 2.47 – 2.32 (m, 2H), 2.22 – 2.11 (m, 2H), 1.99 – 1.93 (m, 1H), 1.88 (s, 1H), 0.45 (d, J = 11.6 Hz, 

1H), -0.48 (d, J = 11.6 Hz, 1H); 13C-NMR (CDCl3, 100 MHz) δ 176.3, 170.0, 156.9, 144.7, 144.5, 142.3, 

142.0, 132.9, 126.2, 126.0, 125.8, 125.8, 125.6, 124.9, 124.5, 124.3, 124.2, 123.5, 123.2, 121.4, 

117.9, 51.2, 49.1, 48.5, 48.4, 48.2, 46.2, 42.5, 41.6, 37.7, 27.1; 1H and 13C NMR data are consistent 

with previously reported.4c 

 

 

Compound 4ad: yellow solid, 32.9 mg, 62% yield, m.p. 142.6 – 144.3 °C; 1H-NMR (400 MHz, CDCl3) 

δ 8.22 (dd, J = 8.0, 1.8 Hz, 1H), 7.59 (ddd, J = 8.6, 7.1, 1.8 Hz, 1H), 7.43 (dd, J = 8.5, 1.2 Hz, 1H), 7.36 

(ddd, J = 8.2, 7.1, 1.2 Hz, 1H), 3.42 (dq, J = 10.1, 7.5 Hz, 1H), 3.18 (d, J = 7.7 Hz, 1H), 2.62 – 2.57 (m, 

1H), 2.33 – 2.19 (m, 2H), 1.66 – 1.49 (m, 2H), 1.42 – 1.35 (m, 1H), 1.31 (d, J = 7.5 Hz, 3H), 1.19 – 

1.12 (m, 2H), 1.07 (dt, J = 10.0, 1.7 Hz, 1H); 13C-NMR (CDCl3, 100 MHz) δ 176.6, 172.5, 157.0, 132.8, 

125.9, 124.8, 124.6, 120.8, 118.1, 49.7, 44.4, 40.9, 37.6, 37.1, 34.0, 29.4, 28.6, 12.0; HRMS (ESI-

TOF): calcd. for [C18H19O2]+ [M + H]+ 267.1380; found 267.1377. 
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Compound 4ae: yellow solid, 35.0 mg, 62% yield, m.p. 99.8 – 101.6 °C; 1H-NMR (400 MHz, CDCl3) 

δ 8.22 (dd, J = 7.9, 1.7 Hz, 1H), 7.59 (ddd, J = 8.7, 7.1, 1.8 Hz, 1H), 7.44 – 7.40 (m, 1H), 7.40 – 7.32 

(m, 1H), 3.25 – 3.10 (m, 2H), 2.60 (d, J = 3.8 Hz, 1H), 2.36 – 2.26 (m, 2H), 1.99 – 1.89 (m, 1H), 1.70 

– 1.53 (m, 3H), 1.43 – 1.35 (m, 1H), 1.18 (t, J = 7.4 Hz, 5H), 1.09 – 1.03 (m, 1H); 13C-NMR (CDCl3, 

100 MHz) δ 176.6, 172.0, 157.0, 132.8, 125.9, 124.9, 124.6, 121.0, 118.1, 49.4, 48.5, 43.7, 37.8, 

36.9, 34.0, 29.6, 28.5, 20.3, 13.9; HRMS (ESI-TOF): calcd. for [C19H21O2]+ [M + H]+ 281.1536; found 

281.1537. 

 

 

Compound 4af: yellow solid, 18.0 mg, 31% yield, m.p. 115.3 – 116.8 °C; 1H-NMR (400 MHz, CDCl3) 

δ 8.22 (dd, J = 7.9, 1.8 Hz, 1H), 7.59 (ddd, J = 8.7, 7.0, 1.8 Hz, 1H), 7.42 (d, J = 8.4 Hz, 1H), 7.36 (t, J 

= 7.5 Hz, 1H), 3.26 (td, J = 9.4, 4.4 Hz, 1H), 3.18 (d, J = 7.6 Hz, 1H), 2.61 (d, J = 3.9 Hz, 1H), 2.33 – 

2.22 (m, 2H), 1.70 – 1.47 (m, 5H), 1.44 – 1.35 (m, 1H), 1.21 – 1.13 (m, 2H), 1.10 – 1.00 (m, 4H); 13C-

NMR (CDCl3, 100 MHz) δ 176.5, 172.0, 157.0, 132.8, 125.9, 124.8, 124.6, 121.0, 118.1, 49.5, 46.5, 

43.8, 37.7, 37.0, 34.0, 29.6, 29.3, 28.5, 22.4, 14.5; HRMS (ESI-TOF): calcd. for [C20H23O2]+ [M + H]+ 

295.1693; found 295.1692. 

 

 

Compound 4ag: yellow solid, 45.8 mg, 90% yield, 92% D, m.p. 139.7 – 141.0 °C; 1H-NMR (400 MHz, 

CDCl3) δ 8.22 (dd, J = 8.0, 1.8 Hz, 1H), 7.59 (ddd, J = 8.6, 7.1, 1.8 Hz, 1H), 7.43 – 7.30 (m, 2H), 3.11 
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(d, J = 7.8 Hz, 1H), 2.56 (d, J = 4.1 Hz, 1H), 2.29 (d, J = 7.7 Hz, 1H), 2.06 (d, J = 4.2 Hz, 1H), 1.64 – 

1.47 (m, 2H), 1.44 – 1.36 (m, 1H), 1.28 – 1.19 (m, 2H), 1.09 (dt, J = 10.3, 1.6 Hz, 1H); 13C-NMR (CDCl3, 

100 MHz) δ 176.4, 169.8, 157.0, 132.8, 125.9, 124.8, 124.4, 122.5, 118.0, 49.9, 42.9, 40.4, 39.3, 

38.6 – 36.9 (m), 32.4, 28.9, 28.7; HRMS (ESI-TOF): calcd. for [C17H15D2O2]+ [M + H]+ 255.1349; found 

255.1345. 

 

 

Compound 4ah: yellow solid, 40.4 mg, 70% yield, 76% D, m.p. 173.0 – 174.2 °C; 1H-NMR (400 MHz, 

CDCl3) δ 7.43 (t, J = 8.1 Hz, 1H), 7.31 (td, J = 7.8, 1.3 Hz, 2H), 3.06 (d, J = 7.7 Hz, 1H), 2.62 – 2.47 (m, 

1H), 2.28 (d, J = 7.7 Hz, 1H), 2.05 (d, J = 4.0 Hz, 1H), 1.65 – 1.45 (m, 2H), 1.41 – 1.32 (m, 1H), 1.27 – 

1.17 (m, 2H), 1.09 (dt, J = 10.3, 1.5 Hz, 1H); 13C-NMR (CDCl3, 100 MHz) δ 175.4, 168.1, 158.8, 133.8, 

131.9, 128.1, 123.6, 121.4, 117.4, 50.1, 42.8, 40.5, 39.2, 38.4 – 37.3 (m), 32.5, 28.8, 28.6; HRMS 

(ESI-TOF): calcd. for [C17H14D2ClO2]+ [M + H]+ 289.0959; found 289.0957. 

 

 

Compound 4ai: yellow solid, 42.0 mg, 78% yield, 86% D, m.p. 142.1 – 144.0 °C; 1H-NMR (400 MHz, 

CDCl3) δ 7.99 (d, J = 1.6 Hz, 1H), 7.39 (dd, J = 8.5, 2.3 Hz, 1H), 7.28 (d, J = 8.5 Hz, 1H), 3.10 (d, J = 7.6 

Hz, 1H), 2.56 (d, J = 4.1 Hz, 1H), 2.42 (s, 3H), 2.28 (d, J = 7.7 Hz, 1H), 2.05 (d, J = 4.1 Hz, 1H), 1.64 – 

1.47 (m, 2H), 1.43 – 1.36 (m, 1H), 1.26 – 1.15 (m, 2H), 1.08 (dt, J = 10.3, 1.5 Hz, 1H); 13C-NMR (CDCl3, 

100 MHz) δ 176.5, 169.7, 155.3, 134.7, 134.0, 125.3, 124.1, 122.3, 117.7, 49.9, 42.9, 40.4, 39.3, 

38.7 – 37.2 (m), 32.4, 28.9, 28.7, 21.0; HRMS (ESI-TOF): calcd. for [C18H17D2O2]+ [M + H]+ 269.1505; 

found 269.1503. 
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Compound 4aj: yellow solid, 44.9 mg, 84% yield, 89% D, m.p. 147.3 – 148.4 °C; 1H-NMR (400 MHz, 

CDCl3) δ 8.08 (d, J = 8.0 Hz, 1H), 7.16 (d, J = 8.7 Hz, 2H), 3.09 (d, J = 7.6 Hz, 1H), 2.57 – 2.48 (m, 1H), 

2.44 (s, 3H), 2.27 (d, J = 7.7 Hz, 1H), 2.05 (d, J = 4.1 Hz, 1H), 1.63 – 1.47 (m, 2H), 1.43 – 1.35 (m, 1H), 

1.26 – 1.17 (m, 2H), 1.08 (dt, J = 10.3, 1.6 Hz, 1H); 13C-NMR (CDCl3, 100 MHz) δ 176.4, 169.5, 157.2, 

144.0, 126.3, 125.7, 122.3, 122.2, 117.8, 49.9, 42.9, 40.6, 39.3, 38.7 – 36.8 (m), 32.4, 28.9, 28.7, 

21.8; HRMS (ESI-TOF): calcd. for [C18H17D2O2]+ [M + H]+ 269.1505; found 269.1505. 

 

 

Compound 4ak: yellow solid, 43.5 mg, 81% yield, 90% D, m.p. 121.9 – 123.8 °C; 1H-NMR (400 MHz, 

CDCl3) δ 8.10 (dd, J = 8.0, 1.8 Hz, 1H), 7.55 – 7.38 (m, 1H), 7.31 – 7.27 (m, 1H), 3.15 (d, J = 7.7 Hz, 

1H), 2.61 (d, J = 4.1 Hz, 1H), 2.48 (s, 3H), 2.34 (d, J = 7.7 Hz, 1H), 2.11 (d, J = 4.1 Hz, 1H), 1.69 – 1.52 

(m, 2H), 1.48 – 1.40 (m, 1H), 1.32 – 1.23 (m, 2H), 1.14 (dd, J = 10.3, 1.5 Hz, 1H); 13C-NMR (CDCl3, 

100 MHz) δ 176.7, 169.5, 155.5, 133.9, 127.3, 124.3, 124.3, 123.5, 122.2, 49.9, 42.9, 40.4, 39.3, 

38.8 – 37.0 (m), 32.4, 28.9, 28.7, 15.8; HRMS (ESI-TOF): calcd. for [C18H17D2O2]+ [M + H]+ 269.1505; 

found 269.1503. 

 

 

Compound 6a: white solid, 80.0 mg, 93% yield, m.p. 274.6 – 275.7 °C; 1H-NMR (400 MHz, CDCl3) δ 

8.08 (d, J = 4.2 Hz, 1H), 7.10 (d, J = 2.4 Hz, 1H), 3.19 – 3.07 (m, 2H), 3.05 – 2.91 (m, 2H), 2.64 – 2.44 

(m, 4H), 2.36 – 2.24 (m, 2H), 2.20 – 1.96 (m, 5H), 1.68 – 1.44 (m, 8H), 1.39 (td, J = 9.9, 8.3, 2.6 Hz, 

1H), 1.28 – 1.17 (m, 2H), 1.07 (d, J = 9.7 Hz, 1H), 0.89 (d, J = 3.2 Hz, 3H); 13C-NMR (CDCl3, 100 MHz) 
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δ 220.7, 176.4, 169.5 (d, J = 3.4 Hz), 155.3, 143.0 (d, J = 1.5 Hz), 137.4 (d, J = 4.6 Hz), 122.2, 122.1 

(d, J = 1.8 Hz), 121.9, 117.2 (d, J = 2.4 Hz), 50.6 (d, J = 1.5 Hz), 49.9, 48.0 (d, J = 1.2 Hz), 44.2 (d, J = 

1.5 Hz), 43.0, 40.5 (d, J = 2.3 Hz), 39.3 (d, J = 3.1 Hz), 38.5, 38.0 (d, J = 3.0 Hz), 35.9, 32.4 (d, J = 1.5 

Hz), 31.5, 29.7 (d, J = 1.6 Hz), 28.9 (d, J = 2.4 Hz), 28.7, 26.2 (d, J = 3.4 Hz), 25.9 (d, J = 4.4 Hz), 21.7, 

13.9 (d, J = 1.8 Hz); 1H and 13C NMR data are consistent with previously reported.4c 

 

 

Compound 6b: white solid, 73.6 mg, 85% yield, 80% D, m.p. 275.9 – 277.5 °C; 1H-NMR (400 MHz, 

CDCl3) δ 8.08 (d, J = 4.3 Hz, 1H), 7.11 (d, J = 2.4 Hz, 1H), 3.09 (d, J = 7.5 Hz, 1H), 3.05 – 2.91 (m, 2H), 

2.63 – 2.45 (m, 3H), 2.36 – 2.24 (m, 2H), 2.17 – 1.95 (m, 5H), 1.70 – 1.45 (m, 8H), 1.40 (t, J = 5.7 Hz, 

1H), 1.28 – 1.24 (m, 1H), 1.22 – 1.17 (m, 1H), 1.07 (d, J = 10.4 Hz, 1H), 0.89 (d, J = 3.2 Hz, 3H); 13C-

NMR (CDCl3, 100 MHz) δ 220.6 (d, J = 1.5 Hz), 176.4, 169.3 (d, J = 3.4 Hz), 155.2, 142.9 (d, J = 1.4 

Hz), 137.3 (d, J = 4.7 Hz), 122.1, 122.0 (d, J = 1.6 Hz), 121.9, 117.1 (d, J = 2.4 Hz), 50.5 (d, J = 1.5 Hz), 

49.8, 47.9 (d, J = 1.4 Hz), 44.1 (d, J = 1.5 Hz), 42.8, 40.3 (d, J = 2.3 Hz), 40.2 (d, J = 2.2 Hz), 39.2 (d, J 

= 3.2 Hz), 37.9 (d, J = 3.0 Hz), 35.8, 32.3, 31.4, 29.6 (d, J = 1.6 Hz), 28.8 (d, J = 2.5 Hz), 28.6, 26.1 (d, 

J = 3.4 Hz), 25.8 (d, J = 4.4 Hz), 21.6, 13.8 (d, J = 1.8 Hz); HRMS (ESI-TOF): calcd. for [C29H31D2O3]+ 

[M + H]+ 431.2550; found 431.2548. 
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7. Preparative-scale experiments 

7.1 Synthesis of 4ab on a gram-scale 

 

To a 250 mL flame-dried round bottom flask with a stir bar, 1a (1.90 g, 7.0 mmol, 1.0 equiv.), 

2d (1.32 g, 14 mmol, 2.0 equiv.), Pd(OAc)2 (157.2 mg, 0.7 mmol, 10 mol%), PPh3 (367.2 mg, 1.4 

mmol, 20 mol%), Cs2CO3 (4.56 g, 14.0 mmol, 2.0 equiv.), and toluene (70.0 mL) were added. The 

reaction flask was evacuated and backfilled with argon three times, then, 3a (1.55 g, 10.5 mmol, 

1.5 equiv.) was added into flask. The mixture was stirred at 100 °C in a heating module for 12 h. 

After completion of the reaction, it was concentrated to remove solvent and purified by flash 

column chromatography on silica gel (petroleum ether/ethyl acetate = 20:1 ~ 5:1) to afford the 

product 4ab (2.22 g, 90% yield). 

7.2 Synthesis of 4ag on a gram-scale 

 

To a 250 mL flame-dried round bottom flask with a stir bar, 1a (2.18 g, 8.0 mmol, 1.0 equiv.), 

2a (1.51 g, 16 mmol, 2.0 equiv.), Pd(OAc)2 (180 mg, 0.8 mmol, 10 mol%), PPh3 (420.0 mg, 1.6 mmol, 

20 mol%), Cs2CO3 (5.208 g, 16.0 mmol, 2.0 equiv.), and toluene (80.0 mL) were added. The reaction 

flask was evacuated and backfilled with argon three times, then, 3a' (1.74 g, 12 mmol, 1.5 equiv.) 

was added into flask, the mixture was stirred at 100 °C in a heating module for 12 h. After 

completion of the reaction, it was concentrated to remove solvent and purified by flash column 

chromatography on silica gel (petroleum ether/ethyl acetate = 20:1 ~ 5:1) to afford the product 4ag 

(1.36 g, 68% yield). 
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1H-NMR (400 MHz) 

Solvent: CDCl3
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9. 1H and 13C NMR spectra of 4a-ak and 6a-b  
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