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1. Chemicals and instrumentation 

 

Materials were obtained from commercial suppliers and used as received. Solvents for the 

synthesis of starting materials and liquid additives for mechanochemical reactions were also 

purchased from commercial suppliers and dried over molecular sieves (MS 4A) prior to use.  All 

mechanochemical reactions were carried out using grinding vessels in a Retsch MM400 mill 

(Figure S1). Both jars (1.5 mL) and balls (7 mm) are made of stainless (SUS400B and SUS420J2, 

respectively) (Figure S2). The heat gun Takagi HG-1450B with a temperature control function 

was used for high-temperature ball-milling reactions (Figure S3). NMR spectra were recorded on 

JEOL JNM-EC X400P and JNM-ECS400 spectrometers (1H: 392 or 396 or 399 or 401 MHz, 13C: 

99 or 100 or 101 MHz). Tetramethylsilane (1H) and CDCl3 (13C) were employed as external 

standards, respectively. Multiplicity was recorded as follows: s = singlet, brs = broad singlet, d = 

doublet, t = triplet, q = quartet, quint = quintet, sept = septet, o = octet, m = multiplet. 1,1,2,2-

Tetrachloroethane was used as an internal standard to determine NMR yields. HPLC analyses 

with chiral stationary phase were carried out using a Hitachi LaChrome Elite HPLC system with 

a L-2400 UV detector. Specific optical rotations were measured with HORIBA SEPA-300 and a 

Rudolph Research Analytical Autopol IV Polarimeter. Size exclusion chromatography (SEC) was 

performed at 40 ℃ using a Jasco high-performance liquid chromatography system using THF as 

an eluent. The number-average molecular weight (Mn) and polydispersity index (PDI) of the 

PEGylated ligands were calculated based on a polystyrene calibration. Transmission electron 

microscopy analysis was carried out at “Joint-Use Facilities: Laboratory of Nano-Micro Material 

Analysis”, Hokkaido University. High-resolution mass spectra were recorded at the Global 

Facility Center, Hokkaido University.  

 

Figure S1. Retsch MM400 used in this study. 
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Figure S2. Stainless jar (1.5 mL) and balls (7 mm) used in this study. 

 

 

Figure S3. The temperature-controllable heat gun Takagi HG-1450B used in this study.  
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2. List of substrates 
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3. Substrate preparation 

Preparation of conjugated ketones (1a, 1c, 1d, 1f, 1g and 1h). 

 

In a 50 mL two-neck round-bottomed flask, the corresponding aldehyde (5.0 mmol) and NaOH 

(1.7 mmol) were dissolved in acetone (3.3 mL) and H2O (5.0 mL) under a nitrogen atmosphere 

at room temperature. After stirring for 12 hours, the reaction mixture was transferred to a funnel, 

and the organic layer was extracted with CH2Cl2 (30 mL×3). The solution was dried over MgSO4, 

filtered, and evaporated in vacuo. The crude material was purified by recrystallization from 

ethanol or flash chromatography (SiO2, typically EtOAc/hexane, typically 0–10:90) to give the 

corresponding product. 

 

(E)-4-[(1,1'-Biphenyl)-4-yl]but-3-en-2-one (1a).  

 

The reaction was carried out with 911.0 mg (5.0 mmol) of biphenyl-4-carboxaldehyde. 1a was 

obtained as a white solid (553.9 mg, 2.5 mmol, 50% yield) after purification by silica-gel column 

chromatography (SiO2, EtOAc/hexane, 0:100–40:60). The 1H and 13C NMR spectra were 

consistent with the literature.1  

1H NMR (399 MHz, CDCl3, δ): 2.41 (s, 3H), 6.77 (d, J = 16.4 Hz, 1H), 7.35–7.42 (m, 1H), 7.47 

(t, J = 7.6 Hz, 2H), 7.56 (d, J = 16.4 Hz, 1H), 7.59–7.67 (m, 6H). 13C NMR (99 MHz, CDCl3, δ): 

27.7 (CH3), 127.07 (CH), 127.15 (CH), 127.7 (CH), 128.0 (CH), 128.9 (CH), 129.0 (CH), 133.4 

(CH), 140.1 (C), 143.1 (C), 143.4 (C), 198.5 (C). HRMS-ESI (m/z): [M+H]+ calcd for C16H15O, 

223.1117; found, 223.1115.  

 

(E)-4-(4-Chlorophenyl)but-3-en-2-one (1c).  

 

The reaction was carried out with 711.2 mg (5.1 mmol) of 4-chlorobenzaldehyde. 1c was 

obtained as a white solid (445.3 mg, 2.5 mmol, 49% yield) after purification by recrystallization 

from ethanol. The 1H and 13C NMR spectra were consistent with the literature.1  

1H NMR (392 MHz, CDCl3, δ): 2.39 (s, 3H), 6.69 (d, J = 16.1 Hz, 1H), 7.33–7.41 (m, 2H), 7.44–
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7.51 (m, 3H). 13C NMR (99 MHz, CDCl3, δ): 27.8 (CH3), 127.5 (CH), 129.3 (CH), 129.5 (CH), 

133.0 (C), 136.5 (C), 142.0 (CH), 198.2 (C). HRMS-ESI (m/z): [M+H]+ calcd for C10H10ClO, 

181.0415; found, 181.0416. 

 

(E)-4-[4-(tert-Butyl)phenyl]but-3-en-2-one (1d). 

 

The reaction was carried out with 809.1 mg (5.0 mmol) of 4-tert-butylbenzaldehyde. 1d was 

obtained as a white solid (403.2 mg, 2.0 mmol, 40% yield) after purification by recrystallization 

from ethanol. The 1H and 13C NMR spectra were consistent with the literature.2  

1H NMR (401 MHz, CDCl3, δ): 1.33 (s, 9H), 2.38 (s, 3H), 6.70 (d, J = 16.0 Hz, 1H), 7.40–7.46 

(m, 2H), 7.47–7.54 (m, 3H). 13C NMR (99 MHz, CDCl3, δ): 27.6 (CH3), 31.3 (CH3), 35.1 (C), 

126.1 (CH), 126.6 (CH), 128.3 (CH), 131.8 (C), 143.6 (CH), 154.3 (C), 198.7 (C). HRMS-ESI 

(m/z): [M+H]+ calcd for C14H19O, 203.1430; found, 203.1428. 

 

(E)-4-[4-(Dimethylamino)phenyl]but-3-en-2-one (1f). 

 

The reaction was carried out with 745.3 mg (5.0 mmol) of 4-dimethylaminobenzaldehyde. 1f 

was obtained as a yellow solid (797.8 mg, 4.2 mmol, 84% yield) after purification by silica-gel 

column chromatography (SiO2, EtOAc/hexane, 0:100–40:60). The 1H and 13C NMR spectra were 

consistent with the literature.3 

1H NMR (401 MHz, CDCl3, δ): 2.35 (s, 3H), 3.04 (s, 6H), 6.55 (d, J = 15.8 Hz, 1H), 6.66–6.71 

(m,  2H), 7.42–7.50 (m, 3H). 13C NMR (99 MHz, CDCl3, δ): 27.0 (CH3), 39.9 (CH3), 111.7 (CH), 

121.7 (C), 122.0 (CH), 129.9 (CH), 144.3 (CH), 151.8 (C), 198.2 (C). HRMS-EI (m/z): [M]+ 

calcd for C12H15NO, 189.1148; found, 189.1147. 

 

(E)-4-(Naphthalen-2-yl)but-3-en-2-one (1g). 

 

The reaction was carried out with 782.4 mg (5.0 mmol) of 2-naphthaldehyde. 1g was obtained 

as a white solid (359.3 mg, 1.9 mmol, 39% yield) after purification by recrystallization from 
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ethanol. The 1H and 13C NMR spectra were consistent with the literature.4 

1H NMR (399 MHz, CDCl3, δ): 2.43 (s, 3H), 6.84 (d, J = 15.8 Hz, 1H), 7.49–7.58 (m, 2H), 

7.65–7.73 (m, 2H), 7.79–7.91 (m, 3H), 7.96 (s, 1H). 13C NMR (99 MHz, CDCl3, δ): 27.5 (CH3), 

123.4 (CH), 126.7 (CH), 127.1 (CH), 127.3 (CH), 127.7 (CH), 128.5 (CH), 128.7 (CH), 130.3 

(CH), 131.8 (C), 133.1 (C), 134.2 (C), 143.4 (CH), 198.2 (C). HRMS-EI (m/z): [M]+ calcd for 

C14H12O, 196.0883; found, 196.0881. 

 

(E)-4-(Pyren-1-yl)but-3-en-2-one (1h). 

 

The reaction was carried out with 3.45 g (15.0 mmol) of 1-pyrenecarboxaldehyde. 1h was 

obtained as a yellow solid (3.57 g, 13.2 mmol, 88% yield) after purification by recrystallization 

from ethanol. The 1H and 13C NMR spectra were consistent with the literature.5  

1H NMR (401 MHz, CDCl3, δ): 2.54 (s, 3H), 7.03 (d, J = 16.0 Hz, 1H), 8.00–8.29 (m, 7H), 8.31 

(d, J = 8.0 Hz, 1H), 8.48 (d, J = 9.2 Hz, 1H), 8.70 (d, J = 16.0 Hz, 1H). 13C NMR (99 MHz, CDCl3, 

δ): 28.3 (CH3), 122.2 (CH), 124.2 (CH), 124.6 (C), 124.9 (C), 125.1 (CH), 126.0 (CH), 126.2 

(CH), 126.4 (CH), 127.4 (CH), 128.1 (C), 128.70 (CH), 128.74 (CH), 128.8 (CH), 130.0 (C), 

130.7 (C), 131.3 (C), 132.9 (C), 139.9 (CH), 198.3 (C). HRMS-ESI (m/z): [M+H]+ calcd for 

C20H15O, 271.1117; found, 271.1113. 

 

Preparation of (E)-4-(4-acetylphenyl)but-3-en-2-one (1e). 

 

In a 50 mL two-neck round-bottomed flask, 4’-iodoacetophenone (1.24 g, 5.0 mmol) and 

Pd(OAc)2 (58.1 mg, 0.26 mmol), TBACl (1.47 g, 5.3 mmol), and NaHCO3 (1.07 g, 12.8 mmol) 

were dissolved in DMF (5.0 mL) under a nitrogen atmosphere. To the mixture, methyl vinyl 

ketone (820 μL, 10.0 mmol) was added, then stirred at 60 ℃ for 3 hours. After cooling the reaction 

mixture to room temperature, the reaction was quenched with H2O. The reaction mixture was 

transferred to a funnel and the organic layer was extracted with EtOAc (30 mL×3). The solution 

was dried over MgSO4, filtered, and evaporated in vacuo. The crude material was purified by 

silica-gel column chromatography (SiO2, EtOAc/hexane, 0:100–50:50) to give 1e (807.0 mg, 4.3 
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mmol, 85% yield) as a white solid. The 1H and 13C NMR spectra were consistent with the 

literature.6 

1H NMR (401 MHz, CDCl3, δ): 2.42 (s, 3H), 2.63 (s, 3H), 6.80 (d, J = 16.0 Hz, 1H), 7.53 (d, J = 

16.0 Hz, 1H), 7.64 (d, J = 8.4 Hz, 2H), 7.99 (d, J = 8.0 Hz, 2H). 13C NMR (99 MHz, CDCl3, δ): 

26.8 (CH3), 27.9 (CH3), 128.4 (CH), 129.0 (CH), 129.2 (CH), 138.2 (C), 138.9 (C), 141.8 (CH), 

197.4 (C), 198.2 (C). HRMS-ESI (m/z): [M+H]+ calcd for C12H13O2, 189.0910; found, 189.0909. 

 

Preparation of (E)-1-[(1,1'-biphenyl)-4-yl]hex-1-en-3-one (1i). 

 

In a 50 mL two-neck round-bottomed flask, biphenyl-4-carboxaldehyde (922.0 mg, 5.1 mmol) 

and NaOH (23.0 mg, 0.58 mmol) were dissolved in EtOH (9.0 mL) and H2O (200 μL) under a 

nitrogen atmosphere. To the mixture, 2-hexanone (930 μL, 7.5 mmol) was added, then stirred at 

room temperature for 12 hours. The reaction mixture was transferred to a funnel and the organic 

layer was extracted with CH2Cl2 (30 mL×3). The solution was dried over MgSO4, filtered, and 

evaporated in vacuo. The crude material was purified by recrystallization from ethanol to give 1i 

(731.8 mg, 2.8 mmol, 55% yield) as a white solid.  

1H NMR (392 MHz, CDCl3, δ): 0.96 (t, J = 7.4 Hz, 3H), 1.40 (sxt, J = 7.4 Hz, 2H), 1.68 (quint, J 

= 7.5 Hz, 2H), 2.69 (t, J = 7.4 Hz, 2H), 6.79 (d, J = 16.1 Hz, 1H), 7.35–7.41 (m, 1H), 7.46 (t, J = 

7.2 Hz, 2H), 7.55–7.67 (m, 7H). 13C NMR (99 MHz, CDCl3, δ): 14.1 (CH3), 22.6 (CH2), 26.6 

(CH2), 40.9 (CH2), 126.2 (CH), 127.2 (CH), 127.7 (CH), 128.0 (CH), 128.89 (CH), 129.04 (CH), 

133.7 (C), 140.2 (C), 142.0 (CH), 143.3 (C), 200.8 (C). HRMS-ESI (m/z): [M+H]+ calcd for 

C19H21O, 265.1587; found, 265.1581. 

 

Preparation of 7-methoxy-4H-chromen-4-one (4b).  

 

 In a 100 mL round-bottomed flask, 1-(2,4-dihydroxyphenyl)ethan-1-one (998.4 mg, 6.6 mmol) 

was dissolved in triethyl orthoformate (5.8 mL) under a nitrogen atmosphere. To the mixture, 
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perchloric acid (60% in H2O, 770 μL) was added dropwise, then stirred at room temperature for 

1 hour. 50 mL of Et2O was added to the reaction mixture, and a large amount of red solid 

precipitated. After suction filtration, the red solid was dissolved in 30 mL of water to form a 

suspension and stirred at 80 ℃ for 4 hours. After cooling the reaction mixture, the mixture was 

transferred to a funnel and the organic layer was extracted with EtOAc (30 mL×3). The solution 

was dried over MgSO4, filtered, and evaporated in vacuo. The crude material was purified by 

silica-gel column chromatography (SiO2, EtOAc/hexane, 0:100–10:90) to give 7-hydroxy-4H-

chromen-4-one (687.6 mg, 4.2 mmol, 65% yield) as a brown solid. 

In an oven-dried 100 mL two-neck round-bottomed flask, 7-hydroxy-4H-chromen-4-one 

(687.6 mg, 4.2 mmol) and K2CO3 (1.16 g, 8.4 mmol) were dissolved in acetone (10.5 mL) under 

a nitrogen atmosphere.  To the mixture, methyl iodide (520 μL, 8.4 mmol) was added, then stirred 

at room temperature for 23 hours. The resulting suspension was quenched by H2O. The mixture 

was extracted with EtOAc three times (30 mL×3). The solution was dried over MgSO4, filtered, 

and evaporated in vacuo. The crude material was purified by silica-gel column chromatography 

(SiO2, EtOAc/hexane, 0:100–50:50) to give 4b (526.0 mg, 3.0 mmol, 71% yield) as a brown solid. 

The 1H and 13C NMR spectra were consistent with the literature.7 

1H NMR (401 MHz, CDCl3, δ): 3.91 (s, 3H), 6.29 (d, J = 6.0 Hz, 1H), 6.85 (d, J = 2.4 Hz, 1H), 

6.98 (dd, J = 2.2, 8.6 Hz, 1H), 7.78 (d, J = 6.0 Hz, 1H), 8.12 (d, J = 8.8 Hz, 1H). 13C NMR (99 

MHz, CDCl3, δ): 55.9 (CH3), 100.4 (CH), 113.1 (CH), 114.6 (CH), 118.9 (C), 127.3 (CH), 155.0 

(CH), 158.4 (C), 164.2 (C), 177.2 (C). HRMS-ESI (m/z): [M+H]+ calcd for C10H9O3, 177.0546; 

found, 177.0545. 

  

S9



4. Ligand synthesis 

Preparation of L1. 

 

In an oven-dried 100 mL two-neck round-bottomed flask, methyl 2-chloroisonicotinate (862.0 

mg, 5.0 mmol) and Pd(PPh3)4 (304.1 mg, 0.26 mmol) were dissolved in 1,4-dioxane (10 mL) 

under a nitrogen atmosphere. To the reaction mixture, tributyl(2-pyridyl)tin (1.92 mL, 6.0 mmol) 

was added, then stirred at 100 ℃ for 36 hours. After cooling the reaction mixture to room 

temperature, the reaction was quenched with H2O. The mixture was extracted with EtOAc three 

times (30 mL×3), and the solution was dried over MgSO4, filtered, and evaporated in vacuo. The 

crude material was purified by silica-gel column chromatography (SiO2, EtOAc/CH2Cl2, 0:100–

30:70) to give L1 (706.7 mg, 3.3 mmol, 66% yield) as a white solid. The 1H and 13C NMR spectra 

were consistent with the literature.8 

1H NMR (399 MHz, CDCl3, δ): 3.99 (s, 3H), 7.32–7.41 (m, 1H), 7.81–7.94 (m, 2H), 8.43 (d, J = 

8.0 Hz, 1H), 8.73 (d, J = 4.0 Hz, 1H), 8.83 (d, J = 4.8 Hz, 1H), 8.95 (s, 1H). 13C NMR (100 MHz, 

CDCl3, δ): 52.7 (CH3), 120.4 (CH), 121.3 (CH), 122.8 (CH), 124.2 (CH), 137.1 (CH), 138.5 (C), 

149.4 (CH), 150.0 (CH), 155.3 (C), 157.3 (C), 165.8 (C). HRMS-ESI (m/z): [M+H]+ calcd for 

C12H11O2N2, 215.0815; found, 215.0812. 

 

Preparation of L3 (PEG-4000). 

 

In an oven-dried 100 mL two-neck round-bottomed flask, L1 (619.1 mg, 2.9 mmol) and NaOH 

(54.0 mg, 13.5 mmol) were dissolved in MeOH (1.7 mL), H2O (6.6 mL), and THF (11 mL), and 

the reaction mixture was heated at reflux for 24 h under a nitrogen atmosphere. After cooling the 

reaction mixture to room temperature, the solvent was removed under reduced pressure, and the 

aqueous phase was acidified with 1 N HCl to pH 3.5−4.0. Upon cooling, a white precipitate 

formed and was collected by filtration. The obtained solid was washed with water and Et2O, then 

dried under vacuum to afford the desired product as a white solid (373.8 mg, 1.9 mmol, 65% 

yield). 
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In a 100 mL round-bottomed flask, (2,2'-bipyridine)-4-carboxylic acid (152.5 mg, 0.76 mmol), 

HO-PEG-4000-OMe (2.00 g, 0.50 mmol), chloro-N,N,N',N'-tetramethylformamidinium 

hexafluorophosphate (TCFH) (210.1 mg, 0.75 mmol) and 1-methylimidazole (NMI) (140  μL, 

1.8 mmol) were added in MeCN (25 mL) at room temperature for 12 hours. After completion of 

the reaction, the mixture was quenched with water and extracted with CH2Cl2 (3×30 mL). The 

combined organic layers were dried over anhydrous MgSO₄, filtered, and concentrated under 

reduced pressure. The resulting residue was treated with Et2O, forming the precipitation of the 

product L3. The solid was collected by filtration and dried under vacuum to afford the desired 

PEGylated ligand L3 as a white solid (1.72 g, 0.39 mmol, 77% yield). The absence of HO-PEG-

4000-OMe in the product was confirmed by 1H NMR analysis. 

1H NMR (401MHz, CDCl3, δ): 3.38 (s, 3H), 3.47 (t, J = 5.0 Hz, 2H), 3.53–3.86 (m, 418H), 3.87 

(t, J = 4.8 Hz, 2H), 4.55 (t, J = 4.8 Hz, 2H), 7.34–7.40 (m, 1H), 7.82–7.92 (m, 2H), 8.42 (d, J = 

7.6 Hz, 1H), 8.73 (d, J = 4.4 Hz, 1H), 8.83 (d, J = 4.8 Hz, 1H), 8.95 (s, 1H). 13C NMR (100 MHz, 

CDCl3, δ): 58.6 (CH3), 64.4 (CH2), 68.5 (CH2), 70.1 (CH2), 71.5 (CH2), 120.0 (CH), 120.8 (CH), 

122.5 (CH), 123.8 (CH), 136.6 (CH), 138.1 (C), 149.0 (CH), 149.6 (CH), 154.8 (CH), 156.8 (C), 

167.7 (C). 

SEC was also performed, and the number-average molecular weight (Mn) and polydispersity 

index (PDI) of L3 were calculated based on a polystyrene calibration; Mn of L3: 3.1 × 103 kg/mol, 

PDI: 1.30. The loading amount of L3 for mechanochemical cross-coupling reactions was 

calculated based on the median of molecular weight dispersity.  

 

Preparation of L4 (PEG-4000) 

 

 

In an oven-dried 100 mL two-neck round-bottomed flask, methyl 6-chloronicotinate (1.73 g, 

10.0 mmol), PdCl2(PPh3)2 (355.2 mg, 0.51 mmol), and PPh3 (275.9 mg, 1.1 mmol) were dissolved 
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in m-xylene (20 mL) under a nitrogen atmosphere. To the reaction mixture, tributyl(2-pyridyl)tin 

(3.52 mL, 11.0 mmol) was added, then stirred at 130 ℃ for 24 hours. After cooling the reaction 

mixture to room temperature, the reaction was quenched with H2O. The mixture was extracted 

with EtOAc three times (30 mL×3), and the solution was dried over MgSO4, filtered, and 

evaporated in vacuo. The crude material was purified by silica-gel column chromatography (SiO2, 

EtOAc/CH2Cl2, 0:100–30:70) to give methyl (2,2'-bipyridine)-5-carboxylate (852.5 mg, 4.0 

mmol, 40% yield) as a white solid. 

In an oven-dried 100 mL two-neck round-bottomed flask, methyl (2,2'-bipyridine)-5-

carboxylate (240.2 mg, 1.1 mmol) and NaOH (206.2 mg, 5.2 mmol) were dissolved in MeOH 

(0.6 mL), H2O (2.6 mL) and THF (4.3 mL), and the reaction mixture was heated at reflux for 12 

h under a nitrogen atmosphere. After cooling the reaction mixture to room temperature, the 

solvent was removed under reduced pressure, and the aqueous phase was acidified with 1 N HCl 

to pH 3.5−4.0. A white precipitate separated upon cooling. It was collected by filtration, washed 

with water and Et2O.  The collected solids were dried under vacuum to afford the desired product 

as a white solid (168.5 mg, 0.84 mmol, 75% yield). 

In a 50 mL round-bottomed flask, (2,2'-bipyridine)-5-carboxylic acid (61.2 mg, 0.31 mmol), 

HO-PEG-4000-OMe (798.1 g, 0.2 mmol), TCFH (84.3 mg, 0.3 mmol), and NMI (60 μL, 0.71 

mmol) were added in MeCN (10 mL) at room temperature for 12 hours. After the reaction, the 

reaction was quenched by saturated NaHCO3 aqueous solution. The mixture was extracted with 

CH2Cl2 three times (30 mL×3), and the solution was dried over MgSO4, filtered, and evaporated 

in vacuo. The resulting residue was treated with Et2O, forming the precipitation of the product 

L4. The solid was collected by filtration and dried under vacuum to afford the desired PEGylated 

ligand L4 as a white solid (683.7 mg, 0.15 mmol, 77% yield). The absence of HO-PEG-4000-

OMe in the product was confirmed by 1H NMR analysis. 

1H NMR (401MHz, CDCl3, δ): 3.38 (s, 3H), 3.44–3.49 (m, 2H), 3.53–3.76 (m, 402H), 3.79–3.84 

(m, 2H), 3.87 (t, J = 4.8 Hz, 2H), 4.52–4.56 (m, 2H), 7.35–7.40 (m, 1H), 7.86 (td, J = 1.6, 7.8 Hz, 

1H), 8.43 (dd, J = 2.4, 8.0 Hz, 1H), 8.50 (t, J = 9.2 Hz, 2H), 8.69–8.74 (m, 1H), 9.28–9.31 (m, 

1H). 13C NMR (100 MHz, CDCl3, δ): 59.0 (CH3), 64.5 (CH2), 69.0 (CH2), 70.5 (CH2), 70.7 (CH2), 

71.9 (CH2), 120.4 (CH), 121.9 (CH), 124.5 (CH), 125.6 (C), 137.0 (CH), 138.1 (CH), 149.4 (CH), 

150.6 (CH), 155.0 (C), 159.4 (C), 165.2 (C).  

SEC was also performed, and the number-average molecular weight (Mn) and polydispersity 

index (PDI) of L4 were calculated based on a polystyrene calibration; Mn of L4: 3.7 × 103 kg/mol, 

PDI: 1.24. The loading amount of L4 for mechanochemical cross-coupling reactions was 

calculated based on the median of molecular weight dispersity.  
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Preparation of (S)-t-BuNicox. 

 

(S)-t-BuNicox was synthesized according to the literature procedure.9 In a 500 mL two-neck 

round-bottomed flask, catalytic amounts of concentrated H2SO4 (2.1 mL) were added to a 

suspension of pyridine-2,5-dicarboxylic acid (16.1 g, 96.0 mmol) in MeOH (170 mL), and the 

reaction mixture was heated at reflux for 24 h under a nitrogen atmosphere. After cooling the 

mixture to room temperature, the mixture was diluted with CH2Cl2, washed with saturated 

NaHCO3 aqueous solution, and dried over MgSO4. Evaporation of the solvents under reduced 

pressure afforded dimethyl pyridine-2,5-dicarboxylate (12.2 g, 62.4 mmol, 65% yield) as a white 

solid, which was used without further purification. 

In an oven-dried 200 mL two-neck round-bottomed flask, sodium hydroxide (1.70 g, 42.5 

mmol) was added to a suspension of dimethyl pyridine-2,5-dicarboxylate (6.40 g, 32.8 mmol) in 

MeOH (66 mL) and the reaction mixture was heated at reflux for 18 h under a nitrogen atmosphere. 

At 60 °C, the reaction was carefully quenched by slow addition of 1M HCl aqueous solution (45.9 

mL). The reaction mixture was cooled to 0 °C, and a precipitate was formed. After 10 min, 

filtration of the precipitate and washing with MeOH afforded 5-(methoxycarbonyl)picolinic acid 

(5.91 g, 32.6 mmol, 99% yield) as a white solid, which was used without further purification. 

In an oven-dried 100 mL two-neck round-bottomed flask, DMF (1.0 mL) was added to a 

suspension of 5-(methoxycarbonyl)picolinic acid (1.81 g, 10.0 mmol) in CH2Cl2 (33 mL) at room 

temperature under a nitrogen atmosphere. Oxalyl chloride (1.5 mL, 17.5 mmol) was added 

dropwise over 1 h at room temperature, forming a homogenous solution. After evaporation of the 

solvent and the excess of oxalyl chloride, the residue was dissolved in CH2Cl2 (50 mL) and slowly 

added via syringe to a solution of L-tert-leucinol (1.39 g, 11.8 mmol) and Et3N (7.0 mL, 50.0 

mmol) in CH2Cl2 (40 mL) under a nitrogen atmosphere. The reaction mixture was stirring at a 

room temperature for 60 min and then washed with saturated NaHCO3 aqueous solution. The 

aqueous layer was extracted with CH2Cl2, and the combined organic phases were dried over 

MgSO4, filtered, and evaporated in vacuo. The crude material was purified by silica-gel column 
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chromatography (SiO2, EtOAc/CH2Cl2, 0:100–50:50) to give methyl (S)-6-[(1-hydroxy-3-

methylbutan-2-yl)carbamoyl]nicotinate (2.07 g, 7.4 mmol, 74% yield) as a white solid. 

In an oven-dried 50 mL two-neck round-bottomed flask, Et3N (4.5 mL, 32.5 mmol) was added 

to the solution of methyl (S)-6-[(1-hydroxy-3-methylbutan-2-yl)carbamoyl]nicotinate (2.01 g, 

7.17 mmol) and 4-dimethylaminopyridine (DMAP) (98.8 mg, 0.81 mmol) in CH2Cl2 (50 mL) at 

room temperature under a nitrogen atmosphere. TsCl (2.85 g, 14.9 mmol) was added to the 

mixture. After stirring the reaction mixture for 5 hours at room temperature, the mixture was 

diluted with H2O and extracted with CH2Cl2. The combined organic phase was dried over MgSO4, 

filtered, and evaporated in vacuo. The resulting crude product was used without further 

purification.  

In an oven-dried 200 mL two-neck round-bottomed flask, DBU (4.8 mL, 32.0 mmol) was 

added to the solution of the tosylate in THF (364 mL), and the reaction mixture was heated to 

50 °C for 11 hours under a nitrogen atmosphere. After cooling to room temperature, the solvent 

was removed under reduced pressure. The resulting residue was diluted with H2O, transferred into 

a funnel, and extracted with CH2Cl2 three times. The combined organic phase was dried over 

MgSO4, and the solvents were removed under reduced pressure. The crude material was purified 

by silica-gel column chromatography (SiO2, EtOAc/CH2Cl2, 0:100–60:40) to give (S)-t-Bu-Nicox 

(1.49 g, 5.7 mmol, 79% yield) as a white solid. The 1H and 13C NMR spectra were consistent with 

the literature.91H NMR (401 MHz, CDCl3, δ): 0.99 (s, 9H), 3.98 (s, 3H), 4.12–4.20 (m, 1H), 4.34 

(t, J = 8.8 Hz, 1H), 4.45–4.52 (m, 1H), 8.17 (d, J = 8.4 Hz, 1H), 8.38 (dd, J = 2.0, 8.0 Hz, 1H), 

9.25–9.31 (m, 1H). 13C NMR (100 MHz, CDCl3, δ): 26.0 (CH3), 34.1 (C), 52.7 (CH3), 69.6 (CH2), 

76.8 (CH), 123.7 (CH), 127.3 (C), 137.8 (CH), 150.2 (C), 150.8 (CH), 162.0 (C), 165.3 (C). 

HRMS-ESI (m/z): [M+H]+ calcd for C14H19O3N2, 269.1390; found, 269.1383. [α]D
23 –85.6 (c 1.0, 

CHCl3).  
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Preparation of (S)-L5 (PEG-4000). 

 

In an oven-dried 100 mL two-neck round-bottomed flask, (S)-t-BuNicox (262.2 mg, 1.0 mmol) 

and NaOH (44.2 mg, 1.1 mmol) were dissolved in MeOH (0.5 mL) and THF (3.6 mL) under a 

nitrogen atmosphere. After stirring for 10 minutes, the white powder was precipitated. The 

precipitated solid was collected by filtration and dried in vacuo. The resulting crude product was 

used without further purification. 

In a 100 mL round-bottomed flask, the sodium carboxylate, HO-PEG-4000-OMe (2.01 g, 0.5 

mmol), TCFH (424.7 mg, 1.5 mmol), and NMI (240 μL, 3.0 mmol) were added in MeCN (25 

mL) at room temperature for 12 hours. After completing the reaction, the mixture was quenched 

by H2O. The resulting mixture was extracted with CH2Cl2 three times (30 mL×3), and the solution 

was dried over MgSO4, filtered, and evaporated in vacuo. The obtained residue was dissolved in 

Et2O to give the product (S)-L5 as a precipitate. The collected solid was dried under vacuum to 

afford the desired product (S)-L5 as a white solid (1.13 g, 0.25 mmol, 50% yield). The absence 

of HO-PEG-4000-OMe in the product was confirmed by 1H NMR analysis.  

1H NMR (396 MHz, CDCl3, δ): 1.05 (s, 9H), 3.38 (s, 3H), 3.44–3.48 (m, 2H), 3.53–3.90 (m, 

414H), 3.95–4.04 (m, 2H), 4.51–4.57 (m, 2H), 8.29 (dd, J = 0.8, 8.3 Hz, 1H), 8.48 (dd, J = 2.4, 

8.3 Hz, 1H), 9.18–9.20 (m, 1H). 13C NMR (101 MHz, CDCl3, δ): 27.0 (CH3), 33.9 (C), 58.9 (CH), 

60.0 (CH3), 62.8 (CH2), 64.7 (CH2), 68.9 (CH2), 70.5 (CH2), 70.6 (CH2), 71.8 (CH2), 121.9 (CH), 

128.0 (C), 138.6 (CH), 149.4 (CH), 152.6 (C), 164.1 (C), 164.5 (C).  [α]D
24 –0.9 (c 10.0, CHCl3).  

SEC was also performed, and the number-average molecular weight (Mn) and polydispersity 

index (PDI) of (S)-L5 were calculated based on a polystyrene calibration; Mn of (S)-L5: 5.4 × 103 

kg/mol, PDI: 1.21. The loading amount of (S)-L5 for mechanochemical cross-coupling reactions 

was calculated based on the median of molecular weight dispersity.  
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5. General procedure for the mechanochemical palladium-catalyzed conjugate addition 

 

Procedure A: Conjugate addition to α,β-conjugated ketones 

 

α,β-Conjugated ketones 1 (0.20 mmol), aryl boronic acid 2 (0.30 mmol, 1.5 equiv), Pd(OAc)2 

(0.01 mmol, 5 mol %), and ligand (0.01 mmol, 5 mol %), AgSbF6 (0.05 mmol, 25 mol%) were 

placed in a ball milling vessel (stainless, 1.5 mL) loaded with one grinding ball (stainless, 

diameter: 7 mm). Then H2O (22 μL, 6.0 equiv) and THF (0.2 μL/mg) were added via a syringe. 

After the vessel was closed in air without purging with inert gas, the vessel was placed in the ball 

mill (Retsch MM400, 60 min at 30 Hz) and a heat gun (the preset temperature at 70 °C). After 60 

min, the jar was then cooled rapidly with cold water and opened. The mixture was passed through 

a short silica gel column eluting with CH2Cl2/EtOAc (100:0–50:50) to remove inorganic salts. 

The crude mixture was purified by flash column chromatography (SiO2, typically CH2Cl2/hexane, 

typically 30:70–70:30) to give the corresponding conjugate addition product 3.  

 

Procedure B: Asymmetric conjugate addition to chromone derivatives 

 

Chromone derivatives 4 (0.20 mmol), aryl boronic acid 2 (0.40 mmol, 2.0 equiv), Pd(OAc)2 

(0.01 mmol, 5 mol %), and ligand (0.01 mmol, 5 mol %), AgSbF6 (0.05 mmol, 25 mol%) were 

placed in a ball milling vessel (stainless, 1.5 mL) loaded with one grinding ball (stainless, 

diameter: 7 mm). Then TFE (43 mL, 3.0 equiv) and CH2Cl2 (0.2 μL/mg) were added via a syringe. 

After the vessel was closed in air without purging with inert gas, the vessel was placed in the ball 

mill (Retsch MM400, 60 min at 30 Hz) and a heat gun (the preset temperature at 120 °C). After 

60 min, the jar was then cooled rapidly with cold water and opened. The mixture was passed 

through a short silica gel column eluting with CH2Cl2/EtOAc (80:20) to remove inorganic salts. 

The crude mixture was purified by flash column chromatography (SiO2, typically EtOAc/hexane, 

typically 0:100–10:90) to give the corresponding conjugate addition product 5. The racemic 

sample was prepared using 2,2-bipyridyl for the ligand.  
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The heat gun was fixed with clamps and placed directly above the ball milling jar (distance 

between the heat gun and ball milling jar: ca. 1 cm) (Figure S4). The setup procedure for high-

temperature ball-milling reactions was shown in Figure S5. First, one grinding ball (stainless, 

diameter: 7 mm) was loaded in a ball milling jar (stainless, 1.5 mL). Then, solid and liquid 

materials were added to the jar. After the ball-milling jar was closed, the jar was placed in the ball 

mill (Retsch MM400), and a heat gun was placed directly above the ball-milling jar. The 

mechanochemical cross-coupling reactions were conducted while applying heated air to the 

outside of the milling jar (the preset temperature at 70 °C or 120 °C).  

 

 

Figure S4. The setup procedure for a heat gun on MM400.   
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Figure S5. The setup procedure of mechanochemical cross-coupling reactions using the heat gun.  
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6. General procedure for the palladium-catalyzed conjugate addition in solution 

 

1a (0.20 mmol), 2b (0.30 mmol, 1.5 equiv), Pd(OAc)2 (0.01 mmol, 5 mol%), and ligand (0.01 

mmol, 5 mol% %), AgSbF6 (0.05 mmol, 25 mol%) were placed in an oven-dried reaction vial. 

After the vial was sealed with a screw cap containing a Teflon-coated rubber septum, the vial was 

connected to a vacuum/nitrogen manifold through a needle. It was evacuated and then backfilled 

with nitrogen. This cycle was repeated three times. After THF (0.3 M, 0.67 mL) was added to the 

vial through the rubber septum. Then H2O (22 μL, 6.0 equiv) was added to the mixture at 40 °C 

using an oil bath. After 60 minutes, the mixture was passed through a short silica gel column 

eluting with CH2Cl to remove inorganic salts. 1H NMR analysis of the resulting crude mixture 

was performed to determine the yield of 3b.  
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7. Initial optimization studies 

 

Optimization of the silver salt, proton source, and LAG additive  

 

 

Effect of the LAG additive on the conjugate addition using L3 
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Optimization of the catalyst loading 

 

 

Preliminary optimization of asymmetric conjugate addition 
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Investigation of the reaction temperature of asymmetric conjugate addition using (S)-L5 

(PEG-4000) 
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8. Unsuccessful substrates 

 

 

  

S23



9. Initial attempts of an enantioselective conjugate addition of arylboronic acids to acyclic 

conjugate ketone 
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10. Thermography observation for reaction temperature 

The temperature inside the milling jar after the mechanochemical cross-coupling reactions was 

confirmed by observation with a thermography camera immediately after the milling jar (Figures 

S6 and S7). The crude mixture was prepared by the following conditions: 0.2 mmol of 1a; 0.30 

mmol of 2a; 0.01 mmol of Pd(OAc)2; 0.01 mmol of 2,2-bipyridyl; 0.05 mmol of AgSbF6; H2O 

(22 μL) and THF (0.2 μL/mg) in a stainless-steel ball-milling jar (1.5 mL) with a stainless-steel 

ball (7 mm); heat gun (set temp.; 70 ℃); 30 Hz; 60 min (Figure S6). 0.2 mmol of 1a; 0.4 mmol 

of 2a; 0.01 mmol of Pd(OAc)2; 0.01 mmol of (S)-t-BuPyOx; 0.05 mmol of AgSbF6; TFE (43 μL) 

and CH2Cl2 (0.2 μL/mg) in a stainless-steel ball-milling jar (1.5 mL) with a stainless-steel ball (7 

mm); heat gun (set temp.; 120 ℃); 30 Hz; 60 min (Figure S7). 

 

 

Figure S6. Thermographically derived temperature (41.6 ℃) inside the milling jar after grinding 

for 60 min at 30 Hz.   

 

 

Figure S7. Thermographically derived temperature (62.6 ℃) inside the milling jar after grinding 

for 60 min at 30 Hz.   
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11. ICP-MS analysis 

 

We carried out ICP-AES analysis on two samples, i.e., 3a and 3e, to determine the 

levels of residual palladium in the products. The results confirmed that no residual 

palladium (detection limit: 5 ppm) is present in either 3a or 3e. 
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12. Proposed catalytic cycle 
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13. Characterization of conjugate addition products 

4-[(1,1'-Biphenyl)-4-yl]-4-phenylbutan-2-one (3a).  

 

3a was synthesized from two different pathways, as described in the main text.  

From 1a and 2a: The reaction was performed according to the general procedure A. The 

reaction was carried out with 44.2 mg (0.20 mmol) of 1a and 36.5 mg (0.30 mmol) of 2a. Product 

3a was obtained as a white powder (45.9 mg, 0.15 mmol, 77% yield). The 1H and 13C NMR 

spectra were consistent with the literature.10 

From 1b and 2b: The reaction was performed according to the general procedure A. The 

reaction was carried out with 29.2 mg (0.20 mmol) of 1b and 59.4 mg (0.30 mmol) of 2b. Product 

3a was obtained as a white powder (43.7 mg, 0.15 mmol, 73% yield). 

1H NMR (396 MHz, CDCl3, δ): 2.11 (s, 3H), 3.22 (d, J = 7.9 Hz, 2H), 4.64 (t, J = 7.5 Hz, 1H), 

7.16–7.22 (m, 1H), 7.23–7.35 (m, 7H), 7.38–7.44 (m, 2H), 7.47–7.57 (m, 4H). 13C NMR (99 MHz, 

CDCl3, δ): 30.8 (CH3), 45.8 (CH), 49.8 (CH2), 126.6 (CH), 127.1 (CH), 127.3 (CH), 127.4 (CH), 

127.8 (CH), 128.2 (CH), 128.78 (CH), 128.84 (CH), 139.4 (C), 140.9 (C), 143.1 (C), 143.9 (C), 

207.0 (C). HRMS-EI (m/z): [M]+ calcd for C22H20O, 300.1509; found, 300.1508. 

 

4,4-Di[(1,1'-biphenyl)-4-yl]butan-2-one (3b). 

 

The reaction was performed according to the general procedure A. The reaction was carried out 

with 44.2 mg (0.20 mmol) of 1a and 59.5 mg (0.30 mmol) of 2b. Product 3b was obtained as a 

white powder (61.6 mg, 0.16 mmol, 81% yield). 

1H NMR (399 MHz, CDCl3, δ): 2.14 (s, 3H), 3.26 (d, J = 7.2 Hz, 2H), 4.68 (t, J = 7.6 Hz, 1H), 

7.29–7.37 (m, 6H), 7.38–7.45 (m, 4H), 7.50–7.59 (m, 8H). 13C NMR (101 MHz, CDCl3, δ): 30.8 

(CH3), 45.5 (CH), 49.8 (CH2), 127.1 (CH), 127.3 (CH), 127.5 (CH), 128.2 (CH), 128.9 (CH), 

139.5 (C), 140.9 (C), 143.0 (C), 206.9 (C). HRMS-EI (m/z): [M+Na]+ calcd for C28H24ONa, 

399.1719; found, 399.1712.  
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4-[(1,1'-Biphenyl)-4-yl]-4-(p-tolyl)butan-2-one (3c). 

 

The reaction was performed according to the general procedure A. The reaction was carried out 

with 44.3 mg (0.20 mmol) of 1a and 40.7 mg (0.30 mmol) of 2c. Product 3c was obtained as a 

white powder (50.3 mg, 0.16 mmol, 80% yield).  

1H NMR (392 MHz, CDCl3, δ): 2.11 (s, 3H), 2.30 (s, 3H), 3.20 (d, J = 7.8 Hz, 2H), 4.59 (t, J = 

7.6 Hz, 1H), 7.13 (q, J = 9.1 Hz, 4H), 7.26–7.35 (m, 3H), 7.41 (t, J = 7.2 Hz, 2H), 7.47–7.57 (m, 

4H). 13C NMR (99 MHz, CDCl3, δ): 21.1 (CH3), 30.8 (CH3), 45.5 (CH), 49.8 (CH2), 127.1 CH), 

127.2 (CH), 127.4 (CH), 127.7 (CH), 128.1 (CH), 128.8 (CH), 129.5 (CH), 136.2 (C), 139.4 (C), 

140.88 (C), 140.92 (C), 143.3 (C), 207.1 (C). HRMS-ESI (m/z): [M+Na]+ calcd for C23H22ONa, 

337.1563; found, 337.1554.  

 

4-[(1,1'-Biphenyl)-4-yl]-4-(4-methoxyphenyl)butan-2-one (3d).  

 

The reaction was performed according to the general procedure A. The reaction was carried out 

with 44.4 mg (0.20 mmol) of 1a and 46.1 mg (0.30 mmol) of 2d. Product 3d was obtained as a 

white powder (43.6 mg, 0.13 mmol, 66% yield).  

1H NMR (399 MHz, CDCl3, δ): 2.10 (s, 3H), 3.19 (d, J = 7.2 Hz, 2H), 3.77 (s, 3H), 4.58 (t, J = 

7.4 Hz, 1H), 6.83 (d, J = 8.8 Hz, 2H), 7.17 (d, J = 8.4 Hz, 2H), 7.23–7.35 (m, 3H), 7.41 (t, J = 7.6 

Hz, 2H), 7.52 (dd, J = 8.0, 17.6 Hz, 4H). 13C NMR (99 MHz, CDCl3, δ): 30.8 (CH3), 45.1 (CH), 

50.0 (CH2), 55.3 (CH3), 114.1 (CH), 127.1 (CH), 127.3 (CH), 127.4 (CH), 128.1 (CH), 128.80 

(CH), 128.84 (CH), 136.0 (C), 139.4 (C), 140.9 (C), 143.4 (C), 158.3 (C), 207.1 (C). HRMS-ESI 

(m/z): [M+Na]+ calcd for C23H22O2Na, 353.1512; found, 353.1502.  
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4-[(1,1'-Biphenyl)-4-yl]-4-[4-(trifluoromethyl)phenyl]butan-2-one (3e). 

 

The reaction was performed according to the general procedure A. The reaction was carried out 

with 44.6 mg (0.20 mmol) of 1a and 57.0 mg (0.30 mmol) of 2e. Product 3e was obtained as a 

white powder (60.6 mg, 0.17 mmol, 82% yield).  

1H NMR (399 MHz, CDCl3, δ): 2.14 (s, 3H), 3.24 (d, J = 7.6 Hz, 2H), 4.70 (t, J = 7.4 Hz, 1H), 

7.25–7.29 (m, 2H), 7.33 (tt, J = 1.5, 7.3 Hz, 1H), 7.35–7.45 (m, 4H), 7.49–7.58 (m, 6H). 13C NMR 

(100 MHz, CDCl3, δ): 30.7 (CH3), 45.4 (CH), 49.4 (CH2), 122.9 (C), 125.5–125.9 (m, CH, 

(observed complexity is due to C–F coupling), 127.1 (CH), 127.4 (CH), 127.6 (CH), 128.17 (CH), 

128.20 (CH), 128.9 (CH), 139.9 (C), 140.7 (C), 142.0 (C), 148.0 (C), 206.2 (C). One carbon is 

missing, likely due to overlapping with the other signals. HRMS-ESI (m/z): [M+Na]+ calcd for 

C23H19OF3Na, 391.1280; found, 391.1276.  

 

4-[(1,1'-Biphenyl)-4-yl]-4-(4-chlorophenyl)butan-2-one (3f). 

 

3f was synthesized from two different pathways, as described in the main text.  

From 1a and 2f: The reaction was performed according to the general procedure A. The 

reaction was carried out with 44.2 mg (0.20 mmol) of 1a and 46.9 mg (0.30 mmol) of 2f. Product 

3f was obtained as a white powder (65.0 mg, 0.19 mmol, 98% yield).  

From 1c and 2b: The reaction was performed according to the general procedure A. The 

reaction was carried out with 36.0 mg (0.20 mmol) of 1c and 60.0 mg (0.30 mmol) of 2b. Product 

3f was obtained as a white powder (57.3 mg, 0.17 mmol, 86% yield).  

1H NMR (392 MHz, CDCl3, δ): 2.11 (s, 3H), 3.19 (d, J = 7.6 Hz, 2H), 4.61 (t, J = 7.6 Hz, 1H), 

7.19 (d, J = 8.7 Hz, 2H), 7.20–7.29 (m, 4H), 7.32 (t, J = 7.3 Hz, 1H), 7.41 (t, J = 7.6 Hz, 2H), 

7.47–7.58 (m, 4H). 13C NMR (99 MHz, CDCl3, δ): 30.8 (CH3), 45.0 (CH), 49.5 (CH2), 127.1 

(CH), 127.4 (CH), 127.5 (CH), 128.1 (CH), 128.9 (CH), 129.2 (CH), 132.4 (C), 139.6 (C), 140.7 

(C), 142.45 (C), 142.53 (C), 206.5 (C). HRMS-EI (m/z): [M]+ calcd for C22H19ClO, 334.1119; 

found, 334.1116.  
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4-[(1,1'-Biphenyl)-4-yl]-4-(3-methoxyphenyl)butan-2-one (3g). 

 

The reaction was performed according to the general procedure A. The reaction was carried out 

with 44.2 mg (0.20 mmol) of 1a and 45.5 mg (0.30 mmol) of 2g. Product 3g was obtained as a 

white powder (49.1 mg, 0.15 mmol, 75% yield).  

1H NMR (401 MHz, CDCl3, δ): 2.12 (s, 3H), 3.21 (d, J = 7.6 Hz, 2H), 3.78 (s, 3H), 4.60 (t, J = 

7.4 Hz, 1H), 6.74 (dd, J = 2.4, 8.0 Hz, 1H), 6.78–6.82 (m, 1H), 6.86 (d, J = 7.6 Hz, 1H), 7.22 (t, 

J = 8.0 Hz, 1H), 7.27–7.36 (m, 3H), 7.41 (t, J = 7.4 Hz, 2H), 7.47–7.58 (m, 4H). 13C NMR (99 

MHz, CDCl3, δ): 30.8 (CH3), 45.8 (CH), 49.7 (CH2), 55.3 (CH3), 111.5 (CH), 114.1 (CH), 120.2 

(CH), 127.1 (CH), 127.3 (CH), 127.4 (CH), 128.2 (CH), 128.8 (CH), 129.7 (CH), 139.5 (C), 140.9 

(C), 142.9 (C), 145.5 (C), 159.8 (C), 206.9 (C). HRMS-ESI (m/z): [M+Na]+ calcd for C23H22O2Na, 

353.1512; found, 353.1505.  

 

Methyl 3-[1-{(1,1'-biphenyl)-4-yl}-3-oxobutyl]benzoate (3h).  

 

The reaction was performed according to the general procedure A with a preset temperature of 

120 ℃. The reaction was carried out with 44.5 mg (0.20 mmol) of 1a and 54.0 mg (0.30 mmol) 

of 2h. Product 3h was obtained as a white powder (57.2 mg, 0.16 mmol, 80% yield).  

 1H NMR (396 MHz, CDCl3, δ): 2.13 (s, 3H), 3.26 (d, J = 7.9 Hz, 2H), 3.90 (s, 3H), 4.69 (t, J = 

7.3 Hz, 1H), 7.28–7.35 (m, 3H), 7.36–7.44 (m, 3H), 7.45–7.58 (m, 5H), 7.88 (dt, J = 1.4, 7.8 Hz, 

1H), 7.95–7.99 (m, 1H). 13C NMR (99 MHz, CDCl3, δ): 30.8 (CH3), 45.4 (CH), 49.4 (CH2), 52.3 

(CH3), 127.1 (CH), 127.3 (CH), 127.5 (CH), 127.9 (CH), 128.2 (CH), 128.6 (CH), 128.8 (CH), 

130.6 (C), 132.8 (CH), 139.6 (C), 140.7 (C), 142.5 (C), 144.3 (C), 167.1 (C), 206.5 (C). HRMS-

EI (m/z): [M]+ calcd for C24H22O3, 358.1564; found, 358.1563. 
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4-[(1,1'-Biphenyl)-4-yl]-4-(3,5-difluorophenyl)butan-2-one (3i).  

 

The reaction was performed according to the general procedure A. The reaction was carried out 

with 44.5 mg (0.20 mmol) of 1a and 47.3 mg (0.30 mmol) of 2i. Product 3i was obtained as a 

white powder (50.3 mg, 0.15 mmol, 75% yield).  

1H NMR (399 MHz, CDCl3, δ): 2.14 (s, 3H), 3.19 (d, J = 7.6 Hz, 2H), 4.61 (t, J = 7.2 Hz, 1H), 

6.64 (tt, J = 2.3, 8.9 Hz, 1H), 6.73–6.83 (m, 2H), 7.23–7.29 (m, 2H), 7.33 (tt, J = 1.6, 7.3 Hz, 1H), 

7.39–7.46 (m, 2H), 7.50–7.57 (m, 4H). 13C NMR (99 MHz, CDCl3, δ): 30.8 (CH3), 45.2 (CH), 

49.2 (CH2), 102.1 (t, J = 25.5 Hz, CH), 110.8 (dd, J = 7.0, 18.4 Hz, CH), 127.1 (CH), 127.5 (CH), 

127.7 (CH), 128.1 (CH), 128.9 (CH), 140.0 (C), 140.6 (C), 141.7 (C), 148.0 (t, J = 8.5 Hz, C), 

163.2 (dd, J = 15.6, 252.5 Hz, C), 206.0 (C). HRMS-EI (m/z): [M]+ calcd for C22H18F2O, 

336.1320; found, 336.1318. 

 

4-[(1,1'-Biphenyl)-4-yl]-4-[4-(naphthalen-1-yl)phenyl]butan-2-one (3j).  

 

The reaction was performed according to the general procedure A. The reaction was carried out 

with 44.5 mg (0.20 mmol) of 1a and 74.4 mg (0.30 mmol) of 2j. Product 3j was obtained as a 

white powder (55.0 mg, 0.13 mmol, 64% yield).  

1H NMR (396 MHz, CDCl3, δ): 2.17 (s, 3H), 3.31 (d, J = 7.9 Hz, 2H), 4.74 (t, J = 7.7 Hz, 1H), 

7.33 (tt, J = 1.5, 7.4 Hz, 1H), 7.35–7.53 (m, 12H), 7.54–7.60 (m, 4H), 7.84 (d, J = 7.9, 1H), 7.89 

(d, J = 7.9, 2H). 13C NMR (99 MHz, CDCl3, δ): 30.9 (CH3), 45.6 (CH), 49.8 (CH2), 125.5 (CH), 

125.9 (CH), 126.1 (CH), 127.0 (CH), 127.1 (CH), 127.3 (CH), 127.5 (CH), 127.7 (CH), 128.3 

(CH), 128.4 (CH), 128.9 (CH), 130.4 (CH), 131.6 (C), 133.9 (C), 139.0 (C), 139.5 (C), 139.9 (C), 

140.8 (C), 142.9 (C), 143.0 (C), 206.9 (C). HRMS-EI (m/z): [M]+ calcd for C32H26O, 426.1978; 

found, 426.1974. 
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4-[(1,1'-Biphenyl)-4-yl]-4-(naphthalen-2-yl)butan-2-one (3k).  

 

3k was synthesized from two different pathways, as described in the main text.  

From 1a and 2k: The reaction was performed according to the general procedure A. The 

reaction was carried out with 44.5 mg (0.20 mmol) of 1a and 51.6 mg (0.30 mmol) of 2k. Product 

3k was obtained as a white powder (46.3 mg, 0.15 mmol, 62% yield).  

From 1g and 2b: The reaction was performed according to the general procedure A. The 

reaction was carried out with 39.2 mg (0.20 mmol) of 1g and 59.4 mg (0.30 mmol) of 2b. Product 

3k was obtained as a pale yellow powder (22.0 mg, 0.064 mmol, 31% yield).  

1H NMR (396 MHz, CDCl3, δ): 2.13 (s, 3H), 3.29 (dd, J = 4.9, 14.1 Hz, 1H), 3.35 (dd, J = 5.1, 

14.3 Hz, 1H), 4.81 (t, J = 7.5 Hz, 1H), 7.29–7.36 (m, 3H), 7.37–7.47 (m, 5H), 7.48–7.57 (m, 4H), 

7.71 (s, 1H), 7.74–7.83 (m, 3H). 13C NMR (99 MHz, CDCl3, δ): 30.8 (CH3), 45.8 (CH), 49.6 

(CH2), 125.76 (CH), 125.84 (CH), 126.2 (CH), 126.7 (CH), 127.1 (CH), 127.3 (CH), 127.4 (CH), 

127.7 (CH), 127.9 (CH), 128.3 (CH), 128.5 (CH), 128.8 (CH), 132.3 (C), 133.6 (C), 139.5 (C), 

140.8 (C), 141.3 (C), 142.9 (C), 206.9 (C). HRMS-EI (m/z): [M]+ calcd for C26H22O, 350.1665; 

found, 350.1663. 

 

4-[(1,1'-Biphenyl)-4-yl]-4-[(1,1':3',1''-terphenyl)-5'-yl]butan-2-one (3l).  

 

The reaction was performed according to the general procedure A. The reaction was carried out 

with 44.3 mg (0.20 mmol) of 1a and 82.6 mg (0.30 mmol) of 2l. Product 3l was obtained as a 

white powder (73.4 mg, 0.16 mmol, 81% yield). 

1H NMR (399 MHz, CDCl3, δ): 2.15 (s, 3H), 3.32 (d, J = 8.0 Hz, 2H), 4.78 (t, J = 7.6 Hz, 1H), 

7.28–7.49 (m, 13H), 7.50–7.57 (m, 4H), 7.58–7.65 (m, 5H). 13C NMR (99 MHz, CDCl3, δ): 30.9 

(CH3), 46.0 (CH), 49.8 (CH2), 124.7 (CH), 125.8 (CH), 127.1 (CH), 127.3 (CH), 127.4 (CH), 

127.5 (CH), 127.6 (CH), 128.2 (CH), 128.8 (CH), 128.9 (CH), 139.6 (C), 140.8 (C), 141.2 (C), 
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142.3 (C) 142.9 (C), 145.0 (C), 206.8 (C). HRMS-ESI (m/z): [M+Na]+ calcd for C34H28ONa, 

475.2032; found, 475.2024.  

 

4-[(1,1'-Biphenyl)-4-yl]-4-[4-(tert-butyl)phenyl]butan-2-one (3m).  

 

The reaction was performed according to the general procedure A. The reaction was carried out 

with 40.4 mg (0.20 mmol) of 1d and 59.6 mg (0.30 mmol) of 2b. Product 3m was obtained as a 

white powder (51.0 mg, 0.14 mmol, 72% yield).  

1H NMR (399 MHz, CDCl3, δ): 1.28 (s, 9H), 2.11 (s, 3H), 3.19 (dd, J = 5.2, 14.4 Hz, 1H), 3.24 

(dd, J = 5.8, 14.6 Hz, 1H), 4.60 (t, J = 7.6 Hz, 1H), 7.18 (d, J = 8.0 Hz, 2H), 7.28–7.35 (m, 5H), 

7.41 (t, J = 7.2 Hz, 2H), 7.48–7.57 (m, 4H). 13C NMR (100 MHz, CDCl3, δ): 30.8 (CH3), 31.5 

(CH3), 34.5 (C), 45.4 (CH), 49.9 (CH2), 125.7 (CH), 127.1 (CH), 127.2 (CH), 127.37 (CH), 

127.41 (CH), 128.2 (CH), 128.8 (CH), 139.4 (C), 140.8 (C), 140.9 (C), 143.3 (C), 149.3 (C), 

207.1 (C). HRMS-ESI (m/z): [M+Na]+ calcd for C26H28ONa, 379.2032; found, 379.2019.  

 

4-[(1,1'-Biphenyl)-4-yl]-4-(4-acetylphenyl)butan-2-one (3n). 

 

The reaction was performed according to the general procedure A. The reaction was carried out 

with 37.8 mg (0.20 mmol) of 1e and 60.2 mg (0.30 mmol) of 2b. Product 3n was obtained as a 

white powder (61.3 mg, 0.17 mmol, 85% yield).  

1H NMR (399 MHz, CDCl3, δ): 2.14 (s, 3H), 2.57 (s, 3H), 3.26 (d, J = 7.2 Hz, 2H), 4.70 (t, J = 

7.6 Hz, 1H), 7.26–7.39 (m, 5H), 7.42 (t, J = 7.6 Hz, 2H), 7.48–7.57 (m, 4H), 7.90 (d, J = 8.4 Hz, 

2H). 13C NMR (99 MHz, CDCl3, δ): 26.7 (CH3), 30.8 (CH3), 45.6 (CH), 49.3 (CH2), 127.1 (CH), 

127.4 (CH), 127.6 (CH), 128.1 (CH), 128.2 (CH), 128.87 (CH), 128.93 (CH), 135.6 (C), 139.8 

(C), 140.7 (C), 142.1 (C), 149.4 (C), 197.8 (C), 206.3 (C). HRMS-ESI (m/z): [M+Na]+ calcd for 

C24H22O2Na, 365.1512; found, 365.1500.  
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4-[(1,1'-Biphenyl)-4-yl]-4-[4-(dimethylamino)phenyl]butan-2-one (3o). 

 

The reaction was performed according to the general procedure A. The reaction was carried out 

with 37.8 mg (0.20 mmol) of 1f and 59.4 mg (0.30 mmol) of 2b. Product 3o was obtained as a 

yellow powder (38.2 mg, 0.11 mmol, 56% yield).  

1H NMR (396 MHz, CDCl3, δ): 2.10 (s, 3H), 2.90 (s, 6H), 3.18 (d, J = 7.9 Hz, 2H), 4.53 (t, J = 

7.7 Hz, 1H), 6.64–6.71 (m, 2H), 7.09–7.16 (m, 2H), 7.24–7.35 (m, 3H), 7.37–7.44 (m, 2H), 7.46–

7.51 (m, 2H), 7.52–7.57 (m, 2H). 13C NMR (99 MHz, CDCl3, δ): 30.8 (CH3), 40.7 (CH3), 45.0 

(CH), 50.1 (CH2), 112.9 (CH), 127.1 (CH), 127.2 (CH), 127.3 (CH), 128.1 (CH), 128.4 (CH), 

128.8 (CH), 131.7 (C), 139.1 (C), 141.0 (C), 143.9 (C), 149.3 (C), 207.5 (C). HRMS-EI (m/z): 

[M]+ calcd for C24H25NO, 343.1931; found, 343.1933. 

 

4-[(1,1'-Biphenyl)-4-yl]-4-(pyren-1-yl)butan-2-one (3p). 

 

The reaction was performed according to the general procedure A. The reaction was carried out 

with 54.2 mg (0.20 mmol) of 1h and 60.1 mg (0.30 mmol) of 2b. Product 3p was obtained as a 

yellow powder (79.6 mg, 0.19 mmol, 94% yield).  

1H NMR (401 MHz, CDCl3, δ): 2.17 (s, 3H), 3.46 (dd, J = 6.8, 17.2 Hz, 1H), 3.55 (dd, J = 7.8, 

17.0 Hz, 1H), 5.81 (t, J = 7.4 Hz, 1H), 7.27–7.33 (m, 1H), 7.35–7.42 (m, 4H), 7.46–7.55 (m, 4H), 

7.94 (d, J = 7.6 Hz, 1H), 7.99 (t, J = 7.4 Hz, 1H), 8.04 (s, 2H), 8.12 (d, J = 9.6 Hz, 1H), 8.17 (d, 

J = 7.2 Hz, 3H), 8.48 (d, J = 9.6 Hz, 1H). 13C NMR (99 MHz, CDCl3, δ): 30.8 (CH3), 41.3 (CH), 

50.3 (CH2), 123.1 (CH), 124.9 (CH), 124.96 (C), 125.03 (CH), 125.1 (CH), 125.3 (C), 125.4 (C), 

126.1 (CH), 127.1 (CH), 127.3 (CH), 127.4 (CH), 127.5 (CH), 128.0 (CH), 128.4 (CH), 128.7 

(C), 128.8 (CH), 130.2 (C), 130.8 (C), 131.5 (C), 137.4 (C), 139.3 (C), 140.8 (C), 143.3 (C), 206.9 

(C). HRMS-ESI (m/z): [M+K]+ calcd for C32H24OK, 463.1459; found, 463.1449.  
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1,1-Di[(1,1'-biphenyl)-4-yl]hexan-3-one (3q).  

 

The reaction was performed according to the general procedure A. The reaction was carried out 

with 52.9 mg (0.20 mmol) of 1i and 59.2 mg (0.30 mmol) of 2b. Product 3q was obtained as a 

white powder (49.6 mg, 0.12 mmol, 59% yield). 

1H NMR (399 MHz, CDCl3, δ): 0.83 (t, J = 7.4 Hz, 3H), 1.21 (sxt, J = 7.4 Hz, 2H), 1.49 (quint, J 

= 7.5 Hz, 2H), 2.37 (t, J = 7.2 Hz, 2H), 3.23 (d, J = 7.6 Hz, 2H), 4.70 (t, J = 7.4 Hz, 1H), 7.29–

7.36 (m, 6H), 7.41 (t, J = 7.8 Hz, 4H), 7.49–7.58 (m, 8H). 13C NMR (99 MHz, CDCl3, δ): 13.9 

(CH3), 22.3 (CH2), 25.8 (CH2), 43.5 (CH2), 45.4 (CH), 48.9 (CH2), 127.1 (CH), 127.3 (CH), 127.5 

(CH), 128.3 (CH), 128.9 (CH), 139.5 (C), 140.9 (C), 143.1 (C), 209.3 (C). HRMS-ESI (m/z): 

[M+Na]+ calcd for C31H30ONa, 441.2189; found, 441.2179.  

 

3-[(1,1'-Biphenyl)-4-yl]cyclohexan-1-one (3r).  

 

The reaction was performed according to the general procedure A. The reaction was carried out 

with 19.5 mg (0.20 mmol) of 1j and 59.5 mg (0.30 mmol) of 2b. Product 3r was obtained as a 

white powder (37.9 mg, 0.15 mmol, 75% yield). The 1H and 13C NMR spectra were consistent 

with the literature.11 

1H NMR (396 MHz, CDCl3, δ): 1.72–1.97 (m, 2H), 2.08–2.23 (m, 2H), 2.34–2.54 (m, 2H), 2.54–

2.61 (m, 1H), 2.62–2.69 (m, 1H), 3.06 (tt, J = 4.0, 11.7 Hz, 1H), 7.27–7.31 (m, 2H), 7.34 (tt, J = 

1.6, 7.3 Hz, 1H), 7.40–7.47 (m, 2H), 7.54–7.61 (m, 4H). 13C NMR (99 MHz, CDCl3, δ): 25.7 

(CH2), 32.9 (CH2), 41.3 (CH2), 44.5 (CH), 49.0 (CH2), 127.1 (CH), 127.3 (CH), 127.5 (CH), 128.9 

(CH), 139.8 (C), 140.8 (C), 143.5 (C), 211.1 (C). HRMS-EI (m/z): [M]+ calcd for C18H18O, 

250.1352; found, 250.1352. 
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3-[(1,1'-Biphenyl)-4-yl]cyclopentan-1-one (3s).  

 

The reaction was performed according to the general procedure A. The reaction was carried out 

with 16.3 mg (0.20 mmol) of 1k and 59.4 mg (0.30 mmol) of 2b. Product 3s was obtained as a 

pale yellow powder (29.6 mg, 0.13 mmol, 63% yield). The 1H and 13C NMR spectra were 

consistent with the literature.12 

1H NMR (396 MHz, CDCl3, δ): 1.96–2.11 (m, 1H), 2.26–2.44 (m, 2H), 2.45–2.56 (m, 2H), 2.71 

(dd, J = 7.9, 18.2 Hz, 1H), 3.40–3.53 (m, 1H), 7.31–7.38 (m, 3H), 7.41–7.48 (m, 2H), 7.54–7.63 

(m, 4H). 13C NMR (99 MHz, CDCl3, δ): 31.4 (CH2), 39.0 (CH2), 42.1 (CH), 45.9 (CH2), 127.1 

(CH), 127.3 (CH), 127.4 (CH), 127.5 (CH), 128.9 (CH), 139.9 (C), 140.8 (C), 142.2 (C), 218.5 

(C). HRMS-EI (m/z): [M]+ calcd for C17H16O, 236.1196; found, 236.1195. 

 

(R)-6-Methyl-2-phenylchroman-4-one (5a).  

 

The reaction was performed according to the general procedure B. The reaction was carried out 

with 32.0 mg (0.20 mmol) of 4a and 49.5 mg (0.41 mmol) of 2a. Product 5a was obtained as a 

white powder (30.5 mg, 0.13 mmol, 64% yield).  

1H NMR (399 MHz, CDCl3, δ): 2.33 (s, 3H), 2.88 (dd, J = 3.2, 16.8 Hz, 1H), 3.08 (dd, J = 13.2, 

16.8 Hz, 1H), 5.46 (dd, J = 2.8, 13.2 Hz, 1H), 6.97 (d, J = 8.4 Hz, 1H), 7.33 (dd, J = 2.2, 8.6 Hz, 

1H), 7.36–7.41 (m, 1H), 7.41–7.47 (m, 2H), 7.48–7.52 (m, 2H), 7.73 (d, J = 1.6 Hz, 1H). 13C 

NMR (99 MHz, CDCl3, δ): 20.6 (CH3), 44.8 (CH2), 79.7 (CH), 118.0 (CH), 120.6 (C), 126.3 (CH), 

126.7 (CH), 128.8 (CH), 128.9 (CH), 131.2 (C), 137.4 (CH), 139.0 (C), 159.8 (C), 192.4 (C). 

HRMS-ESI (m/z): [M+H]+ calcd for C16H15O2, 239.1067; found, 239.1062. [α]D
23.3 +41.9 (c 1.0 

in CHCl3, 90% ee). Daicel CHIRALPAK® IBN-3, 2-PrOH/Hexane = 5/95, 0.5 mL/min, 40 °C, 

S isomer: tS = 14.95 min., R isomer: tR = 16.97 min. 
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(R)-2-(4-Chlorophenyl)-6-methylchroman-4-one (5b). 

 

The reaction was performed according to the general procedure B. The reaction was carried out 

with 31.9 mg (0.20 mmol) of 4a and 62.3 mg (0.40 mmol) of 2f. Product 5b was obtained as a 

white powder (35.9 mg, 0.13 mmol, 65% yield).  

1H NMR (399 MHz, CDCl3, δ): 2.33 (s, 3H), 2.86 (dd, J = 2.8, 16.8 Hz, 1H), 3.02 (dd, J = 13.2, 

16.8 Hz, 1H), 5.44 (dd, J = 2.8, 13.2 Hz, 1H), 6.96 (d, J = 8.0 Hz, 1H), 7.33 (dd, J = 2.4, 8.8 Hz, 

1H), 7.38–7.46 (m, 4H), 7.72 (d, J = 1.6 Hz, 1H). 13C NMR (101 MHz, CDCl3, δ): 20.6 (CH3), 

44.8 (CH2), 78.9 (CH), 118.0 (CH), 120.6 (C), 126.8 (CH), 127.6 (CH), 129.1 (CH), 131.4 (C), 

134.6 (C), 137.5 (CH), 159.5 (C), 191.9 (C). HRMS-EI (m/z): [M+H]+ calcd for C16H14O2Cl, 

273.0677; found, 273.0670. [α]D
22.9 +51.3 (c 1.0 in CHCl3, 94% ee). Daicel CHIRALPAK® IBN-

3, 2-PrOH/Hexane = 5/95, 0.5 mL/min, 40 °C, S isomer: tS = 16.69 min., R isomer: tR = 18.95 

min. 

 

(R)-2-(4-Chlorophenyl)-7-methoxychroman-4-one (5c). 

 

The reaction was performed according to the general procedure B. The reaction was carried out 

with 35.2 mg (0.20 mmol) of 4b and 62.6 mg (0.40 mmol) of 2f. Product 5c was obtained as a 

white powder (38.3 mg, 0.13 mmol, 66% yield).  

1H NMR (399 MHz, CDCl3, δ): 2.82 (dd, J = 3.2, 16.6 Hz, 1H), 2.99 (dd, J = 13.3, 16.8 Hz, 1H),  

3.85 (s, 3H), 5.46 (dd, J = 3.2, 13.1 Hz, 1H), 6.50 (d, J = 2.4 Hz, 1H), 6.63 (dd, J = 2.6, 8.9 Hz, 

1H), 7.42 (s, 4H), 7.87 (d, J = 8.7 Hz, 1H). 13C NMR (99 MHz, CDCl3, δ): 44.3 (CH2), 55.8 (CH3) 

79.3 (CH), 101.0 (CH), 110.5 (CH), 114.9 (C), 127.6 (CH), 128.9 (CH), 129.1 (CH), 134.7 (C), 

137.4 (C), 163.4 (C), 166.4 (C), 190.3 (C). HRMS-ESI (m/z): [M+H]+ calcd for C16H14O3Cl, 

289.0626; found, 289.0620. [α]D
23.1 +102.6 (c 1.0 in CHCl3, 94% ee). Daicel CHIRALPAK® 

IBN-3, 2-PrOH/Hexane = 5/95, 0.5 mL/min, 40 °C, S isomer: tS = 25.44 min., R isomer: tR = 29.13 

min. 
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