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1. General 

All reactions were carried out under atmosphere of nitrogen with magnetic stirring.  Materials were weighted 

by an electric balance, Sartorius CPA225D (readability: 0.01 mg). Column chromatography was performed with 

Ultra Pure Silica Gel (SILICYCLE, pH 7.0, 40−63 μm, 60 Å), Chromatorex DIOL Silica Gel (Fuji Silysia 

Chemical Ltd., MB100-40/75, 60 μm, 100 Å) or Chromatorex NH2 Silica Gel (F Fuji Silysia Chemical Ltd., 

NH DM2035, pH 9.5, 45−75 µm, 100Å). Preparative thin layer chromatography was performed with Silica gel 

60 PF254 for preparative thin layer chromatography. The GPC analysis was carried out with TSKgel α-M (two 

columns were connected in a series, THF, polystyrene standards). Preparative GPC was performed on JAI LC-

9201 equipped with JAIGEL-1HH and -2HH columns in a series (CHCl3) and JAI LC-9225NEXT equipped 

with JAIGEL 1H-40 and 2H-40 in a series (CHCl3). UV-vis absorption spectra were recorded on a JASCO V-

750 spectrometer equipped with a JASCO ETC-505T temperature/stirring controller at 20 °C. Circular 

dichroism (CD) spectra were recorded on a JASCO J-1500 spectrometer equipped with a JASCO PTC-510 

temperature/stirring controller at 20 °C. Gas chromatography (GC) was performed by Shimadzu GC-2010 

(detector: FID) with Agilent J&W GC Column DB-1 (ϕ 0.32 mm × 15 m). 1H NMR spectra were recorded on 

a Varian 400-MR (399.89 MHz) spectrometer at ambient temperature. 13C NMR spectra were recorded on a 

Varian 400-MR (100.55 MHz) spectrometer at ambient temperature. 11B NMR spectra were recorded on a 

Varian 400-MR (128.30 MHz) spectrometer at ambient temperature. 19F NMR spectra were recorded on a 

Varian 400-MR (376.27 MHz) spectrometer at ambient temperature. 1H NMR data are reported as follows: 

chemical shift in ppm downfield from tetramethylsilane (δ scale), multiplicity (s = singlet, d = doublet, t = triplet, 

q = quartet, m = multiplet, and br = broad), coupling constant (Hz), and integration. 13C NMR chemical shifts 

are reported in ppm downfield from tetramethylsilane (δ scale). 11B NMR data were reported in ppm downfield 

from BF3ꞏOEt2. 19F NMR chemical shifts are reported in ppm using benzotrifluoride (–62.82 ppm) as an external 

standard. High resolution mass spectra were recorded on Thermo Fischer Scientific EXACTIVE (ESI) 

specreometers. Infrared spectra were recorded on a Shimadzu FTIR-8400 spectrometer attached MIRacle 

(ZnSe). Optical rotation values were recorded on a JASCO DIP-1000 digital polarimeter at room temperature, 

using the sodium D line. The chiral SFC analysis was carried out on JASCO SF-2000 analytical SFC system 

and JASCO EXTREMA analytical SFC system equipped with Daicel CHIRALCEL AD-H or OX-H (CO2 and 

2-propanol).  
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2. Materials 

Toluene, 1,1,2-trichloroethane and chloroform were dried, distilled, and degassed before use. Acetonitrile 

(Nacalai), chloroform (Nacalai), dichloromethane (Nacalai), dehydrated dichloromethane (Wako), dehydrated 

ethanol (Wako), hexane (Nacalai or Wako), ethyl acetate (Wako), tetrahedrofuran (Wako), dehydrated 

tetrahydrofuran (Wako), toluene (Nacalai), diethyl ether (Nacalai), distilled water (Nacalai), magnesium sulfate 

(Nacalai), sodium sulfate (Nacalai), copper(II) chloride (Nacalai), copper(II) bromide (Wako), copper(I) 

trifluoromethanesulfonate benzene complex (TCI), 2-bromo-5-methylpyridine (Wako), 2,6-dibromopyridine 

(Nacalai), 2-bromo-4-methylpyridine (TCI), 2-bromo-3-methylpyridine (TCI), 2-bromopyridine (TCI), 2,6-

dibromo-4-methylpyridine (Ark Pharm), isopropylmagnesium chloride solution (2.0 M in THF) (Aldrich), n-

butyllithium (1.6 M in hexane) (Nacalai), tributyltin(IV) chloride (Wako), 2-bromo-5-chloropyridine (TCI), 2-

bromo-5-cyanopyridine (TCI), 2-bromo-5-methoxypyridine (Apollo Scientific), 2-bromo-4-methoxypyridine 

(Apollo Scientific), trimethylphosphine (Strem), sodium borohydride (TCI), thionyl chloride (Wako), 2-bromo-

5-fluorobenzoic acid (TCI), 2-bromo-5-cyanobenzoic acid (BLD Pharmatech), triethylamine (Kanto), 2,2'-

bis((4S)-4-benzyl-2-oxazoline) (Aldrich), (S,S)-2,2'-isopropylidenebis(4-phenyl-2-oxazoline) (TCI), and (S)-4-

tert-butyl-2-(2-pyridyl)oxazoline (Aldrich) were used as received from commercial sources. Sodium 

borohydride (TCI), potassium carbonate (Nacalai), sodium carbonate (Nacalai), potassium tert-butoxide 

(Nacalai), lithium chloride (Nacalai), cesium fluoride (Wako), cesium carbonate (Aldrich), molecular shieves 

4A (Nacalai), dibenzyl ether (TCI) and phenol (TCI) were dried before use. 2,2′-bipyridine (Nacalai) was 

purified and dried by kugelrohr distillation. (8-methyl-2,3-diphenylquinoxalin-5-yl)boronic acid,1 (P)-(R)-

PQXboh(1/190/10),1 (P)-(R)-PQXboh(5/190/10),1 (P)-(R)-P1,2 (P)-(R)-P4,3 monomer S2,1 monomer S3,3 

monomer S4,4 o-tolNiCl(PMe3)2,5 6-bromo-2,2′-bipyridine,2 6-bromo-N,N-dimethylpyridin-3-amine,6 (S)- or 

racemic phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2-yl)methanaminium chloride,7 2,5-

dibromobenzoylchloride,7 substrate 1 (except for 1j, 1l, and 1n),7 (6R,8R)-7,7-dimethyl-2-(pyridine-2-yl)-

5,6,7,8-tetrahydro-6,8-methanoquinoline (L1)8, Pd(PPh3)4 were prepared according to the reported procedures. 
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3. Experimental Procedures and Spectral Data for New Compounds 

3-1. Synthesis of PQXbpy Derivatives  

 

3-1-1. Synthesis of Bromobipyridines 

 

 

6'-Bromo-5-methyl-2,2'-bipyridine (S1a): To a solution of 2-bromo-5-methylpyridine (688 mg, 4.00 mmol) 

in THF (20 mL) was added n-BuLi (1.6 M in hexane, 2.70 mL, 4.3 mmol) dropwise at –78 °C. The reaction 

mixture was stirred at –78 °C for 2 h, and then tributyltin chloride (1.33 g, 4.08 mmol) was added and stirred 

overnight. To the resulting mixture was added water and extracted with Et2O three times. The combined organic 

layer was washed with brine, dried over sodium sulfate, filtered, and concentrated. To the resulting residue was 

added 2,6-dibromopyridine (948 mg, 4.00 mmol), Pd(PPh3)4 (46.2 mg, 40 μmol), and toluene (30 mL). The 

mixture was stirred at 110 °C overnight. After cooling to room temperature, the reaction mixture was 

concentrated and subjected to column chromatography (10 wt% K2CO3-silica gel; hexane:ethylcetate = 9:1) to 

give the title compound S1a (609 mg, 61% yield) as a white solid. 1H NMR (400 MHz, CDCl3, δ): 8.47–8.48 

(m, 1H), 8.33 (dd, J = 7.7, 0.9 Hz, 1H), 8.28 (d, J = 8.0 Hz, 1H), 7.59–7.65 (m, 2H), 7.45 (dd, J = 7.7, 0.9 Hz, 

1H), 2.38 (s, 3H). 13C NMR (101 MHz, CDCl3, δ): 157.6, 152.1, 149.8, 141.6, 139.3, 137.6, 134.2, 127.7, 121.1, 

119.5, 18.5. IR (ATR): 2992, 2957, 2918, 1585, 1568, 1539, 1487, 1425, 1402, 1373, 1310, 1254, 1221, 1153, 

Scheme S1. Synthesis of PQXbpy  
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1117, 1076, 1063, 1028, 986, 916, 845, 829, 793, 752, 660, 606.  HRMS-APCI (m/z): [M + H]+ calcd for 

C11H9BrN2, 249.0022; found, 249.0027. 

 

 

6'-Bromo-4-methyl-2,2'-bipyridine (S1b): To a solution of 2-bromo-4-methylpyridine (688 mg, 4.00 mmol) 

in THF (20 mL) was added n-BuLi solution (1.6 M in hexane, 2.70 mL, 4.32 mmol) dropwise at –78 °C. The 

reaction mixture was stirred at –78 °C for 1 h, and then tributyltin chloride (1.33 g, 4.08 mmol) was added and 

stirred overnight. To the mixture was added water and extracted with Et2O three times. The combined organic 

layer was washed with brine, dried over sodium sulfate, filtered, and concentrated. To the resulting residue was 

added 2,6-dibromopyridine (948 mg, 4.00 mmol), Pd(PPh3)4 (46 mg, 40 μmol), and toluene (30 mL). The 

mixture was stirred at 110 °C overnight. After cooling to room temperature, the reaction mixture was 

concentrated and subjected to column chromatography (10 wt% K2CO3-silica gel; hexane:ethylcetate = 10:1) to 

give the title compound S1b (641 mg, 64% yield) as a white solid. 1H NMR (400 MHz, CDCl3, δ): 8.50 (d, J = 

5.1 Hz, 1H), 8.35 (dd, J = 7.7, 0.6 Hz, 1H), 8.22 (s, 1H), 7.64 (dd, J = 7.9, 7.9 Hz, 1H), 7.47 (dd, J = 7.9, 0.7 

Hz, 1H), 7.13 (dd, J = 4.9, 0.9 Hz, 1H), 2.43 (s, 3H). 13C NMR (101 MHz, CDCl3, δ): 157.7, 154.4, 149.2, 148.4, 

141.6, 139.3, 128.0, 125.4, 122.4, 120.0, 21.3. IR (ATR): 2955, 2924, 1603, 1574, 1545, 1474, 1425, 1400, 

1385, 1341, 1298, 1287, 1254, 1190, 1150, 1121, 1111, 1074, 1040, 993, 984, 901, 880, 837, 800, 764, 750, 

729, 689, 631. HRMS-APCI (m/z): [M + H]+ calcd for C11H9BrN2, 249.0022; found, 249.0025. 

 

 

6'-Bromo-3-methyl-2,2'-bipyridine (S1c): To a solution of 2-bromo-3-methylpyridine (688 mg, 4.00 mmol) 

in THF (20 mL) was added n-BuLi solution (1.6 M in hexane, 2.70 mL, 4.32 mmol) dropwise at –78 °C. The 

reaction mixture was stirred at –78 °C for 1 h, and then tributyltin chloride (1.33 g, 4.08 mmol) was added and 

stirred for 25 h. To the resulting mixture was added water and extracted with Et2O three times. The combined 

organic layer was washed with brine, dried over sodium sulfate, filtered, and concentrated. To the resulting 

residue was added 2,6-dibromopyridine (948 mg, 4.00 mmol), Pd(PPh3)4 (46 mg, 40 μmol), and toluene (30 
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mL). The mixture was stirred at 110 °C overnight, then catalytic amount of LiCl was added and further reacted 

for 32 h. After cooling to room temperature, the reaction mixture was concentrated and subjected to column 

chromatography (10 wt% K2CO3-silica gel; hexane:ethylcetate = 10:1) to give the title compound S1c (103 mg, 

10% yield) as a white solid.  1H NMR (400 MHz, CDCl3, δ): 8.51 (dd, J = 4.6, 1.1 Hz, 1H), 7.85 (dd, J = 7.7, 

0.9 Hz, 1H), 7.67 (dd, J = 7.7, 7.7 Hz, 1H), 7.59–7.61 (m, 1H), 7.49 (dd, J = 8.0, 0.9 Hz, 1H), 7.23 (dd, J = 7.7, 

4.9 Hz, 1H), 2.56 (s, 3H). 13C NMR (101 MHz, CDCl3, δ): 159.9, 154.4, 146.8, 140.5, 139.7, 139.1, 133.0, 

127.2, 123.7, 123.1, 20.3. IR (ATR): 3049, 2926, 1570, 1543, 1435, 1406, 1391, 1298, 1267, 1186, 1155, 1107, 

1067, 1053, 984, 910, 893, 835, 808, 783, 768, 750, 733, 725, 662, 629, 617, 604. HRMS-APCI (m/z): [M + 

H]+ calcd for C11H9BrN2, 249.0022; found, 249.0025. 

 

 

6-Bromo-4-methyl-2,2'-bipyridine (S1d): To a solution of 2-bromopyridine (480 mg, 3.04 mmol) in THF (18 

mL) was added n-BuLi solution (1.6 M in hexane, 2.0 mL, 3.2 mmol) dropwise at –78 °C. The reaction mixture 

was stirred at –78 °C for 1 h, and then tributyltin chloride (996 mg, 3.06 mmol) was added and stirred for 25 h. 

To the resulting mixture was added water and extracted with Et2O three times. The combined organic layer was 

washed with brine, dried over sodium sulfate, filtered, and concentrated. To the resulting residue was added 

2,6-dibromo-4-methylpyridine (753 mg, 3.00 mmol), Pd(PPh3)4 (34.7 mg, 30 μmol), and toluene (22 mL). The 

mixture was stirred at 110 °C overnight. After cooling to room temperature, the reaction mixture was 

concentrated and subjected to column chromatography (10 wt% K2CO3-silica gel; hexane:ethylcetate = 4:1) to 

give the title compound S1d (486 mg, 65% yield) as a white solid. 1H NMR (400 MHz, CDCl3, δ): 8.66 (dd, J 

= 4.9, 0.9 Hz, 1H), 8.40 (ddd, J = 8.0, 1.0, 1.0 Hz, 1H), 8.21 (s, 1H), 7.82 (ddd, J = 7.7, 7.7, 1.7 Hz, 1H), 7.31–

7.34 (m, 2H), 2.42 (s, 3H). 13C NMR (101 MHz, CDCl3, δ): 156.9, 154.8, 151.1, 149.2, 141.9, 137.2, 128.7, 

124.3, 121.8, 121.0, 21.0. IR (ATR): 3059, 2957, 2920, 1595, 1584, 1564, 1537, 1472, 1435, 1414, 1396, 1381, 

1337, 1300, 1285, 1258, 1192, 1150, 1138, 1094, 1076, 1042, 1005, 993, 986, 968, 912, 897, 856, 793, 764, 

745, 725, 694, 667, 631, 617, 611. HRMS-APCI (m/z): [M + H]+ calcd for C11H9BrN2, 249.0022; found, 

249.0025. 
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6'-Bromo-5-chloro-2,2'-bipyridine (S1e): 2,6-Dibromopyridine (308 mg, 1.30 mmol) was dissolved in THF 

(1.5 mL) and stirred at room temperature. Toward the solution, i-PrMgCl (2.0 M in THF, 2.6 mL, 1.3 mmol) 

was added dropwise. After stirring for 2 h, SnBu3Cl (353 µL, 1.30 mmol) was added and stirred for 17 h. After 

the reaction, H2O was added and the solvent was evaporated under reduced pressure. The obtained residue was 

dissolved in hexane and washed with water and brine. The organic layer was dried over Na2SO4, filtered, and 

evaporated. The obtained residue was reacted with 2-bromo5-chloropyridine (375 mg, 1.95 mmol) using 

Pd(PPh3)4 (11.6 mg, 10 µmol) in toluene (9.0 mL) at 110 °C. After stirring for 9.5 h, the mixture was cooled to 

room temperature and the solvent was evaporated. The crude mixture was purified by column chromatography 

(10 wt% K2CO3-silica gel; hexane:ethyl acetate = 10:1) and preparative GPC to give the title compound S1e 

(54 mg, 15% yield) as a white solid. 1H NMR (400 MHz, CDCl3, δ): 8.57 (d, J = 2.6 Hz, 1H), 8.34 (d, J = 8.6 

Hz, 1H), 8.31 (dd, J = 7.7, 0.9 Hz, 1H), 7.75 (dd, J = 8.4, 2.4 Hz, 1H), 7.64 (dd, J = 7.9, 7.9 Hz, 1H), 7.47 (dd, 

J = 7.9, 0.7 Hz, 1H). 13C NMR (101 MHz, CDCl3, δ): 156.4, 152.8, 148.3, 141.8, 139.4, 136.8, 133.0, 128.4, 

122.4, 119.8. IR (ATR): 3092, 3049, 2957, 2924, 1983, 1983, 1946, 1902, 1842, 1821, 1707, 1574, 1537, 1470, 

1427, 1402, 1366, 1306, 1250, 1155, 1125, 1111, 1074, 1063, 1015, 988, 924, 908, 849, 795, 754, 721, 648, 

619, 613. HRMS-ESI (m/z): [M + H]+ calcd for C10H6BrClN2, 268.9476; found, 268.9479. 

 

 

6'-Bromo-[2,2'-bipyridine]-5-carbonitrile (S1f): 2,6-Dibromopyridine (308 mg, 1.30 mmol) was dissolved in 

THF (1.5 mL) and stirred at room temperature. Toward the solution, i-PrMgCl (2.0 M in THF, 2.6 mL, 1.3 

mmol) was added dropwise. After stirring for 2.5 h, tributyltin chloride (353 µL, 1.30 mmol) was added and 

stirred overnight. After the reaction, H2O was added and the solvent was evaporated under reduced pressure. 

The obtained residue was dissolved in hexane and washed with water and brine. The organic layer was dried 

over Na2SO4, filtered, and evaporated. The obtained residue was reacted with 2-bromo5-cyanopyridine (238 

mg, 1.30 mmol) using Pd(PPh3)4 (15.0 mg, 13 µmol) in toluene (9.0 mL) at 110 °C overnight. The mixture was 

cooled to room temperature and the solvent was evaporated. The crude mixture was purified by column 

chromatography (10 wt% K2CO3-silica gel; hexane:ethyl acetate = 10:1) to give the title compound S1f (86 mg, 
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26% yield) as a white solid.1H NMR (400 MHz, CDCl3, δ): 8.91–8.92 (m, J = 1.0, 1.0 Hz, 1H), 8.56 (dd, J = 

8.3, 0.9 Hz, 1H), 8.44 (dd, J = 7.7, 0.9 Hz, 1H), 8.08 (dd, J = 8.3, 2.3 Hz, 1H), 7.72 (dd, J = 7.9, 7.9 Hz, 1H), 

7.57 (dd, J = 8.0, 0.9 Hz, 1H). 13C NMR (101 MHz, CDCl3, δ): 157.5, 155.3, 152.1, 142.1, 140.4, 139.6, 129.6, 

121.2, 120.9, 116.9, 110.1. IR (ATR): 3059, 2230, 1587, 1564, 1541, 1481, 1427, 1373, 1306, 1233, 1198, 1175, 

1152, 1126, 1078, 1020, 984, 947, 908, 864, 820, 799, 758, 746, 658, 627, 606. HRMS-APCI (m/z): [M + H]+ 

calcd for C11H6BrN3, 259.9818; found, 259.9822. 

 

 

6'-Bromo-5-methoxy-2,2'-bipyridine (S1g): To a solution of 2-bromo-5-methoxypyridine (150 mg, 0.798 

mmol) in THF (5.0 mL) was added n-BuLi solution (1.6 M in hexane, 535 µL, 0.86 mmol) dropwise at –78 °C. 

The reaction mixture was stirred at –78 °C for 1 h, and then tributyltin chloride (265 mg, 0.814 mmol) was 

added and stirred overnight. To the resulting mixture was added water and extracted with Et2O three times. The 

combined organic layer was washed with brine, dried over sodium sulfate, filtered, and concentrated. To the 

resulting residue was added 2,6-dibromopyridine (189 mg, 0.798 mmol), Pd(PPh3)4 (9.2 mg, 8.0 μmol), and 

toluene (7.0 mL). The mixture was stirred at 110 °C overnight. After cooling to room temperature, the reaction 

mixture was concentrated and subjected to column chromatography (10 wt% K2CO3-silica gel; 

hexane:ethylcetate = 10:1) to give the title compound S1g (50 mg, 24% yield) as a white solid. 1H NMR (400 

MHz, CDCl3, δ): 8.33–8.35 (m, 2H), 8.27 (d, J = 7.7 Hz, 1H), 7.61 (dd, J = 7.9, 7.9 Hz, 1H), 7.41 (d, J = 7.7 

Hz, 1H), 7.28 (dd, J = 8.7, 3.0 Hz, 1H), 3.91 (s, 3H). 13C NMR (101 MHz, CDCl3, δ): 157.4, 156.6, 147.4, 141.6, 

139.3, 137.3, 127.1, 122.3, 120.8, 119.1, 55.8. IR (ATR): 2963, 2941, 2841, 1564, 1541, 1485, 1454, 1425, 

1410, 1387, 1319, 1288, 1271, 1246, 1223, 1186, 1153, 1123, 1067, 1026, 986, 903, 837, 822, 799, 752, 658, 

633. HRMS-APCI (m/z): [M + H]+ calcd for C11H9BrN2O, 264.9971; found, 264.9975. 

 

 

6'-Bromo-N,N-dimethyl-[2,2'-bipyridin]-5-amine (S1h): To a solution of 6-bromo-N,N-dimethylpyridin-3-

amine (200 mg, 0.945 mmol) in THF (6.0 mL) was added n-BuLi solution (1.6 M in hexane, 670 µL, 1.07 
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mmol) dropwise at –78 °C. The reaction mixture was stirred at –78 °C for 1 h, and then tributyltin chloride (330 

mg, 1.02 mmol) was added and stirred overnight. To the resulting mixture was added water and extracted with 

Et2O three times. The combined organic layer was washed with brine, dried over sodium sulfate, filtered, and 

concentrated. To the resulting residue was added 2,6-dibromopyridine (236 mg, 0.995 mmol), Pd(PPh3)4 (11.5 

mg, 9.9 μmol), and toluene (10 mL). The mixture was stirred at 110 °C overnight. After cooling to room 

temperature, the reaction mixture was concentrated and subjected to column chromatography (10 wt% K2CO3-

silica gel; hexane:ethylcetate = 10:1) and purified by preparative GPC to give the title compound S1h (60 mg, 

23% yield) as a yellow solid. 1H NMR (400 MHz, CDCl3, δ): 8.25–8.27 (m, 2H), 8.16 (d, J = 2.9 Hz, 1H), 7.59 

(dd, J = 7.9, 7.9 Hz, 1H), 7.35 (dd, J = 7.7, 0.9 Hz, 1H), 7.06 (dd, J = 8.9, 3.1 Hz, 1H), 3.07 (s, 6H). 13C NMR 

(101 MHz, CDCl3, δ): 157.8, 146.6, 142.4, 141.6, 139.1, 133.5, 126.2, 122.2, 118.9, 118.4, 40.1. IR (ATR): 

2924, 1587, 1574, 1560, 1531, 1504, 1427, 1389, 1366, 1319, 1281, 1225, 1177, 1140, 1123, 1065, 1003, 980, 

947, 908, 889, 835, 804, 791, 754, 733, 654, 629, 621, 608. HRMS-APCI (m/z): [M + H]+ calcd for C12H12BrN3, 

278.0287; found, 278.0294. 

 

 

6'-Bromo-4-methoxy-2,2'-bipyridine (S1i): To a solution of 2-bromo-4-methoxypyridine (131 mg, 0.695 

mmol) in THF (4.0 mL) was added n-BuLi solution (1.6 M in hexane, 470 mL, 0.752 mmol) dropwise at –78 °C. 

The reaction mixture was stirred at –78 °C for 1 h, and then tributyltin chloride (231 mg, 0.709 mmol) was 

added and stirred for 8 h. To the resulting mixture was added water and extracted with Et2O three times. The 

combined organic layer was washed with brine, dried over sodium sulfate, filtered, and concentrated. To the 

resulting residue was added 2,6-dibromopyridine (165 mg, 0.695 mmol), Pd(PPh3)4 (8.0 mg, 6.9 μmol), and 

toluene (4.5 mL). The mixture was stirred at 110 °C overnight. After cooling to room temperature, the reaction 

mixture was concentrated and subjected to column chromatography (10 wt% K2CO3-silica gel; 

hexane:ethylcetate = 10:1) to give the title compound S1i (49 mg, 27% yield) as a white solid.  1H NMR (400 

MHz, CDCl3, δ): 8.47 (d, J = 5.7 Hz, 1H), 8.37 (d, J = 7.7 Hz, 1H), 7.95 (d, J = 2.3 Hz, 1H), 7.66 (dd, J = 7.9, 

7.9 Hz, 1H), 7.49 (dd, J = 7.7, 0.9 Hz, 1H), 6.86 (dd, J = 5.8, 2.6 Hz, 1H), 3.96 (s, 3H). 13C NMR (101 MHz, 

CDCl3, δ): 166.9, 157.3, 156.5, 150.4, 141.6, 139.3, 128.3, 120.1, 111.3, 106.9, 55.6. IR (ATR): 3003, 2955, 

2934, 1593, 1576, 1549, 1481, 1464, 1425, 1412, 1393, 1312, 1261, 1213, 1182, 1153, 1123, 1098, 1059, 1026, 
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984, 889, 874, 826, 800, 762, 745, 729, 687, 650, 629, 619, 610. HRMS-APCI (m/z): [M + H]+ calcd for 

C11H9BrN2O, 264.9971; found, 264.9976. 

 

3-1-2. Synthesis of PQXboh 

Typical Procedure for the Preparation of (P)-(R)-PQXboh(l/m/n) 

(P)-(R)-PQXboh(1/195/5) : To a solution of o-TolNiCl(PMe3)2 (0.01 M in THF, 250 µL, 2.50 μmol) and PMe3 

(1.0 M in THF, 125 μL, 12.5 μmol) in THF (14 mL) was added a mixture of monomer S2 (3.4 mg, 13 μmol) 

and S3 (160 mg, 0.488 mmol) in THF (2 mL) at room temperature. The mixture was stirred for 18 h at room 

temperature. To the reaction mixture was added NaBH4 (10.5 mg, 278 µmol), and the mixture was stirred for 1 

h. The mixture was diluted with water, extracted with CHCl3, washed with water and brine, dried over Na2SO4, 

filtrated through a pad of Celite, and evaporated under vacuum. The residue was dissolved in CHCl3, and the 

mixture was poured into vigorously stirred acetonitrile. The precipitated polymer was collected by 

centrifugation followed by washing with acetonitrile for two times. After drying under vacuum, the obtained 

(P)-(R)-PQXbpin(1/195/5) was dissolved in THF (3.0 mL), and then distillated water (300 μL) was added and 

stirred at room temperature for 9 h. The mixture was poured into vigorously stirred acetonitrile, and the 

precipitated polymer was collected by centrifugation followed by washing with acetonitrile for two times. After 

drying under vacuum, (P)-(R)-PQXboh(1/195/5) (141 mg, 87%) was obtained as a beige solid. CD and UV 

spectra of this polymer indicate that this polymer takes a pure P-helical structure in toluene at 20 °C. 1H NMR 

(400 MHz, C6D6, 20 °C, δ): 10.5 (s, 1H), 8.60–6.60 (brm, peak top; 8.34, 8.26, 7.88 (4n+4)H), 6.00–0.00 (brm, 

peak top; 4.83, 3.24, 2.81, 1.52, 1.40, 1.09, 0.95, 0.88 (28m+3n+3)H). Mn = 6.04 ×104, Mw/Mn = 1.19. gabs (Δε/ε 

(dissymmetry ratio), 369.5 nm) = +2.28 × 10–3. 

 

Synthesis of (P)-(R)-PQXboh(1/475/25): According to the typical procedure, the reaction was carried out using 

o-TolNiCl(PMe3)2 (0.01 M in THF, 300 µL, 3.00 μmol), PMe3 (0.1 M in THF, 150 μL, 15.0 μmol), S2 (20.1 

mg, 76 μmol), S3 (468 mg, 1.43 mmol), and THF (75 mL). (P)-(R)-PQXboh(1/475/25) (460 mg, 86%) was 

obtained as a beige solid. 1H NMR (400 MHz, C6D6, 20 °C, δ): 8.60–6.60 (brm, peak top; 8.26, 7.87 (4n+4)H), 

6.00–0.00 (brm, peak top; 4.53, 3.25, 2.81, 1.53, 1.40, 1.10, 0.88 (28m+3n+3)H). Mn = 1.90 ×105, Mw/Mn = 1.53. 

gabs (Δε/ε, 369.5 nm) = +2.29 × 10–3. 

 

3-1-3. Synthesis of PQXbpy 

Typical Procedure for the Preparation of (P)-(R)-PQXbpy 

(P)-(R)-P2: A mixture of (P)-(R)-PQXboh(1/190/10)1 (120 mg, 18.6 µmol B), 4-bromo-2,2'-bipyridine (42.2 

mg, 0.18 mmol), sodium carbonate (19.4 mg, 0.18 mmol), and Pd(PPh3)4 (21.1 mg, 18 µmol) in THF (6.0 mL) 
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and water (1.2 mL) was stirred at 110 °C for 10 h. After cooling to room temperature, the mixture was diluted 

with water and extracted with CHCl3. The combined organic phase was washed with brine, dried over Na2SO4, 

filtered through a pad of Celite, and evaporated under vacuum. The residue was purified by preparative GPC to 

give (P)-(R)-P2 (111 mg, 91 wt%) as a beige solid. CD and UV spectra of this polymer indicated that this 

polymer takes a pure P-helical structure in CHCl3 at 20 °C. 1H NMR (400 MHz, C6D6, 20 °C, δ): 10.49 (s, 1H), 

8.60–6.60 (brm, peak top; 8.84, 8.56, 6.78 (9n+4)H), 6.00–0.00 (brm, peak top; 4.49, 3.25, 2.81, 1.53, 1.41, 

1.10, 0.88 (28m+3n+3)H). Mn = 5.7 × 104. Mw/Mn = 1.40. gabs (Δε/ε, 369.5 nm) = +2.30 × 10−3. 

 

(P)-(R)-P3: According to the typical procedure, the reaction was carried out using (P)-(R)-PQXboh(1/190/10) 

(50 mg, 7.8 µmol B), 3-bromo-2,2'-bipyridine (17.9 mg, 76 µmol), sodium carbonate (2.4 mg, 23 µmol), 

Pd(PPh3)4 (0.9 mg, 0.8 µmol), THF (2.5 mL) and water (0.5 mL). (P)-(R)-P3 (46.1 mg, 91 wt%) was obtained 

as a beige solid. 1H NMR (400 MHz, C6D6, 20 °C, δ): 10.51 (s, 1H), 8.60–6.60 (brm, peak top; 8.30, 7.70, 6.89 

(9n+4)H), 6.00–0.00 (brm, peak top; 4.49, 3.25, 2.81, 1.52, 1.40, 1.09, 0.87 (28m+3n+3)H). Mn = 8.14 × 104. 

Mw/Mn = 1.84. gabs (Δε/ε, 369.5 nm) = +2.20 × 10−3. 

 

(P)-(R)-P5: According to the typical procedure, the reaction was carried out using (P)-(R)-PQXboh(1/190/10) 

(50 mg, 7.8 µmol B), S1a (19.4 mg, 78 µmol), sodium carbonate (2.4 mg, 23 µmol), Pd(PPh3)4 (0.9 mg, 0.8 

µmol), THF (2.5 mL) and water (0.5 mL). (P)-(R)-P5 (40 mg, 78 wt%) was obtained as a beige solid. 1H NMR 

(400 MHz, C6D6, 20 °C, δ): 10.51 (s, 1H), 9.00–6.60 (brm, peak top; 8.64, 8.56, 8.49, 7.94, 7.74 (8n+4)H), 

6.00–0.00 (brm, peak top; 4.50, 3.25, 2.81, 1.53, 1.41, 1.10, 0.88 (28m+6n+3)H). Mn = 5.5 × 104. Mw/Mn = 1.45. 

gabs (Δε/ε, 369.5 nm) = +2.20 × 10−3. 

 

(P)-(R)-P6: According to the typical procedure, the reaction was carried out using (P)-(R)-PQXboh(1/190/10) 

(50 mg, 7.8 µmol B), S1b (18.9 mg, 76 µmol), sodium carbonate (2.4 mg, 23 µmol), Pd(PPh3)4 (0.88 mg, 0.76 

µmol), THF (2.5 mL) and water (0.5 mL). (P)-(R)-P6 (42 mg, 82 wt%) was obtained as a beige solid. 1H NMR 

(400 MHz, C6D6, 20 °C, δ): 10.49 (s, 1H), 9.00–6.60 (brm, peak top; 8.64, 8.43, 8.32, 7.96, 7.71, 7.33, 6.78 

(8n+4)H), 6.00–0.00 (brm, peak top; 4.49, 3.25, 2.80, 1.52, 1.40, 1.10, 0.87 (28m+6n+3)H). Mn = 5.2 × 104. 

Mw/Mn = 1.50. gabs (Δε/ε, 369.5 nm) = +2.21 × 10−3. 

 

(P)-(R)-P7: According to the typical procedure, the reaction was carried out using (P)-(R)-PQXboh(1/190/10) 

(50 mg, 7.8 µmol B), S1c (18.9 mg, 76 µmol), sodium carbonate (2.4 mg, 23 µmol), Pd(PPh3)4 (0.9 mg, 0.8 

µmol), THF (2.5 mL) and water (0.5 mL). (P)-(R)-P7 (43 mg, 83 wt%) was obtained as a beige solid. 1H NMR 

(400 MHz, C6D6, 20 °C, δ): 10.52 (s, 1H), 9.00–6.60 (brm, peak top; 8.52, 8.34, 8.10, 7.96, 7.74, 6.76 (8n+4)H), 
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6.00–0.00 (brm, peak top; 4.49, 3.25, 2.81, 1.53, 1.40, 1.10, 0.88 (28m+6n+3)H). Mn = 6.4 × 104. Mw/Mn = 1.26. 

gabs (Δε/ε, 369.5 nm) = +2.23 × 10−3. 

 

(P)-(R)-P8: According to the typical procedure, the reaction was carried out using (P)-(R)-PQXboh(1/190/10) 

(50 mg, 7.8 µmol B), S1d (19.4 mg, 78 µmol), sodium carbonate (2.4 mg, 23 µmol), Pd(PPh3)4 (0.9 mg, 0.8 

µmol), THF (2.5 mL) and water (0.5 mL). (P)-(R)-P8 (41 mg, 80 wt%) was obtained as a beige solid. 1H NMR 

(400 MHz, C6D6, 20 °C, δ): 10.51 (s, 1H), 8.90−6.60 (brm, peak top; 8.72, 8.66, 8.60, 8.47, 8.36, 8.21, 7.73, 

7.41, 6.81 (8n + 4)H), 6.00−0.00 (brm, peak top; 4.49, 3.25, 2.81, 1.53, 1.41, 1.10, 0.88 (28m+6n+3)H). Mn = 

5.3 × 104. Mw/Mn = 1.38. gabs (Δε/ε, 369.5 nm) = +2.18 × 10−3. 

 

(P)-(R)-P9: According to the typical procedure, the reaction was carried out using (P)-(R)-PQXboh(1/190/10) 

(50 mg, 7.8 µmol B), S1e (21.0 mg, 78 µmol), sodium carbonate (2.5 mg, 24 µmol), Pd(PPh3)4 (0.9 mg, 0.8 

µmol), THF (2.5 mL) and water (0.5 mL). (P)-(R)-P9 (45 mg, 88 wt%) was obtained as a beige solid. 1H NMR 

(400 MHz, C6D6, 20 °C, δ): 10.53 (s, 1H), 8.90−6.60 (brm, peak top; 8.63, 8.44, 8.36, 7.96, 7.73, 7.33 (8n + 

4)H), 6.00−0.00 (brm, peak top; 4.49, 3.25, 2.81, 1.53, 1.41, 1.10, 0.88 (28m+3n+3)H). Mn = 6.4 × 104. Mw/Mn 

= 1.23. gabs (Δε/ε, 369.5 nm) = +2.21 × 10−3. 

 

(P)-(R)-P10: According to the typical procedure, the reaction was carried out using (P)-(R)-PQXboh(1/190/10) 

(50 mg, 7.8 µmol B), S1f (20 mg, 78 µmol), sodium carbonate (2.5 mg, 23 µmol), Pd(PPh3)4 (0.9 mg, 0.8 µmol), 

THF (2.5 mL) and water (0.5 mL). (P)-(R)-P10 (45 mg, 88 wt%) was obtained as a beige solid. 1H NMR (400 

MHz, C6D6, 20 °C, δ): 10.52 (s, 1H), 8.90−6.60 (brm, peak top; 8.61, 8.37, 8.29, 7.99, 7.75 (8n + 4)H), 

6.00−0.00 (brm, peak top; 4.49, 3.25, 2.81, 1.53, 1.41, 1.10, 0.88 (28m+3n+3)H). Mn = 6.6 × 104. Mw/Mn = 1.23. 

gabs (Δε/ε, 369.5 nm) = +2.19 × 10−3. 

 

(P)-(R)-P11: According to the typical procedure, the reaction was carried out using (P)-(R)-PQXboh(1/190/10) 

(50 mg, 7.8 µmol B), S1g (20.6 mg, 78 µmol), sodium carbonate (2.5 mg, 23 µmol), Pd(PPh3)4 (0.9 mg, 0.8 

µmol), THF (2.5 mL) and water (0.5 mL). (P)-(R)-P11 (42 mg, 83 wt%) was obtained as a beige solid. 1H NMR 

(400 MHz, C6D6, 20 °C, δ): 10.50 (s, 1H), 8.90−6.60 (brm, peak top; 8.64, 8.46, 8.36, 8.27, 7.96, 7.87, 7.73 (8n 

+ 4)H), 6.00−0.00 (brm, peak top; 4.49, 3.25, 2.81, 1.53, 1.40, 1.10, 0.88 (28m+6n+3)H). Mn = 5.3 × 104. Mw/Mn 

= 1.39. gabs (Δε/ε, 369.5 nm) = +2.20 × 10−3. 

 

(P)-(R)-P12: According to the typical procedure, the reaction was carried out using (P)-(R)-PQXboh(1/190/10) 

(50 mg, 7.8 µmol B), S1h (21.6 mg, 78 µmol), sodium carbonate (8.2 mg, 78 µmol), Pd(PPh3)4 (10.8 mg, 9.3 
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µmol), THF (2.5 mL) and water (0.5 mL). (P)-(R)-P12 (45 mg, 87 wt%) was obtained as a beige solid. 1H NMR 

(400 MHz, C6D6, 20 °C, δ): 10.51 (s, 1H), 8.90−6.60 (brm, peak top; 8.70, 8.52, 8.34, 8.24, 7.91, 7.70, 6.81 

(8n+4)H), 6.00−0.00 (brm, peak top; 4.48, 3.25, 2.81, 1.53, 1.40, 1.10, 0.88 (28m+9n+3)H). Mn = 6.1 × 104. 

Mw/Mn = 1.33. gabs (Δε/ε, 369.5 nm) = +2.31 × 10−3. 

 

(P)-(R)-P13: According to the typical procedure, the reaction was carried out using (P)-(R)-PQXboh(1/190/10) 

(50 mg, 7.8 µmol B), S1i (20.6 mg, 78 µmol), sodium carbonate (8.2 mg, 78 µmol), Pd(PPh3)4 (10.8 mg, 9.3 

µmol), THF (2.5 mL) and water (0.5 mL). (P)-(R)-P13 (46 mg, 90 wt%) was obtained as a beige solid. 1H NMR 

(400 MHz, C6D6, 20 °C, δ): 10.52 (s, 1H), 8.90−6.60 (brm, peak top; 8.62, 8.44, 8.37, 7.90, 7.78, 6.54 (8n+4)H), 

6.00−0.00 (brm, peak top; 4.49, 3.25, 2.81, 1.53, 1.41, 1.10, 0.88 (28m+6n+3)H). Mn = 6.0 × 104. Mw/Mn = 1.60. 

gabs (Δε/ε, 369.5 nm) = +2.22 × 10−3. 

 

(P)-(R)-P1′: According to the typical procedure, the reaction was carried out using (P)-(R)-PQXboh(1/475/25) 

(250 mg, 38.8 µmol B), 6-bromo-2,2'-bipyridine (91 mg, 0.39 mmol), sodium carbonate (12.4 mg, 0.12 mmol), 

Pd(PPh3)4 (4.5 mg, 3.9 µmol), THF (12.5 mL) and water (2.5 mL). (P)-(R)-P1′(235 mg, 92 wt%) was obtained 

as a beige solid. 1H NMR (400 MHz, C6D6, 20 °C, δ): 10.52 (s, 1H), 8.90−6.60 (brm, peak top; 8.65, 8.56, 8.43, 

8.35, 7.96, 7.74, 6.76 (9n+4)H), 6.00−0.00 (brm, peak top; 4.48, 3.24, 2.81, 1.52, 1.40, 1.10, 0.88 

(28m+3n+3)H). Mn = 1.6 × 105. Mw/Mn = 1.80. gabs (Δε/ε, 369.5 nm) = +2.23 × 10−3. 

 

(P)-(R)-P1′′: According to the typical procedure, the reaction was carried out using (P)-(R)-PQXboh(1/195/5) 

(50 mg, 3.9 µmol B), 6-bromo-2,2'-bipyridine (9.0 mg, 38.4 µmol), sodium carbonate (1.2 mg, 11 µmol), 

Pd(PPh3)4 (0.44 mg, 0.38 µmol), THF (2.5 mL) and water (0.5 mL). (P)-(R)-P1′′(44.4 mg, 88 wt%) was 

obtained as a beige solid. 1H NMR (400 MHz, C6D6, 20 °C, δ): 10.51 (s, 1H), 8.90−6.60 (brm, peak top; 8.65, 

8.56, 8.44, 8.36, 7.98, 7.73, 7.33, 6.77 (9n+4)H), 6.00−0.00 (brm, peak top; 4.49, 3.25, 2.81, 1.53, 1.41, 1.10, 

0.88 (28m+3n+3)H). Mn = 5.57 × 104. Mw/Mn = 1.26. gabs (Δε/ε, 369.5 nm) = +2.25 × 10−3. 

 

(P)-(R)-P1oct: According to the typical procedure, the reaction was carried out using (P)-(R)-

PQXboh(5/190/10) (50 mg, 5.8 µmol B), 6-bromo-2,2'-bipyridine (13.7 mg, 58 µmol), sodium carbonate (1.9 

mg, 17 µmol), Pd(PPh3)4 (0.67 mg, 0.58 µmol), THF (2.5 mL) and water (0.5 mL). (P)-(R)-P1oct (44 mg, 87 

wt%) was obtained as a beige solid. 1H NMR (400 MHz, C6D6, 20 °C, δ): 10.47 (s, 1H), 8.90−6.60 (brm, peak 

top; 8.68, 8.61, 8.51, 8.37, 8.30, 7.82, 7.69, 6.81 (9n+4)H), 6.00−0.00 (brm, peak top; 4.62, 3.40, 2.84, 1.65, 

1.44, 1.34, 1.18, 0.94 (44m+3n+3)H). Mn = 5.93 × 104. Mw/Mn = 1.20. gabs (Δε/ε, 369.5 nm) = +1.95 × 10−3. 
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3-1-4. Synthesis of QXbpy 

 

 

5-([2,2'-Bipyridin]-6-yl)-8-methyl-2,3-diphenylquinoxaline (QXbpy): (8-Methyl-2,3-diphenylquinoxalin-5-

yl)boronic acid (300 mg, 0.882 mmol), 6-bromo-2,2'-bipyridine (366 mg, 1.47 mmol), Pd(PPh3)4 (170 mg, 0.147 

mmol), and sodium carbonate (467 mg, 4.41 mmol) were mixed in THF (8.75 mL) and H2O (1.75 mL) and 

heated at 90 °C overnight. After the completion of the reaction, dichloromethane and H2O were added and 

organic layer was extracted and washed with brine. Obtained solution was dried over magnesium sulfate, filtered 

and evaporated. The residue was subjected to column chromatography (hexane:ethyl acetate = 3:1), preparative 

GPC (CHCl3), and NH2-silicagel column chromatography (hexane:ethyl acetate = 4:1) to give the title 

compound (320 mg, 80% yield) as a white solid. 1H NMR (400 MHz, CDCl3, δ): 8.71–8.73 (m, 1H), 8.64 (d, J 

= 8.1 Hz, 1H), 8.41–8.46 (m, 3H), 7.95 (dd, J = 7.7, 7.7 Hz, 1H), 7.84 (ddd, J = 7.7, 7.7, 1.6 Hz, 1H), 7.77 (d, 

J = 7.4 Hz, 1H), 7.66–7.68 (m, 2H), 7.60 (dd, J = 8.0, 1.4 Hz, 2H), 7.29–7.42 (m, 7H), 2.93 (s, 3H). 13C NMR 

(101 MHz, CDCl3, δ): 156.7, 155.7, 155.2, 151.8, 151.1, 149.1, 140.1, 139.5, 139.4, 138.9, 138.7, 137.0, 136.5, 

136.0, 131.3, 130.2, 129.9, 128.93, 128.86, 128.33, 128.28, 127.3, 123.7, 121.5, 119.5, 17.6. HRMS-ESI (m/z): 

[M + H]+ calcd for C31H22N4, 451.1917; found, 451.1923. 

 

3-2. Synthesis of Substrate 1 

3-2-1. Synthesis of Benzoyl Chlorides S5 

 

 

2-Bromo-5-fluorobenzoyl chloride (S5a): 2-Bromo-5-fluorobenzoic acid (400 mg, 1.83 mmol) and SOCl2 

(4.0 mL) were mixed and heated at 70 °C for 12 h. The excess SOCl2 was removed under vacuum to give S5a 

in quantitative yield. 1H NMR (400 MHz, CDCl3, δ): 7.78 (dd, J = 8.6, 2.9 Hz, 1H), 7.69 (dd, J = 8.8, 4.8 Hz, 

1H), 7.18 (ddd, J = 8.8, 7.6, 2.8 Hz, 1H). 13C NMR (101 MHz, CDCl3, δ): 165.1, 161.3 (d, J = 250 Hz), 136.5 

N

N

N

N
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(d, J = 7.1 Hz), 122.0 (d, J = 22.7 Hz), 120.4 (d, J = 25.8 Hz), 116.0 (d, J = 3.9 Hz). 19F NMR (376 MHz, CDCl3, 

δ): –112.0 (m). 

 

 

2-Bromo-5-cyanobenzoyl chloride (S5b): 2-bromo-5-cyanobenzoic acid (300 mg, 1.33 mmol) and SOCl2 (3.0 

mL) were mixed and heated at 70 °C overnight. The excess SOCl2 was removed under vacuum to give S5b in 

quantitative yield. 1H NMR (400 MHz, CDCl3, δ): 8.29 (d, J = 2.0 Hz, 1H), 7.88 (d, J = 8.6 Hz, 1H), 7.68 (dd, 

J = 8.6, 2.0 Hz, 1H). 13C NMR (101 MHz, CDCl3, δ): 164.7, 136.6, 136.5, 136.2, 136.0, 126.8, 116.7, 112.4. 

 

3-2-2. Synthesis of (S)-1 

 

 

(S)-2-Bromo-5-bromo-N-(phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)benzamide ((S)-

1j): To a suspension of (S)-phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2-yl)methanaminium chloride (404 

mg, 1.50 mmol) in dry dichloromethane (15 mL) were added triethylamine (305 mg, 420 µL) and 2,5-

dibromobenzoyl chloride (448 mg, 1.50 mmol) in this order. The mixture was stirred at room temperature for 5 

minutes and evaporated. The residue was dissolved in dichloromethane and washed with water and brine. The 

organic layer was dried over anhydrous magnesium sulfate, filtered, and concentrated. The residue was 

subjected to DIOL-silica gel column chromatography (hexane:AcOEt:CHCl3 = 2:1:1) and preparative GPC 

(CHCl3) to give (S)-1j (159.3 mg, 21% yield) as a white solid. 1H NMR (400 MHz, CDCl3, δ): 7.88 (d, J = 2.3 

Hz, 1H), 7.48 (d, J = 8.4 Hz, 1H), 7.44 (dd, J = 8.4, 2.3 Hz, 1H), 7.30–7.36 (m, 4H), 7.19–7.25 (m 1H), 7.13 

(brs, 1H), 4.39 (d, J = 3.7 Hz, 1H), 1.19 (s, 6H), 1.17 (s, 6H). 13C NMR (101 MHz, CDCl3, δ): 167.6, 139.3, 

135.6, 135.4, 135.3, 134.1, 128.6, 127.3, 126.8, 121.9, 118.6, 83.3, 47.0, 24.9, 24.8. 11B NMR (128 MHz, 

CDCl3, δ): 25.8. IR (ATR): 3283, 2978, 1647, 1601, 1578, 1543, 1493, 1454, 1371, 1354, 1339, 1290, 1271, 

1260, 1206, 1163, 1138, 1105, 1084, 1036, 1013, 986, 962, 924, 899, 887, 849, 824, 783, 768, 704, 627, 619. 

HRMS-ESI (m/z): [M + Na]+ calcd for C20H22BBr2NO3, 515.9952; found, 515.9952. α  +6.39 (c 1.02, 
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CHCl3; for product with >99:1 er, >99% ee). SFC analysis: Daicel CHIRALCEL AD-H (CO2/i-PrOH = 100/25, 

v/v, flow rate = 3.75 mL/min, UV = 220 nm), tR = 2.1 min (minor), tR = 2.9 min (major), >99:1 er, >99% ee. 

 

 

(S)-2-Bromo-5-fluoro-N-(phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)benzamide ((S)-1l): 

To a suspension of (S)-phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2-yl)methanaminium chloride (270 mg, 

1.00 mmol) in dry dichloromethane (10 mL) were added triethylamine (203 mg, 280 µL) and S5a (238 mg, 1.0 

mmol) in this order. The mixture was stirred at room temperature for 5 minutes and evaporated. The residue 

was dissolved in dichloromethane and washed with water and brine. The organic layer was dried over anhydrous 

magnesium sulfate, filtered, and concentrated. The residue was subjected to DIOL-silica gel column 

chromatography (hexane:AcOEt:CHCl3 = 2:1:1) and preparative GPC (CHCl3) to give (S)-1l (222 mg, 51% 

yield) as a white solid. 1H NMR (400 MHz, CDCl3, δ): 7.53–7.60 (m, 2H), 7.29–7.35 (m, 5H), 7.19–7.24 (m, 

1H), 7.05–7.10 (m, 1H), 4.36 (d, J = 3.4 Hz, 1H), 1.19 (s, 6H), 1.15 (s, 6H). 13C NMR (101 MHz, CDCl3, δ): 

167.9, 161.8 (d, J = 250 Hz), 139.4, 135.5 (d, J = 7.1 Hz), 134.9 (d, J = 6.3 Hz), 128.6, 127.1, 126.7, 120.0 (d, 

J = 21.9 Hz), 118.9 (d, J = 25.0 Hz), 114.3, 83.1, 47.5, 24.9, 24.8. 11B NMR (128 MHz, CDCl3, δ): 24.8. 19F 

NMR (376 MHz, CDCl3, δ): 112.9 (m). IR (ATR): 2968, 1647, 1601, 1572, 1545, 1495, 1466, 1452, 1400, 

1369, 1341, 1294, 1260, 1221, 1200, 1140, 1101, 1053, 1040, 1005, 966, 891, 856, 845, 824, 793, 768, 746, 

704, 675, 635, 613. HRMS-ESI (m/z): [M + Na]+ calcd for C20H22BBrFNO3, 456.0752; found, 456.0753. α  

–7.87 (c 1.05, CHCl3; for product with >99:1 er, >99% ee). SFC analysis: Daicel CHIRALCEL AD-H (CO2/i-

PrOH = 100/10, v/v, flow rate = 3.30 mL/min, UV = 220 nm), tR = 5.2 min (minor), tR = 6.9 min (major), >99:1 

er, >99% ee. 
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(S)-2-Bromo-5-cyano-N-(phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)benzamide ((S)-

1n): To a suspension of (S)-phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2-yl)methanaminium chloride (135 

mg, 0.50 mmol) in dry dichloromethane (5.0 mL) were added triethylamine (138 mg, 100 µL) and S5b (122 

mg, 0.50 mmol) in this order. The mixture was stirred at room temperature for 5 minutes and evaporated. The 

residue was dissolved in dichloromethane and washed with water and brine. The organic layer was dried over 

anhydrous magnesium sulfate, filtered, and concentrated. The residue was subjected to DIOL-silica gel column 

chromatography (hexane:AcOEt:CHCl3 = 2:1:1) and preparative GPC (CHCl3) to give (S)-1n (122 mg, 55% 

yield) as a white solid. 1H NMR (400 MHz, CDCl3, δ): 7.91 (d, J = 2.0 Hz, 1H), 7.74 (d, J = 8.3 Hz, 1H), 7.54 

(dd, J = 8.3, 2.3 Hz, 1H), 7.31–7.38 (m, 4H), 7.22–7.25 (m, 1H), 6.84 (brs, 1H), 4.50 (d, J = 4.3 Hz, 1H), 1.22 

(s, 6H), 1.21 (s, 6H). 13C NMR (101 MHz, CDCl3, δ): 166.2, 138.7, 137.4, 134.9, 134.4, 134.0, 128.8, 127.4, 

127.1, 125.3, 117.3, 112.2, 84.1, 45.4, 24.79, 24.77. 11B NMR (128 MHz, CDCl3, δ): 28.8. IR (ATR): 3275, 

3065, 2978, 2234, 1651, 1601, 1589, 1545, 1495, 1462, 1452, 1383, 1371, 1354, 1342, 1292, 1261, 1209, 1196, 

1138, 1040, 1018, 1005, 962, 949, 912, 889, 851, 839, 768, 704, 675, 638, 627, 613. HRMS-ESI (m/z): [M + 

H]+ calcd for C21H22BBrN2O3, 441.0980; found, 441.0985. α  –2.74 (c 0.97, CHCl3; for product with >99:1 

er, >99% ee). SFC analysis: Daicel CHIRALCEL AD-H (CO2/i-PrOH = 100/25, v/v, flow rate = 3.75 mL/min, 

UV = 220 nm), tR = 1.6 min (minor), tR = 2.5 min (major), >99:1 er, >99% ee. 

 

3-2-3. Synthesis of rac-1 

 

 

2-Bromo-5-bromo-N-(phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)benzamide (rac-1j): 

According to the procedure shown in the synthesis of (S)-1j, the reaction was carried out using phenyl(4,4,5,5-

tetramethyl-1,3,2-dioxaborolane-2-yl)methanaminium chloride (404 mg, 1.50 mmol), 2,5-dibromobenzoyl 

chloride (448 mg, 1.50 mmol), triethylamine (305 mg, 420 µL), and dichloromethane (15 mL). The rac-1j was 

obtained as a white solid (132 mg, 18% yield). 
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2-Bromo-5-fluoro-N-(phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)benzamide (rac-1l): 

According to the procedure shown in the synthesis of (S)-1l, the reaction was carried out using phenyl(4,4,5,5-

tetramethyl-1,3,2-dioxaborolane-2-yl)methanaminium chloride (270 mg, 1.00 mmol), S5a (238 mg, 1.00 mmol), 

triethylamine (203 mg, 280 µL), and dichloromethane (10 mL). The rac-1l was obtained as a white solid (109 

mg, 25% yield). 

 

 

2-Bromo-5-cyano-N-(phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)benzamide (rac-1n): 

According to the procedure shown in the synthesis of (S)-1n, the reaction was carried out using phenyl(4,4,5,5-

tetramethyl-1,3,2-dioxaborolane-2-yl)methanaminium chloride (135 mg, 0.50 mmol), S5b (122 mg, 0.50 mmol), 

triethylamine (138 mg, 100 µL), and dichloromethane (5.0 mL). The rac-1n was obtained as a white solid (109 

mg, 49% yield). 

 

3-3. Copper-Catalyzed Enantioconvergent Coupling 

General Procedure for Table 1 

A solution of CuCl2 (10.0 mM in EtOH, 250 µL, 2.50 µmol) and a solution of ligands (11.0 mM in toluene, 250 

µL, 2.75 µmol) were mixed in a glass tube wrapped in aluminum foil and stirred at 50 °C for 1 h. After removal 

of the solvent under vacuum, to the mixture were added Cs2CO3 (50 µmol), toluene (600 µL), racemic 1a (25 

µmol in 300 µL of CHCl3), and H2O (2.0 µL) in this order, and the mixture was stirred at 10 °C. The reaction 

was monitored by GC. After stirring for 12–48 h, the mixture was diluted with toluene and H2O. The organic 

layer was extracted with toluene and ethyl acetate, washed with brine, and dried over anhydrous magnesium 

sulfate. After evaporation, the residue was analyzed by 1H NMR to determine yield of the product 2 (internal 
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standard: Bn2O), and subjected to preparative TLC (toluene:acetonitrile = 2:1) to afford 2a. The enantiomeric 

excess of the product was determined by chiral SFC analysis. 1H NMR and optical rotation data for (R)-2a were 

consistent with the literature values.9 

 

General Procedure for Table 2 

A solution of CuCl2 (5.00 mM in EtOH, 250 µL, 1.25 µmol) and a solution of PQXbpy ligand (5.50 mM bpy 

in toluene, 250 µL, 1.38 µmol bpy) were mixed in a glass tube wrapped in aluminum foil and stirred at 50 °C 

for 1 h. After removal of the solvent under vacuum, to the mixture were added Cs2CO3 (50 µmol), toluene (600 

µL), racemic 1a (0.025 mmol in 300 µL of CHCl3), and H2O (2.0 µL) in this order and stirred at 10 °C. The 

reaction was monitored by GC. After stirring for 6–96 h, the mixture was diluted with toluene and H2O. The 

organic layer was extracted with toluene and ethyl acetate, washed with brine, and dried with anhydrous 

magnesium sulfate. After filtration and evaporation, the mixture was diluted with acetonitrile a and the resulting 

precipitates were removed by centrifugation. The supernatant was evaporated, and the obtained residue was 

analyzed by 1H NMR to determine yield of the product 2a (internal standard: Bn2O), and subjected to preparative 

TLC (toluene:acetonitrile = 2:1) to afford 2a. The enantiomeric excess of the product was determined by chiral 

SFC analysis. 1H NMR and optical rotation data for (R)-2a were consistent with the literature values.9 

Table S1. Effect of Ligands in the Reaction of (S)-1a 

 
entry Ligand time (h) yield (%)[a] er (R:S)[b] % es[c] 

1 QXbpy 24 97 6:94 88 (inv) 
2 L1 12 >99 29:71 42 (inv) 
3 L2 24 >99 37:63 39 (inv) 
4 L3 48 12 19:81 63 (inv) 
5 L4 48 31 18:82 64 (inv) 

[a] The yield was determined by 1H NMR using dibenzyl ether as an internal 
standard. [b] The enantiomeric ratio was determined by chiral SFC analysis. [c] 
Enantio specificity7 
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Table S2. Screening of PQXbpy[a] 

 

entry PQXbpy time (h) yield (%)[b] er (R:S)[c] 
premix solvent 

(µL, toluene/EtOH) 
1 P1 1 94 84:16 250/250 
2 P1 24 93 81:19 500/250 
3 P1′′ 24 82 76:23 500/250 
4 P1oct 24 >99 81:19 500/250 
5 P1′ 24 92 85:15 500/250 
6 P1′ 24 91 83:16 500/500 

[a] Reactions were performed with general procedure. [b] NMR yield. [c] The enantiomeric 
ratio was determined by chiral SFC analysis. 

Table S3. Screening of Reaction Conditions Using (P)-(R)-P1′ 

 

entry [Cu] base x/y time (h) yield[a] er (R:S)[b] 
1 CuCl2 Cs2CO3 10/11 24 92 85:15 
2 CuCl2 Cs2CO3 20/22 6 90 85:15 
3 CuCl2 Cs2CO3 5.0/5.5 24 98 85:15 
4 CuCl2 Cs2CO3 1.0/1.1 48 91 85:15 
5 CuCl2 Cs2CO3 5.0/7.5 24 >99 84:16 
6 CuBr2 Cs2CO3 5.0/5.5 24 >99 82:18 
7 CuOTf•1/2C6H6 Cs2CO3 5.0/5.5 24 >99 84:16 
8 CuCl2 K2CO3 5.0/5.5 24 >99 85:15 
9 CuCl2 KOtBu 5.0/5.5 96 3 n.d. 
10 CuCl2 CsF 5.0/5.5 96 77 86:14 

[a] The yield was determined by 1H NMR using dibenzyl ether as an internal standard. [b] The 
enantiomeric ratio was determined by chiral SFC analysis. 
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General Procedure for Scheme 2 

A solution of CuCl2 (5.00 mM in EtOH, 250 µL, 1.25 µmol) and (P)-(R)-PQXbpy P1′ (5.50 mM bpy in toluene, 

250 µL, 1.38 µmol bpy) were mixed in a glass tube wrapped in aluminum foil and stirred at 50 °C for 1 h. After 

removal of the solvent under vacuum, to the mixture were added Cs2CO3 (50 µmol), toluene (600 µL), racemic 

1 (25 µmol in 300 µL of CHCl3), and H2O (2.0 µL) in this order and stirred at 0 °C. After completion of the 

reaction, the mixture was diluted with toluene and H2O. The organic layer was extracted with toluene and ethyl 

acetate, washed with brine, and dried over anhydrous magnesium sulfate. After filtration and evaporation, the 

mixture was diluted with acetonitrile and the resulting precipitates were removed by centrifugation. The 

supernatant was evaporated, and the obtained residue was analyzed by 1H NMR to determine yield of the product 

2 (internal standard: Bn2O), and subjected to the preparative TLC (toluene:acetonitrile = 2:1) to afford 2. The 

enantiomeric excess of the product was determined by chiral SFC analysis. 1H NMR and optical rotation data 

for (R)-27,10 were consistent with the literature values. 

 

 

 

Table S4. Optimization of Reaction Conditions Using (P)-(R)-P1′ 

 
entry solvent x/y temp. (°C) time (h) yield (%)[a] er (R:S)[b] 

1 toluene/CHCl3 = 2/1 5.0/5.5 10 24 98 85:15 

2 
toluene/CHCl3 = 2/1 

(w/o H2O) 
5.0/5.5 10 72 >99 86:14 

3 toluene 5.0/5.5 10 24 70 71:29 
4 toluene/CHCl3 = 8/1 5.0/5.5 10 12 >99 87:13 
6 CHCl3 5.0/5.5 10 48 >99 63:37 
7 toluene/CHCl3 = 8/1 5.0/5.5 0 24 96 88:12 
8 toluene/CHCl3 = 8/1 5.0/5.5 –10 96 61 85:15 
9 toluene/CHCl3 = 8/1 10/11 –10 60 91 87:13 
10 toluene/CHCl3 = 2/1 5.0/5.5 0 24 >99 85:15 
11 toluene/CHCl3 = 2/1 5.0/5.5 –10 96 98 86:14 
12 toluene/CHCl3 = 2/1 10/11 –10 36 93 86:14 
13 toluene/CHCl3 = 2/1 10/11 –20 96 57 89:11 

 [a] The yield was determined by 1H NMR using dibenzyl ether as an internal standard. [b] The 
enantiomeric ratio was determined by chiral SFC analysis. 
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Table S5. Reactions of rac- and (S)-1 in the Presence of (P)-(R)-PQXbpy P1′[a] 

 

entry Substrate R time (h) yield (%)[b] er (R:S)[c] 
1 rac-1a H 1 98 82:18 
2 (S)-1a (>99% ee) H 1 89 72:28 
3 rac-1b MeO 1 90 66:34 
4 (S)-1b (98% ee) MeO 1 92 39:61 
5 rac-1d Cl 1 99 82:18 
6 (S)-1d (96% ee) Cl 1 90 75:25 
7 rac-1e CF3 1 25 85:15 
8 (S)-1e (>99% ee) CF3 1 17 74:26 

[a] Reactions were conducted at 50 °C with general procedure. [b] NMR yield. [c] The 
enantiomeric ratio was determined by chiral SFC analysis. 

Table S6. Reactions of rac- and (S)-1 in the Presence of (P)-(R)-PQXbpy P1[a] 

 
entry Substrate R1 R2 time (h) yield (%)[b] er (R:S)[c] 

1 rac-1a H H 1 94 84:16 
2 (S)-1a (>99% ee) H H 5 >99 72:28 
3 rac-1f MeO H 15 89 59:41 
4 (S)-1f (>99% ee) MeO H 15 >99 30:70 
5 rac-1g Cl H 3 >99 94:6 
6 (S)-1g (98% ee) Cl H 1 >99 92:8 
7 rac-1i H MeO 3 96 89:11 
8 (S)-1i (>99% ee) H MeO 14 >99 85:15 
9 rac-1j H Br 5 79 94:6 

10 (S)-1j (>99% ee) H Br 18 96 91:9 
11 rac-1k H Cl 1 >99 94:6 
12 (S)-1k (>99% ee) H Cl 1 96 92:8 
13 rac-1l H F 84 84 92:8 
14 (S)-1l (>99% ee) H F 80 80 90:10 
15 rac-1m H CF3 15 >99 90:10 
16 (S)-1m (>99% ee) H CF3 15 >99 92:8 

[a] Reactions were performed with general procedure. [b] NMR yield. [c] The enantiomeric 
ratio was determined by chiral SFC analysis. 
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General Procedure for Scheme 3 

(P)-(R)-PQXbpy P1′ (5.5 mM in toluene, 250 µL, 1.38 µmol bpy) was dissolved in a mix solvent of 

toluene/1,1,2-trichloroethane = 2/1 (v/v, 375 µL) and stirred at room temperature for 135 h. Then a solution of 

CuCl2 (25 mM in EtOH, 50 µL, 1.25 µmol) was added, wrapped with aluminium foil, stirred at room 

temperature for 1 h, and dried under vacuum. Toward the resulting mixture were added Cs2CO3 (50 µmol), 

racemic 1 (25 µmol in 300 µL of 1,1,2-trichloroethane), toluene (600 µL), and H2O (2.0 µL) in this order, and 

the mixture was stirred at 0 °C. The reaction was monitored by GC. After stirring for 6–48 h, the mixture was 

diluted with toluene and H2O. The organic layer was extracted with toluene and ethyl acetate, washed with brine, 

and dried over anhydrous magnesium sulfate. After filtration and evaporation, the mixture was diluted with 

acetonitrile and the resulting precipitates were removed by centrifugation. The supernatant was evaporated, and 

the obtained residue was analyzed by 1H NMR to determine yield of the product 2 (internal standard: Bn2O), 

and subjected to the preparative TLC (toluene:acetonitrile = 2:1) to afford 2. The enantiomeric excess of the 

product was determined by chiral SFC analysis. 

 

Procedure for Scheme 4b 

A mixture of CuCl2 (2.5 µmol in 50 µL of EtOH), (P)-(R)-PQXbpy P1′ (18.0 mg, 2.75 µmol bpy), toluene (250 

µL), and ethanol (200 µL) in a glass tube wrapped in aluminum foil was stirred at 50 °C for 1 h. After removal 

of the solvent under vacuum, to the mixture were added Cs2CO3 (16.3 mg, 50 µmol), toluene (600 µL), racemic 

1a (10.4 mg, 25 µmol in 300 µL of CHCl3), and H2O (2.0 µL) in this order and stirred at 10 °C for 7 h. The 

mixture was diluted with toluene and H2O. The organic layer was extracted with toluene and ethyl acetate, 

washed with brine, and dried over anhydrous magnesium sulfate. After filtration and evaporation, the mixture 

was diluted with acetonitrile and the resulting precipitates were removed by centrifugation. The supernatant was 

evaporated, and the obtained residue was analyzed by 1H NMR to determine yield of the substrate 1a and 

product 2a (internal standard: Bn2O), and subjected to preparative GPC (CHCl3) to afford 1a and 2a. The 

enantiomeric excess of 1a and 2a was determined by chiral SFC analysis.  

 

Spectral Data for Isoindolinones 
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(R)-6-Bromo-3-phenylisoindolin-1-one (2j): 1H NMR (400 MHz, CDCl3, δ): 8.02 (d, J = 2.0 Hz, 1H), 7.62 

(dd, J = 8.0, 1.7 Hz, 1H), 7.30–7.40 (m, 3H), 7.23−7.26 (m, 2H), 7.11 (d, J = 8.0 Hz, 1H), 6.66 (brs, 1H), 5.58 

(s, 1H). 13C NMR (101 MHz, CDCl3, δ): 169.4, 146.7, 137.8, 135.5, 133.0, 129.4, 129.0, 127.2, 126.9, 125.1, 

122.7, 60.7. IR (ATR): 3269, 3194, 1690, 1655, 1493, 1452, 1437, 1356, 1319, 1260, 1207, 1186, 1150, 1098, 

1061, 770, 758, 748, 698, 631, 623. HRMS-APCI (m/z): [M + H]+ calcd for C14H10BrNO, 288.0019; found, 

288.0024. α  −133.7 (c 0.14, CHCl3; for product with 91:9 er, 82% ee). SFC analysis: Daicel CHIRALCEL 

AD-H (CO2/i-PrOH = 100/25, v/v, flow rate = 3.75 mL/min, UV = 220 nm), tR = 4.9 min (major), tR = 10.1 min 

(minor), 94:6 er, 88% ee. 

 

 

(R)-6-Fluoro-3-phenylisoindolin-1-one (2l): 1H NMR (400 MHz, CDCl3, δ): 7.55 (ddd, J = 7.2, 2.0, 1.2 Hz, 

1H), 7.33−7.38 (m, 3H), 7.22−7.27 (m, 2H), 7.17−7.22 (m, 2H), 6.67 (brs, 1H), 5.60 (s, 1H). 13C NMR (101 

MHz, CDCl3, δ): 169.8, 163.1 (d, J = 249.4 Hz), 143.5, 138.1, 133.0 (d, J = 8.6 Hz), 129.3, 128.9, 126.9, 125.1 

(d, J = 8.7 Hz), 120.1 (d, J = 24.2 Hz), 110.7 (d, J = 24.4 Hz), 60.6. 19F NMR (376 MHz, CDCl3, δ): −112.8 

(m). IR (ATR): 3229, 1703, 1655, 1622, 1605, 1485, 1449, 1412, 1341, 1321, 1265, 1236, 1206, 1121, 1069, 

1053, 1028, 889, 851, 816, 783, 766, 746, 710, 698, 681, 623. HRMS-APCI (m/z): [M + H]+ calcd for 

C14H10FNO, 228.0819; found, 228.0819. α  −34.3 (c 0.64, CHCl3; for product with 93:7 er, 86% ee). SFC 

analysis: Daicel CHIRALCEL AD-H (CO2/i-PrOH = 100/25, v/v, flow rate = 3.75 mL/min, UV = 220 nm), tR 

= 2.4 min (major), tR = 3.8 min (minor), 93:7 er, 86% ee. 

 

 

(R)-3-Oxo-1-phenylisoindoline-5-carbonitrile (2n): 1H NMR (400 MHz, CDCl3, δ): 8.16 (s, 1H), 7.78 (dd, J 

= 8.0, 1.4 Hz, 1H), 7.35−7.39 (m, 4H), 7.23–7.27 (m, 2H), 6.88 (brs, 1H), 5.70 (s, 1H). 13C NMR (101 MHz, 

CDCl3, δ): 168.7, 151.9, 136.9, 135.8, 132.2, 129.6, 129.3, 128.2, 126.9, 124.7, 118.1, 113.0, 61.1. IR (ATR): 

3215, 3082, 3059, 2895, 2857, 2232, 1695, 1665, 1622, 1601, 1582, 1493, 1481, 1452, 1443, 1412, 1352, 1325, 
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1315, 1215, 1194, 1175, 1134, 1086, 1063, 1030, 922, 907, 866, 831, 818, 785, 772, 762, 752, 704, 694, 685, 

627, 611. HRMS-APCI (m/z): [M + H]+ calcd for C15H10N2O, 235.0866; found, 235.0867. α  −43.4 (c 0.38, 

CHCl3; for product with 84:16 er, 67% ee). SFC analysis: Daicel CHIRALCEL AD-H (CO2/i-PrOH = 100/25, 

v/v, flow rate = 3.75 mL/min, UV = 220 nm), tR = 2.9 min (major), tR = 5.5 min (minor), 90:10 er, 79% ee. 
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5. Copies of 1H and 13C NMR Charts for the New Compounds 

  

Figure S1. 1H NMR spectrum of S1a 
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Figure S2. 13C NMR spectrum of S1a 
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Figure S3. 1H NMR spectrum of S1b 

 (Thousands)
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Figure S4. 13C NMR spectrum of S1b 
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Figure S5. 1H NMR spectrum of S1c 

 (Thousands)
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Figure S6. 13C NMR spectrum of S1c 

 (Thousands)
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Figure S7. 1H NMR spectrum of S1d 

 (Thousands)
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Figure S8. 13C NMR spectrum of S1d 
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Figure S9. 1H NMR spectrum of S1e 

 (Thousands)
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Figure S10. 13C NMR spectrum of S1e 

 (Thousands)
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Figure S11. 1H NMR spectrum of S1f 

 (Thousands)
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Figure S12. 13C NMR spectrum of S1f 
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Figure S13. 1H NMR spectrum of S1g 

 (Thousands)
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Figure S14. 13C NMR spectrum of S1g 
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Figure S15. 1H NMR spectrum of S1h 

 (Thousands)
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Figure S16. 13C NMR spectrum of S1h 

 (Thousands)
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Figure S17. 1H NMR spectrum of S1i 

 (Thousands)
01.02.03.04.05.06.07.0

X
 : 

pa
rt

s 
pe

r 
M

il
li

on
 : 

1H

13
.0

12
.0

11
.0

10
.0

9.
0

8.
0

7.
0

6.
0

5.
0

4.
0

3.
0

2.
0

1.
0

0
-1

.0

8.476
8.462
8.382
8.363
7.949
7.944
7.678
7.659
7.639
7.499
7.497
7.480
7.478
7.260
6.866
6.859
6.851
6.845

3.958

3.00

0.94

0.91

0.88

0.86

0.85

0.84

 (Thousands)
01.02.0

X
 : 

pa
rt

s 
pe

r 
M

ill
io

n 
: 1

H

8.
5

8.
4

8.
3

8.
2

8.
1

8.
0

7.
9

7.
8

7.
7

7.
6

7.
5

7.
4

7.
3

7.
2

7.
1

7.
0

6.
9

6.
8

6.
7

8.476
8.462

8.382
8.363

7.949
7.944

7.678
7.659
7.639

7.499
7.497
7.480
7.478

7.260

6.866
6.859
6.851
6.845

0.94

0.91

0.88

0.86

0.85

0.84

F
i
l
e
n
a
m
e
 
 
 
 
 
 
=
 
6
B
r
4
p
r
i
m
e
O
M
e
B
p
y
_
1
H
-
1
.
j
d
f

A
u
t
h
o
r
 
 
 
 
 
 
 
 
=
 
Y
o
s
h
i
n
a
g
a
 
Y
u
k
a
k
o

E
x
p
e
r
i
m
e
n
t
 
 
 
 
=
 
s
2
p
u
l

S
o
l
v
e
n
t
 
 
 
 
 
 
 
=
 
c
d
c
l
3

R
e
v
i
s
i
o
n
_
T
i
m
e
 
=
 
 
4
-
J
A
N
-
2
0
2
0
 
2
1
:
5
0
:
2
9

C
o
m
m
e
n
t
 
 
 
 
 
 
 
=
 
S
T
A
N
D
A
R
D
 
P
R
O
T
O
N
 
P
A
R
A
M
E
T
E
R
S

D
a
t
a
_
F
o
r
m
a
t
 
 
 
=
 
1
D
 
C
O
M
P
L
E
X

D
i
m
_
S
i
z
e
 
 
 
 
 
 
=
 
2
2
4
3
6

X
_
D
o
m
a
i
n
 
 
 
 
 
 
=
 
1
H

D
i
m
_
T
i
t
l
e
 
 
 
 
 
=
 
1
H

D
i
m
_
U
n
i
t
s
 
 
 
 
 
=
 
[
p
p
m
]

D
i
m
e
n
s
i
o
n
s
 
 
 
 
=
 
X

S
p
e
c
t
r
o
m
e
t
e
r
 
 
=
 
V
A
R
I
A
N
_
U
N
I
T
Y
_
N
M
R

X
_
D
o
m
a
i
n
 
 
 
 
 
 
=
 
1
H

X
_
F
r
e
q
 
 
 
 
 
 
 
 
=
 
3
9
9
.
8
8
4
1
8
6
5
7
[
M
H
z
]

X
_
F
r
e
q
_
F
l
i
p
 
 
 
=
 
F
A
L
S
E

X
_
O
f
f
s
e
t
 
 
 
 
 
 
=
 
2
.
3
9
9
3
3
[
k
H
z
]

X
_
S
w
e
e
p
 
 
 
 
 
 
 
=
 
6
.
4
1
0
2
5
6
4
1
[
k
H
z
]

S
c
a
n
s
 
 
 
 
 
 
 
 
 
=
 
1
6

T
e
m
p
_
G
e
t
 
 
 
 
 
 
=
 
5
0
[
d
C
]



S44 
 

 

 

Figure S18. 13C NMR spectrum of S1i 

 (Thousands)
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Figure S19. 1H NMR spectrum of QXbpy 
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Figure S20. 13C NMR spectrum of QXbpy 
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Figure S21. 1H NMR spectrum of (P)-(R)-PQXboh(1/195/5) 

 (Thousands)
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Figure S22. 1H NMR spectrum of (P)-(R)-PQXboh(1/475/25) 

 (Thousands)
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Figure S23. 1H NMR spectrum of (P)-(R)-P2

 (Thousands)
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Figure S24. 1H NMR spectrum of (P)-(R)-P3 
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Figure S25. 1H NMR spectrum of (P)-(R)-P5

 (Thousands)
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Figure S26. 1H NMR spectrum of (P)-(R)-P6
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Figure S27. 1H NMR spectrum of (P)-(R)-P7

 (Thousands)
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Figure S28. 1H NMR spectrum of (P)-(R)-P8

 (Thousands)
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Figure S29. 1H NMR spectrum of (P)-(R)-P9

 (Thousands)
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Figure S30. 1H NMR spectrum of (P)-(R)-P10

 (Thousands)
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Figure S31. 1H NMR spectrum of (P)-(R)-P11

 (Thousands)
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Figure S32. 1H NMR spectrum of (P)-(R)-P12

 (Thousands)
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Figure S33. 1H NMR spectrum of (P)-(R)-P13

 (Thousands)
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Figure S34. 1H NMR spectrum of (P)-(R)-P1′

 (Thousands)
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Figure S35. 1H NMR spectrum of (P)-(R)-P1′′

 (Thousands)
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Figure S36. 1H NMR spectrum of (P)-(R)-P1oct 

 (Thousands)
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Figure S37. 1H NMR spectrum of S5a 

 (Thousands)
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Figure S38. 13C NMR spectrum of S5a 

 (Thousands)
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Figure S39. 1H NMR spectrum of S5b 

 (Thousands)
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Figure S39. 13C NMR spectrum of S5b 

 (Thousands)
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Figure S40. 1H NMR spectrum of 1j 

 (Thousands)
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Figure S41. 13C NMR spectrum of 1j 
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Figure S42. 1H NMR spectrum of 1l 

 (Thousands)
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Figure S43. 13C NMR spectrum of 1l 

 (Thousands)
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Figure S44. 1H NMR spectrum of 1n 

 (Thousands)
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Figure S45. 13C NMR spectrum of 1n 
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Figure S46. 1H NMR spectrum of (R)-2j 

 (Thousands)
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Figure S47. 13C NMR spectrum of (R)-2j 
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Figure S48. 1H NMR spectrum of (R)-2l 

 (Thousands)
00.10.20.30.40.50.60.70.80.91.01.11.21.31.41.51.61.71.81.92.02.12.22.32.42.52.62.72.82.93.03.13.2

X
 : 

pa
rt

s 
pe

r 
M

il
li

on
 : 

1H

13
.0

12
.0

11
.0

10
.0

9.
0

8.
0

7.
0

6.
0

5.
0

4.
0

3.
0

2.
0

1.
0

0
-1

.0

7.367
7.354
7.349
7.344
7.263
7.260
7.244
7.201
7.192
7.187

5.603

3.06
2.91

1.00

0.91

0.82

 (Thousands)
01.02.03.0

X
 : 

pa
rt

s 
pe

r 
M

ill
io

n 
: 1

H

7.
6

7.
5

7.
4

7.
3

7.
2

7.
1

7.
0

6.
9

6.
8

6.
7

6.
6

6.
5

7.559
7.554
7.552
7.541
7.536
7.367
7.354
7.349
7.263
7.260
7.244
7.207
7.201
7.192
7.190
7.187

3.06

2.91

0.91

0.82

F
i
l
e
n
a
m
e
 
 
 
 
 
 
=
 
p
r
o
-
s
e
c
-
P
h
-
5
F
-
1
H
-
C
D
C
l
3
-
2
.
j
d
f

A
u
t
h
o
r
 
 
 
 
 
 
 
 
=
 
Y
o
s
h
i
n
a
g
a
 
Y
u
k
a
k
o

E
x
p
e
r
i
m
e
n
t
 
 
 
 
=
 
s
2
p
u
l

S
o
l
v
e
n
t
 
 
 
 
 
 
 
=
 
c
d
c
l
3

R
e
v
i
s
i
o
n
_
T
i
m
e
 
=
 
2
4
-
M
A
R
-
2
0
2
0
 
1
2
:
1
5
:
5
9

C
o
m
m
e
n
t
 
 
 
 
 
 
 
=
 
S
T
A
N
D
A
R
D
 
P
R
O
T
O
N
 
P
A
R
A
M
E
T
E
R
S

D
a
t
a
_
F
o
r
m
a
t
 
 
 
=
 
1
D
 
C
O
M
P
L
E
X

D
i
m
_
S
i
z
e
 
 
 
 
 
 
=
 
2
2
4
3
6

X
_
D
o
m
a
i
n
 
 
 
 
 
 
=
 
1
H

D
i
m
_
T
i
t
l
e
 
 
 
 
 
=
 
1
H

D
i
m
_
U
n
i
t
s
 
 
 
 
 
=
 
[
p
p
m
]

D
i
m
e
n
s
i
o
n
s
 
 
 
 
=
 
X

S
p
e
c
t
r
o
m
e
t
e
r
 
 
=
 
V
A
R
I
A
N
_
U
N
I
T
Y
_
N
M
R

X
_
D
o
m
a
i
n
 
 
 
 
 
 
=
 
1
H

X
_
F
r
e
q
 
 
 
 
 
 
 
 
=
 
3
9
9
.
8
8
4
1
8
6
5
7
[
M
H
z
]

X
_
F
r
e
q
_
F
l
i
p
 
 
 
=
 
F
A
L
S
E

X
_
O
f
f
s
e
t
 
 
 
 
 
 
=
 
2
.
3
9
9
3
3
[
k
H
z
]

X
_
S
w
e
e
p
 
 
 
 
 
 
 
=
 
6
.
4
1
0
2
5
6
4
1
[
k
H
z
]

S
c
a
n
s
 
 
 
 
 
 
 
 
 
=
 
1
6

T
e
m
p
_
G
e
t
 
 
 
 
 
 
=
 
5
0
[
d
C
]



S76 
 

 

 

Figure S49. 13C NMR spectrum of (R)-2l 

 (Thousands)
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Figure S50. 1H NMR spectrum of (R)-2n 
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Figure S51. 13C NMR spectrum of (R)-2n 
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6. Chiral SFC Traces of Products 

 

\  

Figure S52. SFC trace of 2a 

Conditions: Daicel CHIRALCEL AD-H, CO2/i-PrOH = 100/25, v/, Flow Rate = 3.75 mL/min, UV = 220 nm 
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Figure S53. SFC trace of 2b 

Conditions: Daicel CHIRALCEL AD-H, CO2/i-PrOH = 100/15, v/, Flow Rate = 3.45 mL/min, UV = 220 nm 
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Figure S54. SFC trace of 2c 

Conditions: Daicel CHIRALCEL AD-H, CO2/i-PrOH = 100/25, v/, Flow Rate = 3.75 mL/min, UV = 220 nm 
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Figure S55. SFC trace of 2d 

Conditions: Daicel CHIRALCEL AD-H, CO2/i-PrOH = 100/25, v/, Flow Rate = 3.75 mL/min, UV = 220 nm 
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Figure S56. SFC trace of 2e 

Conditions: Daicel CHIRALCEL AD-H, CO2/i-PrOH = 100/15, v/, Flow Rate = 3.45 mL/min, UV = 220 nm 
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Figure S57. SFC trace of 2f 

Conditions: Daicel CHIRALCEL AD-H, CO2/i-PrOH = 100/25, v/, Flow Rate = 3.75 mL/min, UV = 220 nm 
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Figure S58. SFC trace of 2g 

Conditions: Daicel CHIRALCEL AD-H, CO2/i-PrOH = 100/25, v/, Flow Rate = 3.75 mL/min, UV = 220 nm 
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Figure S59. SFC trace of 2h 

Conditions: Daicel CHIRALCEL AD-H, CO2/i-PrOH = 100/15, v/, Flow Rate = 3.45 mL/min, UV = 220 nm 
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Figure S60. SFC trace of 2i 

Conditions: Daicel CHIRALCEL AD-H, CO2/i-PrOH = 100/25, v/, Flow Rate = 3.75 mL/min, UV = 220 nm 
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Figure S61. SFC trace of 2j 

Conditions: Daicel CHIRALCEL AD-H, CO2/i-PrOH = 100/25, v/, Flow Rate = 3.75 mL/min, UV = 220 nm 
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Figure S62. SFC trace of 2k 

Conditions: Daicel CHIRALCEL AD-H, CO2/i-PrOH = 100/25, v/, Flow Rate = 3.75 mL/min, UV = 220 nm 
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Figure S63. SFC trace of 2l 

Conditions: Daicel CHIRALCEL AD-H, CO2/i-PrOH = 100/25, v/, Flow Rate = 3.75 mL/min, UV = 220 nm 
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Figure S64. SFC trace of 2m 

Conditions: Daicel CHIRALCEL AD-H, CO2/i-PrOH = 100/25, v/, Flow Rate = 3.75 mL/min, UV = 220 nm 
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Figure S65. SFC trace of 2n 

Conditions: Daicel CHIRALCEL AD-H, CO2/i-PrOH = 100/25, v/, Flow Rate = 3.75 mL/min, UV = 220 nm 
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Figure S66. SFC trace of (S)-2a (Scheme 3) 

Conditions: Daicel CHIRALCEL AD-H, CO2/i-PrOH = 100/25, v/, Flow Rate = 3.75 mL/min, UV = 220 nm 

 

 

Figure S67. SFC trace of (S)-2k (Scheme 3) 

Conditions: Daicel CHIRALCEL AD-H, CO2/i-PrOH = 100/25, v/, Flow Rate = 3.75 mL/min, UV = 220 nm 
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Figure S68. SFC trace of (S)-2m 

Conditions: Daicel CHIRALCEL AD-H, CO2/i-PrOH = 100/25, v/, Flow Rate = 3.75 mL/min, UV = 220 nm 
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7. UV-vis and CD Spectra of PQX Derivatives 

 

Figure S69. UV-vis absorption spectrum of (P)-(R)-PQXboh(1/195/5) in toluene 

(2.65 × 10–2 g/L, light path length = 10 mm, 20 °C) 

 

 

Figure S70. CD spectrum of (P)-(R)-PQXboh(1/195/5) in toluene 

(2.65 × 10–2 g/L, light path length = 10 mm, 20 °C) 
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Figure S71. UV-vis absorption spectrum of (P)-(R)-PQXboh(1/475/25) in toluene 

(2.93 × 10–2 g/L, light path length = 10 mm, 20 °C) 

 

 

Figure S72. CD spectrum of (P)-(R)-PQXboh(1/475/25) in toluene 

(2.93 × 10–2 g/L, light path length = 10 mm, 20 °C) 
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Figure S73. UV-vis absorption spectrum of (P)-(R)-P2 in toluene 

(2.68 × 10–2 g/L, light path length = 10 mm, 20 °C) 

 

 

Figure S74. CD spectrum of (P)-(R)-P2 in toluene 

(2.68 × 10–2 g/L, light path length = 10 mm, 20 °C) 
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Figure S75. UV-vis absorption spectrum of (P)-(R)-P3 in toluene 

(2.63 × 10–2 g/L, light path length = 10 mm, 20 °C) 

 

 

Figure S76. CD spectrum of (P)-(R)-P3 in toluene 

(2.63 × 10–2 g/L, light path length = 10 mm, 20 °C) 
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Figure S77. UV-vis absorption spectrum of (P)-(R)-P5 in toluene 

(2.72 × 10–2 g/L, light path length = 10 mm, 20 °C) 

 

 

Figure S78. CD spectrum of (P)-(R)-P5 in toluene 

(2.72 × 10–2 g/L, light path length = 10 mm, 20 °C) 
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Figure S79. UV-vis absorption spectrum of (P)-(R)-P6 in toluene 

(2.64 × 10–2 g/L, light path length = 10 mm, 20 °C) 

 

 

Figure S80. CD spectrum of (P)-(R)-P6 in toluene 

(2.64 × 10–2 g/L, light path length = 10 mm, 20 °C) 
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Figure S81. UV-vis absorption spectrum of (P)-(R)-P7 in toluene 

(2.64 × 10–2 g/L, light path length = 10 mm, 20 °C) 

 

 

Figure S82. CD spectrum of (P)-(R)-P7 in toluene 

(2.64 × 10–2 g/L, light path length = 10 mm, 20 °C) 
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Figure S83. UV-vis absorption spectrum of (P)-(R)-P8 in toluene 

(2.68 × 10–2 g/L, light path length = 10 mm, 20 °C) 

 

 

Figure S84. CD spectrum of (P)-(R)-P8 in toluene 

(2.68 × 10–2 g/L, light path length = 10 mm, 20 °C) 
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Figure S85. UV-vis absorption spectrum of (P)-(R)-P9 in toluene 

(2.84 × 10–2 g/L, light path length = 10 mm, 20 °C) 

 

 

Figure S86. CD spectrum of (P)-(R)-P9 in toluene 

(2.84 × 10–2 g/L, light path length = 10 mm, 20 °C) 
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Figure S87. UV-vis absorption spectrum of (P)-(R)-P10 in toluene 

(2.88 × 10–2 g/L, light path length = 10 mm, 20 °C) 

 

 

Figure S88. CD spectrum of (P)-(R)-P10 in toluene 

(2.88 × 10–2 g/L, light path length = 10 mm, 20 °C) 
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Figure S89. UV-vis absorption spectrum of (P)-(R)-P11 in toluene 

(2.90 × 10–2 g/L, light path length = 10 mm, 20 °C) 

 

 

Figure S90. CD spectrum of (P)-(R)-P11 in toluene 

(2.90 × 10–2 g/L, light path length = 10 mm, 20 °C) 
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Figure S91. UV-vis absorption spectrum of (P)-(R)-P12 in toluene 

(2.85 × 10–2 g/L, light path length = 10 mm, 20 °C) 

 

 

Figure S92. CD spectrum of (P)-(R)-P12 in toluene 

(2.85 × 10–2 g/L, light path length = 10 mm, 20 °C) 
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Figure S93. UV-vis absorption spectrum of (P)-(R)-P13 in toluene 

(2.93 × 10–2 g/L, light path length = 10 mm, 20 °C) 

 

 

Figure S94. CD spectrum of (P)-(R)-P13 in toluene 

(2.93 × 10–2 g/L, light path length = 10 mm, 20 °C) 



S108 
 

 

Figure S95. UV-vis absorption spectrum of (P)-(R)-P1′ in toluene 

(2.93 × 10–2 g/L, light path length = 10 mm, 20 °C) 

 

 

Figure S96. CD spectrum of (P)-(R)-P1′ in toluene 

(2.93 × 10–2 g/L, light path length = 10 mm, 20 °C) 
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Figure S97. UV-vis absorption spectrum of (P)-(R)-P1′′ in toluene 

(2.65 × 10–2 g/L, light path length = 10 mm, 20 °C) 

 

 

Figure S98. CD spectrum of (P)-(R)-P1′′ in toluene 

(2.65 × 10–2 g/L, light path length = 10 mm, 20 °C) 
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Figure S99. UV-vis absorption spectrum of (P)-(R)-P1oct in toluene 

(2.88 × 10–2 g/L, light path length = 10 mm, 20 °C) 

 

 

Figure S100. CD spectrum of (P)-(R)-P1oct in toluene 

(2.88 × 10–2 g/L, light path length = 10 mm, 20 °C) 
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Figure S101. UV-vis absorption spectrum of (M)-(R)-P1′ in toluene/1,1,2-trichloroethane (2/1, v/v) 

(2.50 × 10–2 g/L, light path length = 10 mm, 20 °C) 

 

 

Figure S102. CD spectrum of (M)-(R)- P1′ in toluene/1,1,2-trichloroethane (2/1, v/v) 

(2.50 × 10–2 g/L, light path length = 10 mm, 20 °C) 


