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1. General Information 

Methods: All data were collected on Bruker ASCENDTM operating at 400 MHz for 1H 

NMR, 101 MHz for 13C{1H} NMR, and 376 MHz for 19F{1H} NMR (with complete 

proton decoupling). Chemical shifts are reported in parts per million (ppm). 1H NMR 

spectra data were assigned CDCl3 resonance as 7.26 ppm and reported as follows: 

chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, 

and br = broad), coupling constant (J values) in Hz, and integration. Chemical shifts for 

13C NMR spectra were recorded in ppm with the central peak of residue CDCl3 (77.16 

ppm) as the internal standard. Visualization of the developed chromatogram was 

performed by UV absorbance (254 nm). All datas were acquired on Waters G2-S Qtof 

spectrometer (electrospray ionization: ESI). X-ray crystallography studies were carried 

out on Rigaku ROD, Synergy Custom DW system using Cu-Kα radiation (λ = 1.54184 

Å). Enantiomeric ratio (ee) values were determined by chiral HPLC with chiral AS-H, 

AD-H, OJ-H, IC, IA, IB columns with n-hexane and i-PrOH as solvents. Optical 

rotations were measured on a PerkinElmer 343 polarimeter. UV-Vis absorption spectra 

were recorded on a UH5700 spectrophotometer S2 (Hitachi). Stern-Volmer quenching 

experiments were carried by Agilent Technologices F-4600 spectrofluorometer. 

Photocatalytic reaction was carried out using photoreactor from WATTCAS 

(https://www.wattcas.com). The light source used in gram scale reaction is purple lamp 

(20 W, 410 nm), which is bought from Xuzhou Ai Jia electronic technology Co. LTD. 

Materials: Unless otherwise noted, all reagents obtained from commercial suppliers 

were used without further purification. Commercially available chemicals were 

obtained from Infinity Heowns, Admas, J&K, Leyan, Bide Pharmatech. Flash 

chromatography was performed using 200-300 mesh silica gel (Yantai Xinnuo 

Chemicals) with the indicated eluents according to standard techniques. Analytical 

thin-layer chromatography (TLC) was performed on glass-backed silica gel plates 

(Yantai Xinnuo Chemicals or Energy Chemical). 
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photoreactor quartz tube 

2. Synthesis of Substrates 

2.1 Preparation of alkene substrates 

 

Unless otherwise stated, all starting materials were commercially available. The starting 

compounds 1b-1m[1-4], 1n[5], 1o-1s[6], 1z-1ac[7,8], 1ae[9], 1af[10] and 1ag[11] were 

prepared according to the literature procedure. 
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2.2 Preparation of trifluoromethylarene substrates 

 

Unless otherwise stated, all starting materials were commercially available. The starting 

compounds 2f[12], 2g[13], 2h[14], 2i[12], 2j[14], 2n[13], 2o[12], 2r[15] and 2w-2z[13] were 

prepared according to the literature procedure. 

Synthesis of 1-(pent-4-en-1-yloxy)-3,5-bis(trifluoromethyl)benzene (2k) 

 

To a 25 mL oven-dried round-bottom flask equipped with a Teflon-coated magnetic stir 

bar was added 3,5-bis(trifluoromethyl)phenol (1.0 g, 4.3 mmol, 1.0 equiv), CH3CN 

(20.0 mL), and K2CO3 (1.5 g, 10.8 mmol, 2.5 equiv). 5-bromopent-1-ene (1.281 g, 8.6 

mmol, 2.0 equiv) was then added, and the resulting mixture was refluxed for 12 h. Upon 

completion, the solvent was removed under vacuum. The residue was diluted with 

water and extracted with Et2O (20.0 mL×3). The combined organic phases were washed 

with 20.0 mL water and 40.0 mL brine, dried over anhydrous Na2SO4, and concentrated 
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in vacuo. The crude product was purified by silica gel chromatography (petroleum ether: 

ethyl acetate = 20:1, Rf = 0.3) to give the title compound 2k as a colorless oil (0.846 g, 

66% yield). 1H NMR (400 MHz, CDCl3) δ 7.45 (s, 1H), 7.30 (s, 2H), 5.86 (m, 1H), 

5.14 – 5.00 (m, 2H), 4.05 (t, J = 6.4 Hz, 2H), 2.27 (q, J = 7.2 Hz, 2H), 1.94 (p, J = 6.8 

Hz, 2H). 13C{1H} NMR (101 MHz, CDCl3) δ 159.8, 137.4, 132.9 (q, J = 33.2 Hz), 

123.4 (q, J = 272.7 Hz), 115.8, 115.0 (q, J = 3.9 Hz), 114.3 – 114.2 (m), 68.1, 30.1, 28.3. 

19F{1H} NMR (376 MHz, CDCl3) δ -63.12; HRMS-ESI (m/z): [M-H]– calcd. for 

C13H11F6O: 297.0714; found 297.0709. 

Synthesis of tert-butyl 3-(2-(2-(3-(trifluoromethyl)phenyl)acetoxy)ethyl)azetidine-

1-carboxylate (2m) 

 

To a 50 mL round-bottom flask was added 2-(3,5-bis(trifluoromethyl)phenyl)acetic 

acid (1.36 g, 5.0 mmol, 1.0 equiv) and tert-butyl 3-(2-hydroxyethyl)azetidine-1-

carboxylate (1.106 g, 5.5 mmol, 1.1 equiv) in dichloromethane (10 mL). The mixture 

was stirred at room temperature for 30 min. Then, a solution of N,N-

dicyclohexylcarbodiimide (1.24 g, 6.0 mmol, 1.2 equiv) and 4-dimethylaminopyridine 

(61 mg, 0.50 mmol, 10 mol%) in dichloromethane (10 mL) was added slowly under 

ice-coling. The reaction mixture was allowed to warm to room temperature and stirred. 

The combined organic layers were dried over anhydrous Na2SO4 and concentrated 

under reduced pressure. The crude product was purified by silica gel column 

chromatography (petroleum ether: ethyl acetate = 20:1, Rf = 0.3) afforded the 

compound 2m as a pale-yellow oil. (2.11 g, 93 %). 1H NMR (400 MHz, CDCl3) δ 7.81 

(s, 1H), 7.74 (s, 2H), 4.11 (dt, J = 6.3, 3.9 Hz, 2H), 4.05 – 3.94 (m, 2H), 3.79 – 3.70 (m, 

2H), 3.57 (td, J = 5.8, 2.8 Hz, 2H), 2.60 – 2.48 (m, 1H), 1.95 (t, J = 7.2 Hz, 2H), 1.43 

(s, 9H). 13C{1H} NMR (101 MHz, CDCl3) δ 170.0, 156.4, 136.2, 132.0 (q, J = 33.6 Hz), 

129.8 (d, J = 4.0 Hz), 123.3 (q, J = 273.8 Hz), 121.8 – 121.2 (m), 79.6, 63.6, 40.7, 33.2, 

28.5, 26.3. 19F{1H} NMR (376 MHz, CDCl3) δ -62.88; HRMS-ESI (m/z): [M-H]– calcd. 
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for C20H22F6NO4: 454.1453; found 454.1462. 

2.3 Preparation of photoredox catalysts 

 

Unless otherwise stated, all starting materials were commercially available. The starting 

compounds PTH-2[16], PTH-3[17], PTH-4[17], PTH-5[17], PTH-8[18] prepared according 

to the literature procedure. 

3. Detailed Optimization of Reaction Conditions 

Table S1. Screening of different ligands.a  

 

Entry Ligand Conv. (1a %) Yield (4a %)b (ee %)c 

1 L1 >99 52 (92) 

2 L2 >99 38 (46) 
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3 L3 >99 37 (15) 

4 L4 >99 47 (n.d.) 

5 L5 90 39 (2) 

6 L6 92 38 (n.d.) 

7 L7 >99 33 (n.d.) 

8 L8 >99 36 (n.d.) 

a Conditions: 1a (0.1 mmol), 2a (0.2 mmol, 2.0 equiv), 3 (0.15 mmol, 1.5 equiv), PTH-1 (10 mol%), 

[Cu(MeCN)4]PF6 (2.5 mol%), and chiral ligand (3.0 mol%) in DMF [0.05 M] were stirred, 

irradiation with 20 W 410 nm violet LEDs at room temperature for 24 h under argon atmosphere. b 

Yields were detected by 1H NMR using 1,3,5-trimethoxybenzene as the internal standard. c 

Determined by HPLC analysis on a chiral stationary phase. Note: n.d. = not detected. 

Table S2. Optimization of the copper salts.a 

 

Entry Cu salt Conv. (1a %) Yield (4a %)b (ee %)c 

1 [Cu(MeCN)4]PF6 >99 52 (92) 

2 CuTc 61 16 (88) 

3 CuOAc >99 46 (90)  

4 [Cu(MeCN)4]BF4 >99 47 (90) 

5 CuBr  >99 42 (90) 

6 CuCN >99 45 (86) 

8 CuSCN >99 40 (84) 

9 Cu(OTf)·Toluene 70 19 (86) 

10 CuDPP >99 21 (63) 

11 Cu(OTf)2 84 17 (87) 

a Conditions: 1a (0.1 mmol), 2a (0.2 mmol, 2.0 equiv), 3 (0.15 mmol, 1.5 equiv), PTH-1 (10 mol%), 

Cu salt (2.5 mol%), and L1 (3.0 mol%) in DMF [0.05 M] were stirred, irradiation with 20 W 410 
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nm violet LEDs at room temperature for 24 h under argon atmosphere. b Yields were detected by 1H 

NMR using 1,3,5-trimethoxybenzene as the internal standard. c Determined by HPLC analysis on a 

chiral stationary phase. Note: CuDPP (Cu(I) diphenylphosphinate). 

Table S3. Screening of the photoredox catalysts.a 

 

Entry PC Conv. (1a %) Yield (B-1 %) Yield (B-2 %) Yield (4a %)b (ee %)c 

1 fac-Ir(ppy)3 80 45 n.d. n.d. 

2 4-CzIPN 60 50 n.d. n.d. 

3 [Ir(dtbpy)(ppy)2]PF6 <5 trace n.d. n.d. 

4 [Mes-Acr]+BF4
– 42 28 n.d. n.d. 

5 Thioxanthone <5 trace n.d. n.d. 

6 PTH-1 >99 <5 <5 52 (92) 

7 PTH-2 >99 <5 <5 32 (92) 

8 PTH-3 >99 <5 <5 40 (92) 

9 PTH-4 >99 <5 <5 41 (94) 

10 PTH-5 >99 <5 n.d. 43 (90) 

11 PTH-6 >99 <5 12 38 (93) 

12 PTH-7 16 <5 n.d. trace 

13 PTH-8 21 n.d. n.d. trace 

a Conditions: 1a (0.1 mmol), 2a (0.2 mmol, 2.0 equiv), 3 (0.15 mmol, 1.5 equiv), PC (10 mol%), 

[Cu(MeCN)4]PF6 (2.5 mol%), and L1 (3.0 mol%) in DMF [0.05 M] were stirred, irradiation with 

20 W 410 nm violet LEDs at room temperature for 24 h under argon atmosphere. b Yields were 

detected by 1H NMR using 1,3,5-trimethoxybenzene as the internal standard. c Determined by HPLC 
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analysis on a chiral stationary phase. Note: n.d. = not detected. 

Table S4. Screening of the light source wavelengths.a  

 

Entry Wavelengths Conv. (1a %)  Yield (4a %)b (ee %)c 

1 365 nm >99 28 (92) 

2 390 nm >99 37 (91) 

3 410 nm >99 52 (92) 

4 430 nm 46 21 (91) 

5 450 nm <5 n.d. 

6d 410 nm >99 19 (92) 

a Conditions: 1a (0.1 mmol), 2a (0.2 mmol, 2.0 equiv), 3 (0.15 mmol, 1.5 equiv), PTH-1 (10 mol%), 

[Cu(MeCN)4]PF6 (2.5 mol%) and L1 (3.0 mol%) in DMF [0.05 M] were stirred, irradiation with 20 

W 410 nm violet LEDs at room temperature for 24 h under argon atmosphere. b Yields were detected 

by 1H NMR using 1,3,5-trimethoxybenzene as the internal standard. c Determined by HPLC analysis 

on a chiral stationary phase. d [0.1 M] instead of [0.05 M]. Note: n.d. = not detected. 
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Table S5. Screening of the solvents.a 

 

Entry Solvent Conv. (1a %)  Yield (4a %)b (ee %)c 

1 DMF  >99 52 (92) 

2 DMAc 95 35 (91) 

3 MeCN 19 11 (90) 

4 DMSO 35 18 (89) 

5 NMP >99 13 (90) 

6 EA <5 n.d. 

7 MTBE 83 n.d. 

8 MeCN: DMF = 3:1 >99 73 (92) 

9 DMA: DMF = 3:1 >99 55 (90) 

10 NMP: DMF = 3:1 >99 43 (90) 

11 Toluene: DMF = 3:1 95 32 (91) 

a Conditions: 1a (0.1 mmol), 2a (0.2 mmol, 2.0 equiv), 3 (0.15 mmol, 1.5 equiv), PTH-1 (10 mol%), 

[Cu(MeCN)4]PF6 (2.5 mol%), and L1 (3.0 mol%) in solvent [0.05 M] were stirred, irradiation with 

20 W 410 nm violet LEDs at room temperature for 24 h under argon atmosphere. b Yields were 

detected by 1H NMR using 1,3,5-trimethoxybenzene as the internal standard. c Determined by HPLC 

analysis on a chiral stationary phase. Note: n.d. = not detected. 
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Table S6. Screening of additives.a 

 

Entry Additive  Conv. (1a %) Yield (4a %)b (ee %)c 

1 Zn(OAc)2 >99 37 (88) 

2 Zn(OTf)2 >99 39 (90) 

3 Sc(OTf)3 >99 70 (80) 

4 Yb(OTf)3 >99 71 (85) 

5 B(C6F5)3 >99 73 (77) 

6 TMSOTf >99 53 (88) 

a Conditions: 1a (0.1 mmol), 2a (0.2 mmol, 2.0 equiv), 3 (0.15 mmol, 1.5 equiv), PTH-1 (10 mol%), 

[Cu(MeCN)4]PF6 (2.5 mol%), and L1 (3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, 

irradiation with 20 W 410 nm violet LEDs at room temperature for 24 h under argon atmosphere. b 

Yields were detected by 1H NMR using 1,3,5-trimethoxybenzene as the internal standard. c 

Determined by HPLC analysis on a chiral stationary phase. 

Table S7. Control experiments.a  

 

Entry Variation from above conditions Conv. (1a %) Yield (4a %)b ee (%)c 

1 none >99 73 (65)d 92 

2 no Cu >99 n.d. n.d. 

3 no L1 >99 32 n.d. 

4 no PC <5 n.d. n.d. 

5 in dark <5 n.d. n.d. 

6 blue LED <5 n.d. n.d. 

a Conditions: 1a (0.1 mmol), 2a (0.2 mmol, 2.0 equiv), 3 (0.15 mmol, 1.5 equiv), PTH-1 (10 mol%), 
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[Cu(MeCN)4]PF6 (2.5 mol%), and L1 (3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, 

irradiation with 20 W 410 nm violet LEDs at room temperature for 24 h under argon atmosphere. b 

Yields were detected by 1H NMR using 1,3,5-trimethoxybenzene as the internal standard. c 

Determined by HPLC analysis on a chiral stationary phase. d Isolated yield. Note: n.d. = not detected. 

4. General Procedure and Experiment Details 

4.1 General procedure A for the synthesis of chiral products 

 

In a flame-dried 10.0 mL Schlenk quartz tube equipped with a magnetic stir bar was 

charged sequentially with Cu(MeCN)4PF6 and L1 under Ar atmosphere, followed by 

the addition of super dry N,N-dimethylformamide (1.0 mL). The mixture was stirred at 

room temperature for 30 min. To the resulting mixture was added PTH-1 or PTH-8 

(0.02 mmol, 10 mol%), alkene 1 (0.2 mmol, 1.0 equiv), trifluoromethylarenes 2 (0.4 

mmol, 2.0 equiv), 3 (0.3 mmol, 1.5 equiv) and super dry acetonitrile (3.0 mL) under Ar. 

The reaction mixture was stirred at a distance of 2~3 cm from a 390-410 nm LEDs at 

25 ℃ for about 10-48 h until the reaction was completed, as monitored by TLC analysis. 

The mixture was then diluted with water (10 mL) and extracted with ethyl acetate (10 

mL×3), dried over anhydrous Na2SO4, and concentrated under reduced pressure. The 

residue was purified by flash chromatography on silica gel to give the product. 
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4.2 General procedure for preparation of racemic products 

 

In a flame-dried 10.0 mL Schlenk quartz tube equipped with a magnetic stir bar was 

sequentially charged with Cu(MeCN)4PF6 (7.5 mg, 20 μmol) and dtbbpy (6.4 mg, 24 

μmol) under Ar atmosphere, followed by the addition of super dry N,N-

Dimethylformamide (1.0 mL). The mixture was stirred at room temperature for 30 min. 

To the resulting mixture was then added PTH-1 or PTH-8 (0.02 mmol, 0.1 equiv), 

alkene 1 (0.20 mmol, 1.0 equiv), trifluoromethylarenes 2 (0.4 mmol, 2.0 equiv), 

TMSCN (0.30 mmol, 1.5 equiv) and super dry acetonitrile (3.0 mL) under Ar. The 

mixture was stirred at a distance of 2~3 cm from a 390-410 nm LEDs at room 

temperature for about 10-48 h until the reaction was completed, as monitored by TLC 

analysis. The mixture was diluted with water (10 mL) and then extracted with ethyl 

acetate (10 mL×3), dried over anhydrous Na2SO4, and concentrated under reduced 

pressure. The residue was purified by flash chromatography on silica gel to give the 

product. 

4.3 Characterization Data of Products 

(R)-2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4a) 

 

The compound 4a was prepared according to the general procedure employing 1a (36.1 
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mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 mg, 3.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 nm 

violet LEDs at room temperature for 24 h under argon atmosphere. 51.9 mg, 65% 

isolated yield, white solid, mp: 48 – 50 ℃, (petroleum ether: ethyl acetate = 12:1, Rf = 

0.3, [α]𝐷25 = 7.7 (c = 1.0 in CHCl3); 92% ee, determined by HPLC analysis (AD-H, 

hexane/i-PrOH, 95:5 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 14.07 

min, tR (minor) = 11.91 min. 

1H NMR (400 MHz, CDCl3) δ 7.79 (s, 1H), 7.74 (t, J = 8.0 Hz, 2H), 7.65 – 7.54 (m, 

5H), 7.47 (t, J = 7.5 Hz, 2H), 7.45 – 7.37 (m, 3H), 4.20 (dd, J = 9.7, 4.3 Hz, 1H), 3.03 

– 2.84 (m, 1H), 2.70 – 2.57 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 141.8, 140.1, 136.9 (t, J = 26.5 Hz), 133.6, 131.5 

(q, J = 33.1 Hz), 129.7, 128.0, 128.5 (t, J = 6.2 Hz), 128.2, 127.9, 127.8, 127.5 – 127.4 

(m), 127.2, 123.9 (q, J = 273.8 Hz), 122.2 – 122.0 (m), 120.3 (t, J = 244.0), 119.7, 45.1 

(t, J = 27.5 Hz), 31.1 (t, J = 3.4 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.76 (s), -96.05 (d, J = 249.4 Hz), -97.30 (d, J = 

249.4 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C23H15F5N: 400.1125; found 400.1128. 

(R)-4,4-difluoro-2-(4'-methyl-[1,1'-biphenyl]-4-yl)-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4b) 

 

The compound 4b was prepared according to the general procedure employing 1b (38.8 

mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 mg, 3.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 nm 

violet LEDs at room temperature for 24 h under argon atmosphere. 56.5 mg, 68% 
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isolated yield, white solid, mp: 86 – 88 ℃, (petroleum ether: ethyl acetate = 12:1, Rf = 

0.2, [α]𝐷25 = 8.1 (c = 1.0 in CHCl3); 92% ee, determined by HPLC analysis (IB, 

hexane/i-PrOH, 95:5 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 12.53 

min, tR (minor) = 13.60 min. 

1H NMR (400 MHz, CDCl3) δ 7.68 (s, 1H), 7.64 (t, J = 8.1 Hz, 2H), 7.49 (d, J = 8.1 

Hz, 3H), 7.38 (s, 2H), 7.30 (d, J = 7.9 Hz, 2H), 7.17 (d, J = 7.8 Hz, 2H), 4.09 (dd, J = 

9.7, 4.3 Hz, 1H), 2.90 – 2.76 (m, 1H), 2.59 – 2.46 (m, 1H), 2.31 (s, 3H).  

13C{1H} NMR (101 MHz, CDCl3) δ 141.8, 137.8, 137.2, 136.9 (t, J = 26.5 Hz), 133.3, 

131.5 (q, J = 33.1 Hz), 129.8, 129.7, 128.5 (t, J = 6.1 Hz), 128.0, 127.8, 127.6 – 127.4 

(m), 127.0, 123.7 (q, J = 274.6 Hz), 122.4 – 122.0 (m), 120.3 (t, J = 246.5 Hz), 119.7, 

45.1(t, J = 27.6 Hz), 31.1 (t, J = 3.4 Hz), 21.2.  

19F{1H} NMR (376 MHz, CDCl3) δ -62.78, -96.01 (d, J = 249.5 Hz), -97.28 (d, J = 

249.6 Hz).  

HRMS-ESI (m/z): [M-H]– calcd. for C24H17F5N: 414.1281; found 414.1289. 

(R)-4,4-difluoro-2-(4'-methoxy-[1,1'-biphenyl]-4-yl)-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4c) 

 

The compound 4c was prepared according to the general procedure employing 1c (42.0 

mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 mg, 3.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 nm 

violet LEDs at room temperature for 24 h under argon atmosphere. 57.8 mg, 67% 

isolated yield, white solid, mp: 94 – 96 ℃, (petroleum ether: ethyl acetate = 6:1, Rf = 

0.3, [α]𝐷25 = 6.9 (c = 1.0 in CHCl3); 90% ee, determined by HPLC analysis (AD-H, 

hexane/i-PrOH, 95:5 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 20.08 

min, tR (minor) = 16.84 min. 
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1H NMR (400 MHz, CDCl3) δ 7.77 (s, 1H), 7.73 (t, J = 8.2 Hz, 2H), 7.60 (t, J = 7.9 

Hz, 1H), 7.58 – 7.53 (m, 2H), 7.52 – 7.47 (m, 2H), 7.40 – 7.37 (m, 2H), 7.02 – 6.95 (m, 

2H), 4.17 (dd, J = 9.6, 4.4 Hz, 1H), 3.86 (s, 3H), 3.00 – 2.85 (m, 1H), 2.69 – 2.53 (m, 

1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 159.7, 141.4, 136.9 (t, J = 26.6 Hz), 133.0, 132.6, 

131.5 (q, J = 33.1 Hz), 129.7, 128.5 (t, J = 6.1 Hz), 128.3, 127.8, 127.7, 127.5 – 127.4 

(m), 123.7 (q, J = 273.7 Hz), 122.2 – 121.9 (m), 120.4 (t, J = 246.4 Hz), 119.7, 114.5, 

55.5, 45.1 (t, J = 27.6 Hz), 31.1 (t, J = 3.4 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.80, -96.03 (d, J = 250.0 Hz), -97.26 (d, J = 

249.8 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C24H17F5NO: 430.1230; found 430.1233. 

methyl (R)-4'-(1-cyano-3,3-difluoro-3-(3-(trifluoromethyl)phenyl)propyl)-[1,1'-

biphenyl]-4-carboxylate (4d) 

 

The compound 4d was prepared according to the general procedure employing 1d (47.2 

mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 mg, 3.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 nm 

violet LEDs at room temperature for 24 h under argon atmosphere. 28.5 mg, 31% 

isolated yield, white solid, mp: 106 – 108 ℃, (petroleum ether: ethyl acetate = 6:1, Rf 

= 0.2, [α]𝐷25 = 6.4 (c = 1.0 in CHCl3); 89% ee, determined by HPLC analysis (AD-H, 

hexane/i-PrOH, 80:20 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 13.05 

min, tR (minor) = 11.37 min. 

1H NMR (400 MHz, CDCl3) δ 8.11 (d, J = 8.1 Hz, 2H), 7.74 (dd, J = 14.5, 6.8 Hz, 3H), 

7.66 – 7.58 (m, 5H), 7.45 (d, J = 7.9 Hz, 2H), 4.21 (dd, J = 9.7, 4.4 Hz, 1H), 3.94 (s, 

3H), 2.93 (m, 1H), 2.63 (m, 1H). 
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13C{1H} NMR (101 MHz, CDCl3) δ 166.9, 144.4, 140.6, 136.8 (t, J = 26.5 Hz), 134.6, 

131.6 (q, J = 32.4 Hz), 130.3, 129.7, 129.5, 128.5 (t, J = 5.6 Hz), 128.4, 128.0, 127.6 – 

127.4 (m), 127.4, 122.1, 123.6 (q, J = 273.5 Hz), 122.2 – 122.0 (m), 120.3 (t, J = 246.5 

Hz), 52.3, 45.0 (t, J = 27.5 Hz), 31.2 (t, J = 3.5 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.80, -96.09 (d, J = 249.7 Hz), -97.18 (d, J = 

249.8 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C25H17F5NO2: 458.1179; found 458.1187. 

(R)-4,4-difluoro-2-(4'-fluoro-[1,1'-biphenyl]-4-yl)-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4e) 

 

The compound 4e was prepared according to the general procedure employing 1e (39.6 

mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 mg, 3.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 nm 

violet LEDs at room temperature for 24 h under argon atmosphere. 48.6 mg, 58% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 10:1, Rf = 0.3, [α]𝐷25 = -

2.0 (c = 1.0 in CHCl3); 92% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 

95:5 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 15.47 min, tR (minor) 

= 13.40 min. 

1H NMR (400 MHz, CDCl3) δ 7.80 – 7.68 (m, 3H), 7.60 (t, J = 7.8 Hz, 1H), 7.58 – 

7.47 (m, 4H), 7.42 (s, 1H), 7.40 (s, 1H), 7.14 (t, J = 8.6 Hz, 2H), 4.19 (dd, J = 9.5, 4.5 

Hz, 1H), 3.00 – 2.86 (m, 1H), 2.69 – 2.56 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 162.9 (d, J = 247.3 Hz), 140.9, 136.9 (t, J = 26.6 

Hz), 136.2 (d, J = 3.1 Hz), 133.7, 131.59 (q, J = 33.1 Hz), 129.7, 128.8 (d, J = 8.2 Hz), 

128.5 (t, J = 6.0 Hz), 128.1, 127.9, 127.7 – 127.4 (m), 123.7 (q, J = 273.6 Hz), 122.22 

– 122.0 (m), 120.3 (t, J = 246.4 Hz), 116.0 (d, J = 21.4 Hz), 45.1 (t, J = 27.6 Hz), 31.1 
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(t, J = 3.4 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.81, -96.08 (d, J = 249.5 Hz), -97.23 (d, J = 

249.7 Hz), -114.80. 

HRMS-ESI (m/z): [M-H]– calcd. for C23H14F6N: 418.1030; found 418.1034. 

(R)-4,4-difluoro-2-(4'-(trifluoromethyl)-[1,1'-biphenyl]-4-yl)-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4f) 

 

The compound 4f was prepared according to the general procedure employing 1f (49.6 

mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 mg, 3.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 nm 

violet LEDs at room temperature for 24 h under argon atmosphere. 33.8 mg, 36% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 10:1, Rf = 0.3, [α]𝐷25 = 7.3 

(c = 1.0 in CHCl3); 90% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 95:5 

v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 14.93 min, tR (minor) = 

13.13 min. 

1H NMR (400 MHz, CDCl3) δ 7.78 – 7.69 (m, 5H), 7.68 – 7.65 (m, 2H), 7.63 – 7.59 

(m, 3H), 7.46 (d, J = 8.3 Hz, 2H), 4.21 (dd, J = 9.4, 4.6 Hz, 1H), 3.00 – 2.87 (m, 1H), 

2.70 – 2.54 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 143.6, 140.4, 136.8 (t, J = 26.4 Hz), 134.7, 131.59 

(q, J = 33.4 Hz), 131.59 (q, J = 32.7 Hz), 129.7, 128.5 (t, J =5.7 Hz), 128.4, 128.1, 

127.5, 126.00 (q, J = 3.8 Hz), 126.00 (q, J = 273.1 Hz), 123.7 (q, J = 273.8 Hz), 122.1 

– 122.0 (m), 120.3 (t, J = 246.4 Hz), 119.5, 45.0 (t, J = 27.6 Hz), 31.2 (t, J = 3.5 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.50, -62.82, -96.15 (d, J = 249.5 Hz), -97.23 (d, 

J = 249.3 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C24H14F8N: 468.0999; found 468.1002. 
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(R)-4,4-difluoro-2-(4-(naphthalen-2-yl)phenyl)-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4g) 

 

The compound 4g was prepared according to the general procedure employing 1g (46.0 

mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 mg, 3.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 nm 

violet LEDs at room temperature for 24 h under argon atmosphere. 55.1 mg, 61% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 10:1, Rf = 0.2, [α]𝐷25 = 

10.3 (c = 1.0 in CHCl3); 94% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 

90:10 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 15.70 min, tR (minor) 

= 14.34 min. 

1H NMR (400 MHz, CDCl3) δ 8.02 (s, 1H), 7.91 (q, J = 10.3, 9.4 Hz, 3H), 7.79 (s, 1H), 

7.77 – 7.67 (m, 5H), 7.61 (t, J = 8.4 Hz, 1H), 7.55 – 7.48 (m, 2H), 7.46 (d, J = 6.8 Hz, 

2H), 4.22 (dd, J = 9.3, 4.2 Hz, 1H), 3.04 – 2.86 (m, 1H), 2.71 – 2.58 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 141.8, 137.4, 136.9 (t, J = 26.5 Hz), 133.7, 132.9, 

131.6 (q, J = 33.2 Hz), 129.7, 128.8, 128.5, 128.4, 127.9, 127.8, 127.7 – 127.3 (m), 

126.6, 126.4, 126.1, 125.3, 123.7 (q, J = 273.3 Hz), 122.3 – 121.9 (m), 120.4 (t, J = 

246.2 Hz), 119.7, 45.1 (t, J = 27.5 Hz), 31.2 (t, J = 3.5 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.76, -96.03 (d, J = 249.4 Hz), -97.21 (d, J = 

249.6 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C27H17F5N: 450.1287; found 450.1284.  
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(R)-4,4-difluoro-2-(4-(thiophen-2-yl)phenyl)-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4h) 

 

The compound 4h was prepared according to the general procedure employing 1h (37.2 

mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 mg, 3.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 nm 

violet LEDs at room temperature for 24 h under argon atmosphere. 40.7 mg, 50% 

isolated yield, yellow solid, mp: 74 – 76 ℃, (petroleum ether: ethyl acetate = 10:1, Rf 

= 0.3, [α]𝐷25 = 12.5 (c = 1.0 in CHCl3); 94% ee, determined by HPLC analysis (IA, 

hexane/i-PrOH, 95:5 v/v, flow rate 1.0 mL/min, λ = 210 nm, 25 ℃), tR (major) = 13.29 

min, tR (minor) = 11.61 min. 

1H NMR (400 MHz, CDCl3) δ 7.77 – 7.70 (m, 3H), 7.62 – 7.58 (m, 3H), 7.34 – 7.31(m, 

4H), 7.09 (t, J = 4.4 Hz, 1H), 4.16 (dd, J = 9.6, 4.5 Hz, 1H), 2.97 – 2.83 (m, 1H), 2.66 

– 2.53 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 143.1, 136.9 (t, J = 26.5 Hz), 135.1, 133.7, 131.6 

(q, J = 32.6 Hz), 129.7, 128.5 (t, J = 5.9 Hz), 128.3, 128.0, 127.6 – 127.5 (m), 126.9, 

125.7, 123.9, 123.7 (q, J = 273.6 Hz), 122.2 – 121.9 (m), 120.3 (t, J = 246.3 Hz), 119.5, 

45.0 (t, J = 27.5 Hz), 31.1 (t, J = 3.7 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.80, -96.12 (d, J = 249.5 Hz), -97.21 (d, J = 

249.6 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C21H13F5NS: 406.0689; found 406.0692.  
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(R)-4,4-difluoro-2-(3-methyl-[1,1'-biphenyl]-4-yl)-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4i) 

 

The compound 4i was prepared according to the general procedure employing 1i (38.8 

mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 mg, 3.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 nm 

violet LEDs at room temperature for 24 h under argon atmosphere. 55.7 mg, 67% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 10:1, Rf = 0.3, [α]𝐷25 = 

35.7 (c = 1.0 in CHCl3); 94% ee, determined by HPLC analysis (IB, hexane/i-PrOH, 

95:5 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 12.11 min, tR (minor) 

= 11.64 min. 

1H NMR (400 MHz, CDCl3) δ 7.79 (s, 1H), 7.75 (t, J = 6.3 Hz, 2H), 7.62 (t, J = 7.9 

Hz, 1H), 7.56 (d, J = 7.7 Hz, 2H), 7.52 – 7.43 (m, 5H), 7.38 (t, J = 7.4 Hz, 1H), 4.36 

(dd, J = 10.1, 3.5 Hz, 1H), 2.99 – 2.85 (m, 1H), 2.60 – 2.48 (m, 1H), 2.41 (s, 3H). 

13C{1H} NMR (101 MHz, CDCl3) δ 141.9, 140.2, 136.9 (t, J = 26.5 Hz), 135.3, 132.1, 

131.6 (d, J = 32.9 Hz), 130.2, 129.7, 129.0, 128.5 (t, J = 6.0 Hz), 128.0, 127.8, 127.7 – 

127.3 (m), 127.2, 126.0, 123.7 (q, J = 273.4 Hz), 122.4 – 121.7 (m), 120.4 (t, J = 246.0 

Hz), 120.0, 43.9 (t, J = 27.6 Hz), 27.9 (t, J = 3.4 Hz), 19.3. 

19F{1H} NMR (376 MHz, CDCl3) δ -62.78, -96.53 (d, J = 249.2 Hz), -97.98 (d, J = 

249.2 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C24H17F5N: 414.1281; found 414.1278.  
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(R)-4,4-difluoro-2-(3-methoxy-[1,1'-biphenyl]-4-yl)-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4j) 

 

The compound 4j was prepared according to the general procedure employing 1j (42.0 

mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 mg, 3.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 nm 

violet LEDs at room temperature for 24 h under argon atmosphere. 62.1 mg, 72% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 10:1, Rf = 0.2, [α]𝐷25 = 1.8 

(c = 1.0 in CHCl3); 90% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 95:5 

v/v, flow rate 0.5 mL/min, λ = 254 nm, 25 ℃), tR (major) = 19.73 min, tR (minor) = 

18.55 min. 

1H NMR (400 MHz, CDCl3) δ 7.77 (s, 1H), 7.73 (d, J = 8.0 Hz, 2H), 7.60 (d, J = 7.9 

Hz, 1H), 7.55 (d, J = 7.9 Hz, 2H), 7.48 – 7.42 (m, 3H), 7.40 – 7.37 (m, 1H), 7.18 (d, J 

= 7.9 Hz, 1H), 7.05 (s, 1H), 4.39 (dd, J = 9.7, 4.0 Hz, 1H), 3.90 (s, 3H), 2.94 – 2.80 (m, 

1H), 2.75 – 2.62 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 156.3, 143.7, 140.5, 137.0 (t, J = 26.5 Hz), 131.4 

(q, J = 32.9 Hz), 129.5, 129.0, 128.6 (t, J = 6.1 Hz), 128.0, 127.3 – 127.2 (m), 123.8 (q, 

J = 273.7 Hz), 122.4 – 122.2 (m), 121.6, 120.7 (t, J = 246.1 Hz), 120.0, 119.8, 110.0, 

55.7, 42.4 (t, J = 27.7 Hz), 26.4 (t, J = 4.2 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.71, -93.32 (d, J = 250.8 Hz), -98.38 (d, J = 

250.7 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C24H17F5NO: 430.1230; found 430.1234.  
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(R)-4,4-difluoro-2-(2-methoxy-[1,1'-biphenyl]-4-yl)-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4k) 

 

The compound 4k was prepared according to the general procedure employing 1k (42.0 

mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 mg, 3.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 nm 

violet LEDs at room temperature for 24 h under argon atmosphere. 51.4 mg, 60% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 8:1, Rf = 0.2, [α]𝐷25 = 6.7 

(c = 1.0 in CHCl3); 95% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 95:5 

v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 9.83 min, tR (minor) = 8.83 

min. 

1H NMR (400 MHz, CDCl3) δ 7.79 (s, 1H), 7.75 (t, J = 7.5 Hz, 2H), 7.61 (t, J = 7.9 

Hz, 1H), 7.50 – 7.48 (m, 2H), 7.42 (t, J = 7.5 Hz, 2H), 7.37 – 7.31 (m, 2H), 6.99 (d, J 

= 7.9 Hz, 1H), 6.93 (s, 1H), 4.18 (dd, J = 9.8, 4.2 Hz, 1H), 3.83 (s, 3H), 3.02 – 2.88 (m, 

1H), 2.72 – 2.59 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 157.2, 137.6, 136.9 (t, J = 26.6 Hz), 135.1, 131.8, 

131.4, 131.3 (q, J = 33.0 Hz), 129.7, 129.5, 128.5 (t, J = 5.9 Hz), 128.2, 127.6 – 127.5 

(m), 123.5 (q, J = 273.7 Hz), 122.3 – 122.0 (m), 120.4 (t, J = 246.3 Hz), 119.7, 110.2, 

55.9, 45.1 (t, J = 27.6 Hz), 31.5 (t, J = 3.5 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.78, -95.97 (d, J = 249.7 Hz), -97.35 (d, J = 

249.7 Hz). 

HRMS-ESI (m/z): [M-H]–calcd. for C24H17F5NO: 430.1230; found 430.1237.  
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(R)-4,4-difluoro-2-(3-fluoro-[1,1'-biphenyl]-4-yl)-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4l) 

 

The compound 4l was prepared according to the general procedure employing 1l (39.6 

mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 mg, 3.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 nm 

violet LEDs at room temperature for 24 h under argon atmosphere.34.4 mg, 41% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 10:1, Rf = 0.3, [α]𝐷25 = 

19.6 (c = 1.0 in CHCl3); 93% ee, determined by HPLC analysis AD-H, hexane/i-PrOH, 

95:5 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 10.36 min, tR (minor) 

= 9.35 min. 

1H NMR (400 MHz, CDCl3) δ 7.76 (s, 1H), 7.71 (d, J = 5.9 Hz, 2H), 7.61 – 7.57 (m , 

1H), 7.52 (t, J = 8.9 Hz, 3H), 7.46 (t, J = 7.8 Hz, 2H), 7.40 (d, J = 7.8 Hz, 2H), 7.30 (d, 

J = 11.6 Hz, 1H), 4.43 (dd, J = 9.3, 4.6 Hz, 1H), 2.99 – 2.85 (m 1H), 2.75 – 2.62 (m, 

1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 156.0 (d, J = 248.9 Hz), 144.5 (d, J = 8.1 Hz), 

138.9, 136.7 (t, J = 27.7 Hz), 131.6 (q, J = 32.9 Hz), 129.7, 129.5 (d, J = 3.4 Hz), 129.2, 

128.6, 128.6 (t, J = 4.7 Hz), 127.6 – 127.4 (m), 127.1, 123.7 (d, J = 3.3 Hz), 123.7 (q, 

J = 274.2 Hz), 122.2 – 122.0 (m), 120.4 (d, J = 14.2 Hz), 120.3 (t, J = 246.5 Hz), 118.7, 

114.8 (d, J = 21.7 Hz), 43.1 (t, J = 27.7 Hz), 25.7 (q, J = 3.6 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.82, -95.33 (d, J = 250.2 Hz), -98.08 (d, J = 

250.1 Hz), -117.21. 

HRMS-ESI (m/z): [M-H]– calcd. for C23H14F6N: 418.1030; found 418.1037.  
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(R)-4,4-difluoro-2-(2-fluoro-[1,1'-biphenyl]-4-yl)-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4m) 

 

The compound 4m was prepared according to the general procedure employing 1m 

(39.6 mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 

nm violet LEDs at room temperature for 24 h under argon atmosphere.43.6 mg, 52% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 10:1, Rf = 0.2, [α]𝐷25 = 4.4 

(c = 1.0 in CHCl3); 91% ee, determined by HPLC analysis (IB, hexane/i-PrOH, 95:5 

v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 13.96 min, tR (minor) = 

13.18 min. 

1H NMR (400 MHz, CDCl3) δ 7.80 – 7.69 (m, 3H), 7.61 (t, J = 7.8 Hz, 1H), 7.58 – 

7.51 (m, 1H), 7.51 – 7.43 (m, 4H), 7.43 – 7.35 (m, 1H), 7.25 – 7.13 (m, 2H), 4.20 (dd, 

J = 9.4, 4.5 Hz, 1H), 3.00 – 2.86 (m, 1H), 2.70 – 2.57 (m, 1H).  

13C{1H} NMR (101 MHz, CDCl3) δ 160.0 (d, J = 250.7 Hz), 136.8 (t, J = 26.4 Hz), 

135.7 (d, J = 7.7 Hz), 134.8, 131.9 (d, J = 3.9 Hz), 131.3 (q, J = 33.2 Hz), 129.8, 129.7, 

129.0 (d, J = 2.9 Hz), 128.7, 128.5 (t, J = 6.1 Hz), 128.3, 127.7 – 127.5 (m), 123.5 (q, 

J = 273.5 Hz), 123.4 (d, J = 3.3 Hz), 122.2 – 122.0 (m), 120.3 (t, J = 249.2 Hz), 119.2, 

115.5 (d, J = 25 Hz), 44.9 (t, J = 27.6 Hz), 30.9 (t, J = 3.5 Hz).  

19F{1H} NMR (376 MHz, CDCl3) δ -62.80, -96.18 (d, J = 249.5 Hz), -97.30 (d, J = 

249.9 Hz), -115.55.  

HRMS-ESI (m/z): [M-H]– calcd. for C23H14F6N: 418.1030; found 418.1039.  
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(2R,2'R)-2,2'-([1,1'-biphenyl]-4,4'-diyl)bis(4,4-difluoro-4-(3-

(trifluoromethyl)phenyl)butanenitrile) (4n) 

 

The compound 4n was prepared according to the general procedure employing 1n (41.2 

mg, 0.2 mmol), 2a (171.2 mg, 0.8 mmol, 4.0 equiv), 3 (59.6 mg, 0.6 mmol, 3.0 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (3.7 mg, 5.0 mol%), and L1 (4.2 mg, 6.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 nm 

violet LEDs at room temperature for 34 h under argon atmosphere. 69.9 mg, 54% 

isolated yield, white solid, mp: 128 – 130 ℃, (petroleum ether: ethyl acetate = 5:1, Rf 

= 0.3, [α]𝐷25 = 2.7 (c = 1.0 in CHCl3); 99% ee, 7:1 dr. determined by HPLC analysis 

(IA, hexane/i-PrOH, 70:30 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 

16.38 min, tR (minor) = 8.99 min, tR (meso-4n) = 11.05 min. 

1H NMR (400 MHz, CDCl3) δ 7.78 – 7.68 (m, 6H), 7.60 (t, J = 7.7 Hz, 1H), 7.58 – 

7.56 (m, 4H), 7.46 – 7.39 (m, 4H), 4.20 (dd, J = 9.5, 4.5 Hz, 2H), 3.0 – 2.86 (m, 2H), 

2.68 – 2.55 (m, 2H). 

13C{1H} NMR (101 MHz, CDCl3) δ 139.8, 136.8 (t, J = 26.6 Hz), 131.5 (q, J = 33.0 

Hz), 131.2, 129.7, 128.4 (t, J = 6.2 Hz), 127.8, 127.6 – 127.4 (m), 127.1, 123.6 (q, J = 

273.7 Hz), 122.2 – 122.0 (m), 120.3 (t, J = 245.4 Hz), 119.6, 45.0 (t, J = 27.6 Hz), 30.9 

(t, J = 3.4 Hz), 15.6. 

19F{1H} NMR (376 MHz, CDCl3) δ -62.80, -96.17 (d, J = 249.3 Hz), -97.27 (d, J = 

249.4 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C34H21F10N2: 647.1545; found 647.1553.  
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(R)-4,4-difluoro-2-(4-(thiophen-2-ylethynyl)phenyl)-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4o) 

  

The compound 4o was prepared according to the general procedure employing 1o (42.0 

mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 mg, 3.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 nm 

violet LEDs at room temperature for 34 h under argon atmosphere. 31.7 mg, 37% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 8:1, Rf = 0.3, [α]𝐷25 = -5.9 

(c = 1.0 in CHCl3); 90% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 95:5 

v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 15.06 min, tR (minor) = 

13.13 min. 

1H NMR (400 MHz, CDCl3) δ 7.71 – 7.70 (m, 3H), 7.60 (t, J = 8.0 Hz, 1H), 7.52 (d, J 

= 7.9 Hz, 2H), 7.35 – 7.30 (m, 4H), 7.02 (t, J = 4.4 Hz, 1H), 4.15 (dd, J = 9.6, 4.4 Hz, 

1H), 3.00 – 2.82 (m, 1H), 2.64 – 2.51 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 136.8 (t, J = 26.7 Hz), 134.7, 132.5, 132.4, 131.6 

(q, J = 32.4 Hz), 129.7, 128.5 (t, J = 5.7 Hz), 127.9, 127.7 – 127.6 (m), 127.5, 127.3, 

123.8, 123.6 (q, J = 272.6 Hz), 122.9, 122.2 – 122.0 (m), 120.3 (t, J = 246.7 Hz), 119.1, 

91.2, 84.1, 44.95 (t, J = 27.5 Hz), 31.3 (t, J = 3.3 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.82, -96.34 (d, J = 249.5 Hz), -97.27 (d, J = 

249.5 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C23H13F5NS: 430.0689; found 430.0697. 

(R)-4,4-difluoro-2-(4-(hex-1-yn-1-yl)phenyl)-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4p) 
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The compound 4p was prepared according to the general procedure employing 1p (36.8 

mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 mg, 3.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 nm 

violet LEDs at room temperature for 34 h under argon atmosphere. 33.3 mg, 41% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 12:1, Rf = 0.2, [α]𝐷25 = 4.4 

(c = 1.0 in CHCl3); 94% ee, determined by HPLC analysis (IA, hexane/i-PrOH, 98:2 

v/v, flow rate 0.5 mL/min, λ = 254 nm, 25 ℃), tR (major) = 19.69 min, tR (minor) = 

18.30 min. 

1H NMR (400 MHz, CDCl3) δ 7.67 (d, J = 5.1 Hz, 2H), 7.62 (d, J = 7.9 Hz, 1H), 7.52 

(t, J = 8.0 Hz, 1H), 7.32 (d, J = 8.0 Hz, 2H), 7.18 (d, J = 8.0 Hz, 2H), 4.04 (dd, J = 9.6, 

4.4 Hz, 1H), 2.86 – 2.72 (m, 1H), 2.53 – 2.70 (m, 1H), 2.33 (t, J = 7.0 Hz, 2H), 1.55 – 

1.50 (m, 2H), 1.44 – 1.35 (m, 2H), 0.87 (t, J = 7.3 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3) δ 136.8 (t, J = 26.5 Hz), 133.7, 132.6, 131.6 (q, J = 

33.1 Hz), 129.7, 128.4 (t, J = 5.9 Hz), 127.7 – 127.4 (m), 127.2, 124.9, 123.6 (q, J = 

273.5 Hz), 122.2 – 121.9 (m), 120.3 (t, J = 246.3 Hz), 119.4, 92.1, 79.7, 45.0 (t, J = 

27.5 Hz), 31.2 (t, J = 3.2 Hz), 30.8, 22.2, 19.2, 13.8. 

19F{1H} NMR (376 MHz, CDCl3) δ -62.84, -96.31 (d, J = 249.6 Hz), -97.25 (d, J = 

249.4 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C23H19F5N: 404.1438; found 404.1445. 

(R)-2-(4-(cyclopropylethynyl)phenyl)-4,4-difluoro-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4q) 
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The compound 4q was prepared according to the general procedure employing 1q (33.6 

mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 mg, 3.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 nm 

violet LEDs at room temperature for 34 h under argon atmosphere. 34.3 mg, 44% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 10:1, Rf = 0.3, [α]𝐷25 = 

14.1 (c = 1.0 in CHCl3); 93% ee, determined by HPLC analysis (IB, hexane/i-PrOH, 

95:5 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 9.87min, tR (minor) = 

10.60 min. 

1H NMR (400 MHz, CDCl3) δ 7.65 (d, J = 5.0 Hz, 2H), 7.61 (d, J = 7.9 Hz, 1H), 7.52 

(t, J = 8.1 Hz, 1H), 7.30 (d, J = 7.9 Hz, 2H), 7.17 (d, J = 5.6 Hz, 2H), 4.00 (dd, J = 9.7, 

4.3 Hz, 1H), 2.85 – 2.71 (m, 1H), 2.52 – 2.39 (m, 1H), 1.26 (td, J = 8.3, 4.2 Hz, 1H), 

0.83 – 0.78 (m, 2H), 0.75 – 0.71 (q, J = 3.5, 2.8 Hz, 2H). 

13C{1H} NMR (101 MHz, CDCl3) δ 136.8 (t, J = 26.5 Hz), 133.7, 132.7, 131.3 (q, J = 

33.2 Hz), 129.7, 128.5 (t, J = 6.1 Hz), 127.6 – 127.5 (m), 127.3, 124.8, 123.5 (q, J = 

273.6 Hz), 122.3 – 122.0 (m), 120.3 (t, J = 246.2 Hz), 119.4, 95.1, 74.9, 45.0 (t, J = 

27.6 Hz), 31.3 (t, J = 3.4 Hz), 8.8, 0.3. 

19F{1H} NMR (376 MHz, CDCl3) δ -62.83, -96.32 (d, J = 249.5 Hz), -97.28 (d, J = 

249.5 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C22H15F5N: 388.1125; found 388.1130. 

(R)-2-(4-(5-chloropent-1-yn-1-yl)phenyl)-4,4-difluoro-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4r) 

 

The compound 4r was prepared according to the general procedure employing 1r (40.8 

mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 mg, 3.0 
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mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 nm 

violet LEDs at room temperature for 34 h under argon atmosphere. 44.3 mg, 52% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 10:1, Rf = 0.2, [α]𝐷25 = 

16.1 (c = 1.0 in CHCl3); 91% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 

95:5 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 12.26 min, tR (minor) 

= 13.52 min. 

1H NMR (400 MHz, CDCl3) δ 7.70 – 7.65 (m, 2H), 7.64 – 7.59 (m, 1H), 7.53 (t, J = 

8.0 Hz, 1H), 7.37 – 7.29 (m, 2H), 7.21 (d, J = 1.9 Hz, 2H), 4.05 (dd, J = 9.5, 4.5 Hz, 

1H), 3.63 (t, J = 6.4 Hz, 2H), 2.86 – 2.73 (m, 1H), 2.54 (t, J = 6.8 Hz, 2H), 2.52 – 2.38 

(m, 1H), 1.99 (p, J = 6.6 Hz, 2H).  

13C{1H} NMR (101 MHz, CDCl3) δ 136.8 (t, J = 26.5 Hz), 134.1, 132.7, 131.6 (q, J = 

34.3 Hz), 129.7, 128.4 (t, J = 6.0 Hz), 127.6 – 127.5 (m), 127.3, 124.4, 123.6 (q, J = 

273.4 Hz), 122.2 – 121.9 (m), 120.3 (t, J = 248.8 Hz), 117.8, 89.7, 80.6, 45.0 (t, J = 

27.5 Hz), 43.8, 31.4, 31.3 (t, J = 3.3 Hz), 17.0. 

19F{1H} NMR (376 MHz, CDCl3) δ -62.83, -96.32 (d, J = 249.5 Hz), -97.25 (d, J = 

249.5 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C22H16ClF5N: 424.0897; found 424.0891. 

(R)-4,4-difluoro-2-(4-(5-hydroxypent-1-yn-1-yl)phenyl)-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4s) 

 

The compound 4s was prepared according to the general procedure employing 1s (37.2 

mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 mg, 3.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 nm 

violet LEDs at room temperature for 34 h under argon atmosphere. 31.1 mg, 38% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 3:1, Rf = 0.3, [α]𝐷25 = -2.8 
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(c = 1.0 in CHCl3); 89% ee, determined by HPLC analysis (IB, hexane/i-PrOH, 85:15 

v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 13.65 min, tR (minor) = 

15.23 min. 

1H NMR (400 MHz, CDCl3) δ 7.69 – 7.64 (m, 2H), 7.62 (d, J = 7.9 Hz, 1H), 7.52 (t, J 

= 8.0 Hz, 1H), 7.32 (d, J = 8.3 Hz, 2H), 7.19 (d, J = 8.3 Hz, 2H), 4.05 (dd, J = 9.6, 4.4 

Hz, 1H), 3.73 (t, J = 6.2 Hz, 2H), 2.90 – 2.69 (m, 1H), 2.54 – 2.38 (m, 3H), 1.79 (p, J 

= 6.6 Hz, 2H), 1.59 (s, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 136.8 (t, J = 26.6 Hz), 133.9, 132.6, 131.6 (q, J = 

33.0 Hz), 129.7, 128.4 (t, J = 5.9 Hz), 127.6 – 127.5 (m), 127.3, 124.6, 123.6 (q, J = 

273.7 Hz), 122.1 – 121.9 (m), 120.3 (t, J = 244.2 Hz), 119.4, 91.0, 80.2, 61.8, 44.9 (t, J 

= 27.5 Hz), 31.4, 31.2 (t, J = 3.3 Hz), 16.1. 

19F{1H} NMR (376 MHz, CDCl3) δ -62.82, -96.27 (d, J = 254.3 Hz), -97.25 (d, J = 

249.6 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C22H17F5NO: 406.1230; found 406.1232. 

(R)-4,4-difluoro-2-phenyl-4-(3-(trifluoromethyl)phenyl)butanenitrile (4t) 

 

The compound 4t was prepared according to the general procedure employing 1t (20.8 

mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (3.7 mg, 5.0 mol%), and L1 (4.3 mg, 6.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 390 nm 

violet LEDs at room temperature for 10 h under argon atmosphere. 32.6 mg, 50% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 15:1, Rf = 0.3, [α]𝐷25 = 

12.9 (c = 1.0 in CHCl3); 91% ee, determined by HPLC analysis (AS-H, hexane/i-PrOH, 

98:2 v/v, flow rate 0.8 mL/min, λ = 210 nm, 25 ℃), tR (major) = 24.14 min, tR (minor) 

= 23.24 min. 

1H NMR (400 MHz, CDCl3) δ 7.77 – 7.68 (m, 3H), 7.66 – 7.54 (m, 1H), 7.41 – 7.38 

(m, 1H), 7.37 (d, J = 0.8 Hz, 1H), 7.37 – 7.32 (m, 3H), 4.14 (dd, J = 9.7, 4.4 Hz, 1H), 
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2.96 – 2.82 (m, 1H), 2.67 – 2.50 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 136.9 (t, J = 26.6 Hz), 134.8, 131.5 (q, J = 33.1 

Hz), 129.7, 129.6, 128.8, 128.5 (t, J = 5.9 Hz), 127.6 – 127.3 (m), 127.4, 123.6 (q, J = 

273.6 Hz), 122.3 – 122.0 (m), 120.3 (t, J = 246.4 Hz), 119.7, 45.1 (t, J = 27.5 Hz), 31.4 

(t, J = 3.3 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.80, -96.19 (d, J = 249.3 Hz), -97.39 (d, J = 

249.3 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C17H11F5N: 324.0812; found 324.0812. 

(R)-4,4-difluoro-2-(p-tolyl)-4-(3-(trifluoromethyl)phenyl)butanenitrile (4u) 

 

The compound 4u was prepared according to the general procedure employing 1u (23.6 

mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (3.7 mg, 5.0 mol%), and L1 (4.3 mg, 6.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 390 nm 

violet LEDs at room temperature for 10 h under argon atmosphere. 33.6 mg, 50% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 15:1, Rf = 0.3, [α]𝐷25 = 

18.9 (c = 1.0 in CHCl3); 93% ee, determined by HPLC analysis (OJ-H, hexane/i-PrOH, 

98:2 v/v, flow rate 0.8 mL/min, λ = 210 nm, 25 ℃), tR (major) = 22.1 min, tR (minor) 

= 25.98 min. 

1H NMR (400 MHz, CDCl3) δ 7.77 – 7.68 (m, 3H), 7.59 (t, J = 8.0 Hz, 1H), 7.20 (q, J 

= 8.1 Hz, 4H), 4.09 (dd, J = 9.6, 4.4 Hz, 1H), 2.94 – 2.80 (m, 1H), 2.62 – 2.50 (m, 1H), 

2.34 (s, 3H). 

13C{1H} NMR (101 MHz, CDCl3) δ 138.7, 137.0 (t, J = 26.9 Hz), 131.8, 131.5 (q, J = 

33.1 Hz), 130.2, 129.7, 128.5 (t, J = 6.1 Hz), 127.5 – 127.4 (m), 127.22, 123.7 (q, J = 

273.5 Hz), 122.3 – 122.0 (m), 120.4 (t, J = 246.3 Hz), 119.9, 45.1 (t, J = 27.5 Hz), 31.0 

(t, J = 3.5 Hz), 21.2. 

19F{1H} NMR (376 MHz, CDCl3) δ -62.82, -96.02 (d, J = 249.5 Hz), -97.30 (d, J = 
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249.6 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C18H13F5N: 338.0968; found 338.0970. 

(R)-4,4-difluoro-2-(4-methoxyphenyl)-4-(3-(trifluoromethyl)phenyl)butanenitrile 

(4v) 

 

The compound 4v was prepared according to the general procedure employing 1v (26.8 

mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (3.7 mg, 5.0 mol%), and L1 (4.3 mg, 6.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 390 nm 

violet LEDs at room temperature for 10 h under argon atmosphere. 34.1 mg, 48% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 10:1, Rf = 0.3, [α]𝐷25 = 7.7 

(c = 1.0 in CHCl3); 91% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 97:3 

v/v, flow rate 0.8 mL/min, λ = 210 nm, 25 ℃), tR (major) = 16.85 min, tR (minor) = 

18.00 min. 

1H NMR (400 MHz, CDCl3) δ 7.69 – 7.57 (m, 3H), 7.51 (t, J = 8.0 Hz, 1H), 7.15 (d, J 

= 8.4 Hz, 2H), 6.80 (d, J = 8.3 Hz, 2H), 4.00 (dd, J = 9.6, 4.6 Hz, 1H), 3.71 (s, 3H), 

2.87 – 2.70 (m, 1H), 2.55 – 2.40 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 159.8, 136.9 (t, J = 26.5 Hz), 131.5 (q, J = 32.9 

Hz), 129.7, 128.5, 128.5 (t, J = 6.9 Hz), 127.5 – 127.4 (m), 126.6, 123.7 (q, J = 273.5 

Hz), 122.1 – 120.0 (m), 120.4 (t, J = 246.3 Hz), 120.0, 114.8, 55.5, 45.1 (t, J = 27.5 

Hz), 30.6 (t, J = 3.4 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.82, -95.88 (d, J = 249.4 Hz), -97.32 (d, J = 

249.9 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C18H13F5NO: 354.0917; found 354.0919. 

(R)-4,4-difluoro-2-(4-(methylthio)phenyl)-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4w) 
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The compound 4w was prepared according to the general procedure employing 1w 

(30.0 mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (3.7 mg, 5.0 mol%), and L1 (4.3 

mg, 6.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 390 

nm violet LEDs at room temperature for 10 h under argon atmosphere. 41.6 mg, 56% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 10:1, Rf = 0.3, [α]𝐷25 = -

4.0 (c = 1.0 in CHCl3); 93% ee, determined by HPLC analysis (IA, hexane/i-PrOH, 

98:2 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 16.10 min, tR (minor) 

= 15.40 min. 

1H NMR (400 MHz, CDCl3) δ 7.69 – 7.58 (m, 3H), 7.51 (t, J = 8.0 Hz, 1H), 7.19 – 

7.14 (m, 4H), 4.02 (dd, J = 9.5, 4.5 Hz, 1H), 2.86 – 2.72 (m, 1H), 2.57 – 2.42 (m, 1H), 

2.39 (s, 3H). 

13C{1H} NMR (101 MHz, CDCl3) δ 139.9, 136.8 (t, J = 26.6 Hz), 131.5 (q, J = 33.1 

Hz), 131.2, 129.7, 128.4 (t, J = 6.0 Hz), 127.8, 127.5 – 127.4 (m), 127.1, 131.5 (q, J = 

273.6 Hz), 122.4 – 121.9 (m), 120.3 (t, J =246.5 Hz), 119.6, 44.9 (d, J = 27.6 Hz), 30.9 

(t, J = 3.4 Hz), 15.6. 

19F{1H} NMR (376 MHz, CDCl3) δ -62.80, -96.17 (d, J = 249.3 Hz), -97.27 (d, J = 

249.4 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C18H13F5NS: 370.0689; found 370.0689. 

(R)-4,4-difluoro-2-(4-fluorophenyl)-4-(3-(trifluoromethyl)phenyl)butanenitrile 

(4x) 

 

The compound 4x was prepared according to the general procedure employing 1x (24.4 
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mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (3.7 mg, 5.0 mol%), and L1 (4.3 mg, 6.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 390 nm 

violet LEDs at room temperature for 10 h under argon atmosphere. 24.6 mg, 36% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 15:1, Rf = 0.3, [α]𝐷25 = 4.0 

(c = 1.0 in CHCl3); 92% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 98:2 

v/v, flow rate 0.8 mL/min, λ = 210 nm, 25 ℃), tR (major) = 15.50 min, tR (minor) = 

16.79 min. 

1H NMR (400 MHz, CDCl3) δ 7.70 – 7.59 (m, 3H), 7.52 (t, J = 8.0 Hz, 1H), 7.29 – 

7.21 (m, 2H), 7.00 (t, J = 8.4 Hz, 2H), 4.06 (dd, J = 9.4, 4.7 Hz, 1H), 2.87 – 2.73 (m, 

1H), 2.55 – 2.42 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 162.8 (d, J = 248.6 Hz), 136.8 (t, J = 26.5 Hz), 

131.6 (q, J = 33.0 Hz), 130.6 (d, J = 3.4 Hz), 129.7, 129.2 (d, J = 8.5 Hz), 128.4 (t, J = 

6.0 Hz), 127.9 – 126.9 (m), 123.6 (q, J = 273.6 Hz), 122.2 – 121.9 (m), 120.3 (t, J = 

246.5 Hz), 119.5, 116.5 (d, J = 21.9 Hz), 45.1 (t, J = 27.5 Hz), 30.8 (t, J = 3.5 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.85, -96.20 (d, J = 249.7 Hz), -97.32 (d, J = 

249.9 Hz), -112.63. 

HRMS-ESI (m/z): [M-H]– calcd. for C17H10F6N: 342.0717; found 342.0725. 

(R)-2-(4-chlorophenyl)-4,4-difluoro-4-(3-(trifluoromethyl)phenyl)butanenitrile 

(4y) 

 

The compound 4y was prepared according to the general procedure employing 1y (27.6 

mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (3.7 mg, 5.0 mol%), and L1 (4.3 mg, 6.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 390 nm 

violet LEDs at room temperature for 10 h under argon atmosphere. 24.5 mg, 34% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 15:1, Rf = 0.3, [α]𝐷25 = 9.2 
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(c = 1.0 in CHCl3); 92% ee, determined by HPLC analysis (IA, hexane/i-PrOH, 95:5 

v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 26.60 min, tR (minor) = 

23.69 min. 

1H NMR (400 MHz, CDCl3) δ 7.78 – 7.66 (m, 3H), 7.60 (t, J = 7.8 Hz, 1H), 7.38 (d, J 

= 8.2 Hz, 2H), 7.29 (d, J = 8.2 Hz, 2H), 4.14 (dd, J = 9.4, 4.6 Hz, 1H), 2.96 – 2.80 (m, 

1H), 2.64 – 2.46 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 136.8 (t, J = 26.9 Hz), 135.0, 133.3, 131.6 (q, J = 

33.5 Hz), 129.8, 129.8, 128.8, 128.4 (t, J = 6.0 Hz), 127.7 – 127.5 (m), 123.6 (q, J = 

273.9 Hz), 122.2 – 122.0 (m), 120.2 (t, J = 246.4 Hz), 119.3, 45.0 (t, J = 27.6 Hz), 31.0 

(t, J = 3.5 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.83, -96.34 (d, J = 249.6 Hz), -97.27 (d, J = 

249.8 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C17H10ClF5N: 358.0422; found 358.0427. 

(R)-4,4-difluoro-2-(4-isobutylphenyl)-4-(3-(trifluoromethyl)phenyl)butanenitrile 

(4z) 

  

The compound 4z was prepared according to the general procedure employing 1z (32.0 

mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (3.7 mg, 5.0 mol%), and L1 (4.3 mg, 6.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 390 nm 

violet LEDs at room temperature for 10 h under argon atmosphere. 33.6 mg, 44% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 15:1, Rf = 0.3, [α]𝐷25 = 6.8 

(c = 1.0 in CHCl3); 91% ee, determined by HPLC analysis (OJ-H, hexane/i-PrOH, 98:2 

v/v, flow rate 0.8 mL/min, λ = 210 nm, 25 ℃), tR (major) = 12.75 min, tR (minor) = 

14.21 min. 

1H NMR (400 MHz, CDCl3) δ 7.78 (s, 1H), 7.75 (t, J = 8.8 Hz, 2H), 7.62 (t, J = 7.8 

Hz, 1H), 7.26 (d, J = 7.9 Hz, 2H), 7.18 (d, J = 7.9 Hz, 2H), 4.13 (dd, J = 9.8, 4.2 Hz, 



S36 

1H), 2.98 – 2.84 (m, 1H), 2.66 – 2.53 (m, 1H), 2.49 (d, J = 7.2 Hz, 2H), 1.92 – 1.81 (m, 

1H), 0.92 (d, J = 6.6 Hz, 6H). 

13C{1H} NMR (101 MHz, CDCl3) δ 142.5, 137.0 (t, J = 26.5 Hz), 132.0, 131.5 (q, J = 

32.8 Hz), 130.2, 129.7, 128.5 (t, J = 6.0 Hz), 127.6 – 127.3 (m), 127.1, 123.9 (q, J = 

273.5 Hz), 122.2 – 122.0 (m), 120.4 (t, J = 246.3 Hz), 119.9, 45.2 (t, J = 27.5 Hz), 45.0, 

31.1 (t, J = 3.5 Hz), 30.3, 22.4. 

19F{1H} NMR (376 MHz, CDCl3) δ -62.82, -96.04 (d, J = 249.6 Hz), -97.43 (d, J = 

249.6 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C21H19F5N: 380.1438; found 380.1447. 

(R)-4,4-difluoro-2-(4-hydroxy-2-methoxyphenyl)-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4aa) 

 

The compound 4aa was prepared according to the general procedure employing 1aa 

(30.0 mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 

nm violet LEDs at room temperature for 24 h under argon atmosphere. 30.5 mg, 41% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 5:1, Rf = 0.3, [α]𝐷25 = 3.1 

(c = 1.0 in CHCl3); 92% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 98:2 

v/v, flow rate 0.8 mL/min, λ = 210 nm, 25 ℃), tR (major) = 15.50 min, tR (minor) = 

16.79 min. 

1H NMR (400 MHz, CDCl3) δ 7.82 – 7.66 (m, 3H), 7.59 (t, J = 8.0 Hz, 1H), 6.89 (d, J 

= 8.7 Hz, 1H), 6.80 (d, J = 1.9 Hz, 2H), 5.67 (s, 1H), 4.06 (dd, J = 9.7, 4.5 Hz, 1H), 

3.90 (s, 3H), 2.96 – 2.80 (m, 1H), 2.62 – 2.49 (m 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 147.2, 146.0, 136.9 (t, J = 26.8 Hz), 131.5 (q, J = 

32.9 Hz), 129.7, 128.5 (t, J = 6.1 Hz), 127. 5 – 127.4 (m), 126.4, 123.7 (q, J = 273.4 
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Hz), 122.1 – 121.8 (m), 120.5, 120.3 (t, J = 245.3 Hz), 120.0, 115.2, 109.6, 56.2, 45.3 

(t, J = 27.4 Hz), 31.1 (t, J = 3.5 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.81, -95.93 (d, J = 249.1 Hz), -97.43 (d, J = 

249.5 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C18H13F5NO2: 370.0866; found 370.0870. 

(R)-4,4-difluoro-2-(naphthalen-2-yl)-4-(3-(trifluoromethyl)phenyl)butanenitrile 

(4ab) 

 

The compound 4ab was prepared according to the general procedure employing 1ab 

(30.8 mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 

nm violet LEDs at room temperature for 24 h under argon atmosphere. 40.2 mg, 54% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 10:1, Rf = 0.3, [α]𝐷25 = 

19.6 (c = 1.0 in CHCl3); 93% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 

98:2 v/v, flow rate 1.0 mL/min, λ = 210 nm, 25 ℃), tR (major) = 16.81 min, tR (minor) 

= 18.11 min. 

1H NMR (400 MHz, CDCl3) δ 7.88 (d, J = 8.6 Hz, 1H), 7.86 – 7.80 (m, 3H), 7.78 (s, 

1H), 7.72 (d, J = 7.9 Hz, 2H), 7.58 (t, J = 7.6 Hz, 1H), 7.56 – 7.50 (m, 2H), 7.40 (dd, J 

= 8.5, 2.0 Hz, 1H), 4.31 (dd, J = 9.6, 4.3 Hz, 1H), 3.04 – 2.90 (m, 1H), 2.74 – 2.61 (m 

1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 136.8 (t, J = 26.7 Hz), 133.3, 133.0, 131.9, 131.5 

(q, J = 33.0 Hz), 129.7, 129.6, 128.5 (t, J = 5.9 Hz), 128.0, 127.8, 127.6 – 127.3 (m), 

127.1, 127.0, 126.7, 124.5, 123.6 (q, J = 273.6 Hz), 122.2 – 122.0 (m), 120.4 (t, J = 

246.1 Hz), 119.7, 45.0 (t, J = 27.6 Hz), 31.6 (t, J = 3.4 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.77, -96.04 (d, J = 249.4 Hz), -97.20 (d, J = 

251.0 Hz). 
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HRMS-ESI (m/z): [M-H]– calcd. for C21H13F5N: 374.0968; found 374.0973. 

(R)-4,4-difluoro-2-(6-methoxynaphthalen-2-yl)-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4ac) 

 

The compound 4ac was prepared according to the general procedure employing 1ac 

(36.8 mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 

nm violet LEDs at room temperature for 24 h under argon atmosphere. 51.8 mg, 64% 

isolated yield, yellow solid, mp: 74 – 76 ℃, (petroleum ether: ethyl acetate = 8:1, Rf = 

0.3, [α]𝐷25 = 19.6 (c = 1.0 in CHCl3); 92% ee, determined by HPLC analysis (OB-H, 

hexane/i-PrOH, 90:10 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 10.79 

min, tR (minor) = 9.25 min. 

1H NMR (400 MHz, CDCl3) δ 7.79 – 7.67 (m, 6H), 7.57 (t, J = 7.9 Hz, 1H), 7.35 (d, J 

= 8.5 Hz, 1H), 7.19 (d, J = 9.0 Hz, 1H), 7.13 (s, 1H), 4.26 (dd, J = 9.7, 4.3 Hz, 1H), 

3.92 (s, 3H), 3.02 – 2.88 (m, 1H), 2.72 – 2.59 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 158.5, 136.9 (t, J = 26.5 Hz), 134.4, 131.5 (q, J = 

33.0 Hz), 129.6, 129.5, 129.4, 128.8, 128.5 (t, J = 5.05 Hz), 128.4, 127.5 – 126.5 (m), 

126.5, 125.0, 123.9 (q, J = 273.5 Hz), 122.2 – 122.0 (m), 120.4(t, J = 246.1 Hz), 120.0, 

119.9, 105.8, 55.5, 45.0 (t, J = 27.6 Hz), 31.4 (t, J = 3.4 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.79, -95.88 (d, J = 249.7 Hz), -97.16 (d, J = 

249.7 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C22H15F5NO: 404.1074; found 404.1073. 

(R)-4,4-difluoro-2-(6-methylpyridin-3-yl)-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4ad) 
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The compound 4ad was prepared according to the general procedure employing 1ad 

(23.8 mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (3.7 mg, 5.0 mol%), and L1 (4.3 

mg, 6.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 390 

nm violet LEDs at room temperature for 10 h under argon atmosphere. 24.5 mg, 36% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 3:1, Rf = 0.2, [α]𝐷25 = 20.5 

(c = 1.0 in CHCl3); 78% ee, determined by HPLC analysis (IA, hexane/i-PrOH, 90:10 

v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 12.62 min, tR (minor) = 

11.86 min. 

1H NMR (400 MHz, CDCl3) δ 8.46 (s, 1H), 7.78 – 7.66 (m, 3H), 7.65 – 7.56 (m, 2H), 

7.20 (d, J = 8.1 Hz, 1H), 4.17 (dd, J = 9.2, 5.0 Hz, 1H), 2.96 – 2.82 (m, 1H), 2.63– 2.51 

(m, 4H). 

13C{1H} NMR (101 MHz, CDCl3) δ 159.4, 148.1, 136.6 (t, J = 26.5 Hz), 135.2, 131.6 

(q, J = 33.1 Hz), 129.8, 128.4 (t, J = 6.1 Hz), 127.7, 127.7 – 127.6 (m), 123.8, 123.6 (q, 

J = 273.3 Hz), 122.1 – 122.0 (m), 120.2 (t, J = 246.4 Hz), 119.0, 44.7 (t, J = 27.6 Hz), 

28.9 (t, J = 3.5 Hz), 24.3. 

19F{1H} NMR (376 MHz, CDCl3) δ -62.84, -96.34 (d, J = 249.5 Hz), -97.21 (d, J = 

249.8 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C17H12F5N2: 339.0921; found 339.0919. 

(R)-4-(1-cyano-3,3-difluoro-3-(3-(trifluoromethyl)phenyl)propyl)phenyl 5-(2,5-

dimethylphenoxy)-2,2-dimethylpentanoate (4ae) 

 

The compound 4ae was prepared according to the general procedure employing 1ae 
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(70.4 mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%)  in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 

410 nm violet LEDs at room temperature for 48 h under argon atmosphere. 51.6 mg, 

45% isolated yield, colorless oil, (petroleum ether: ethyl acetate = 5:1, Rf = 0.3, [α]𝐷25 

= 5.8 (c = 1.0 in CHCl3); 88% ee, determined by HPLC analysis (IA, hexane/i-PrOH, 

90:10 v/v, flow rate 1.0 mL/min, λ = 210 nm, 25 ℃), tR (major) = 8.49 min, tR (minor) 

= 7.14 min. 

1H NMR (400 MHz, CDCl3) δ 7.76 – 7.72 (m, 2H), 7.71 (d, J = 7.9 Hz, 1H), 7.61 (t, J 

= 7.8 Hz, 1H), 7.35 (d, J = 8.5 Hz, 2H), 7.08 – 7.01 (m, 3H), 6.68 (d, J = 7.6 Hz, 1H), 

6.64 (s, 1H), 4.16 (dd, J = 9.8, 4.2 Hz, 1H), 4.00 (t, J = 5.5 Hz, 2H), 2.98 – 2.82 (m, 

1H), 2.65 – 2.49 (m, 1H), 2.32 (s, 3H), 2.18 (s, 3H), 1.89 (s, 4H), 1.38 (d, J = 2.3 Hz, 

6H).  

13C{1H} NMR (101 MHz, CDCl3) δ 176.2, 156.9, 151.3, 136.8 (t, J = 26.4 Hz), 136.6, 

132.1, 131.5 (q, J = 33.2 Hz), 130.5, 129.7, 128.5, 128.4, 128.4, 127.6 – 127.5 (m), 

123.7, 123.6 (q, J = 273.5 Hz), 122.8, 122.2 – 122.0 (m), 120.9, 120.3 (t, J = 246.3 Hz), 

119.5, 112.0, 67.8 45.1 (t, J = 27.5 Hz), 42.6, 37.2, 30.9 (t, J = 3.4 Hz), 25.4, 25.2, 21.5, 

15.9.  

19F{1H} NMR (376 MHz, CDCl3) δ -62.78, -96.35 (d, J = 249.6 Hz), -97.25 (d, J = 

249.5 Hz).  

HRMS-ESI (m/z): [M+Na]+ calcd. for C32H32F5NO3Na: 596.2200; found 596.2200. 

(R)-N-(4-(1-cyano-3,3-difluoro-3-(3-(trifluoromethyl)phenyl)propyl)phenyl)-4-

(N,N-dipropylsulfamoyl)benzamide (4af) 

 

The compound 4af was prepared according to the general procedure employing 1af 

(77.4 mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 
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equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 

nm violet LEDs at room temperature for 48 h under argon atmosphere. 51.5 mg, 42% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 3:1, Rf = 0.3, [α]𝐷25 = 15.4 

(c = 1.0 in CHCl3); 92% ee, determined by HPLC analysis (IC, hexane/i-PrOH, 70:30 

v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 20.24 min, tR (minor) = 

12.69 min. 

1H NMR (400 MHz, CDCl3) δ 8.67 (d, J = 7.4 Hz, 1H), 7.91 (d, J = 8.1 Hz, 2H), 7.79 

– 7.67 (m, 7H), 7.61 (t, J = 8.0 Hz, 1H), 7.33 (d, J = 8.4 Hz, 2H), 4.15 (dd, J = 9.6, 4.4 

Hz, 1H), 3.07 (t, J = 7.2 Hz, 4H), 2.98 – 2.79 (m, 1H), 2.65 – 2.52 (m, 1H), 1.51 (h, J 

= 7.5 Hz, 4H), 0.86 (t, J = 7.4 Hz, 6H).  

13C{1H} NMR (101 MHz, CDCl3) δ 165.0, 142.8, 138.7, 138.5, 136.8 (t, J = 26.5 Hz), 

131.5 (q, J = 32.9 Hz), 130.7, 129.7, 128.5 (t, J = 6.2 Hz), 128.2, 128.1, 127.6 – 127.5 

(m), 127.3, 123.6 (q, J = 273.7 Hz), 122.2 – 121.9 (m), 121.2, 120.3 (t, J = 246.0 Hz), 

119.8, 50.1, 44.9 (t, J = 27.4 Hz), 30.9 (t, J = 3.4 Hz), 22.0, 11.3.  

19F{1H} NMR (376 MHz, CDCl3) δ -62.78, -96.20 (d, J = 249.3 Hz), -97.20 (d, J = 

249.3 Hz).  

HRMS-ESI (m/z): [M-H]– calcd. for C30H29F5N3O3S: 606.1850; found 606.1853. 

(R)-4,4-difluoro-2-((8R,9S,13S,14S)-13-methyl-17-oxo-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-3-yl)-4-(3-

(trifluoromethyl)phenyl)butanenitrile (4ag) 

 

The compound 4ag was prepared according to the general procedure employing 1ag 

(56.0 mg, 0.2 mmol), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 
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nm violet LEDs at room temperature for 48 h under argon atmosphere. 45.1 mg, 45% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 4:1, Rf = 0.3, [α]𝐷25 = 83.8 

(c = 1.0 in CHCl3); 88% ee, >20:1 dr. determined by HPLC analysis (IA, hexane/i-

PrOH, 90:10 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 26.52 min, tR 

(minor) = 25.37 min. 

1H NMR (400 MHz, CDCl3) δ 7.78 – 7.71 (m, 3H), 7.61 (t, J = 7.9 Hz, 1H), 7.30 (d, J 

= 8.2 Hz, 1H), 7.11 (d, J = 7.5 Hz, 1H), 7.08 (s, 1H), 4.08 (dd, J = 9.8, 4.3 Hz, 1H), 

2.98 – 2.84 (m, 3H), 2.66 – 2.57 (m, 1H), 2.53 (dd, J = 18.7, 8.6 Hz, 1H), 2.45 – 2.40 

(m, 1H), 2.29 (t, J = 7.5 Hz, 1H), 2.21 – 2.01 (m, 3H), 1.98 (d, J = 8.1 Hz, 1H), 1.71 – 

1.40 (m, 6H), 0.93 (s, 3H).  

13C{1H} NMR (101 MHz, CDCl3) δ 220.6, 140.5, 137.9, 136.9 (t, J = 26.5 Hz), 132.1, 

131.4 (q, J = 32.9 Hz), 129.6, 128.4 (t, J = 6.0 Hz), 127.8, 127.4 – 127.3 (m), 126.5, 

124.6, 123.6 (q, J = 273.6 Hz), 122.1 – 121.9 (m), 120.3 (t, J = 246.1 Hz), 119.8, 50.5, 

48.0, 44.9 (t, J = 27.5 Hz), 44.3, 38.0, 35.9, 31.6, 30.9 (t, J = 3.2 Hz), 29.4, 26.3, 25.7, 

21.6, 13.9.  

19F{1H} NMR (376 MHz, CDCl3) δ -62.74, -95.96 (d, J = 249.6 Hz), -97.30 (d, J = 

249.6 Hz).  

HRMS-ESI (m/z): [M+H]+ calcd. for C29H29F5NO: 502.2169; found 502.2165. 

(R)-2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(4-

(trifluoromethyl)phenyl)butanenitrile (4ah) 

 

The compound 4ah was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol), 2b (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-8 (5.2 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 390 

nm violet LEDs at room temperature for 10 h under argon atmosphere. 44.3 mg, 54% 

isolated yield, white solid, mp: 120 – 122 ℃, (petroleum ether: ethyl acetate = 10:1, Rf 
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= 0.3, [α]𝐷25 = 17.4 (c = 1.0 in CHCl3); 96% ee, determined by HPLC analysis (IB, 

hexane/i-PrOH, 98:2 v/v, flow rate 1.0 mL/min, λ = 210 nm, 25 ℃), tR (major) = 27.32 

min, tR (minor) = 29.15 min. 

1H NMR (400 MHz, CDCl3) δ 7.73 (d, J = 8.3 Hz, 2H), 7.66 (d, J = 7.8 Hz, 2H), 7.62 

– 7.56 (m, 4H), 7.45 (t, J = 7.6 Hz, 2H), 7.42 – 7.38 (m, 3H), 4.17 (dd, J = 9.7, 4.4 Hz, 

1H), 3.00 – 2.84 (m, 1H), 2.68 – 2.55 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 141.9, 140.1, 139.4 (t, J = 26.3 Hz), 133.7, 133.0 

(q, J = 32.4 Hz), 129.0, 128.2, 127.9, 127.8, 127.2, 126.0 (q, J = 3.8 Hz), 125.7 (t, J = 

6.2 Hz), 123.7 (q, J = 273.7 Hz), 120.4 (t, J = 246.3 Hz), 119.7, 45.1 (t, J = 27.5 Hz), 

31.1 (t, J = 3.5 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.94, -96.13 (d, J = 249.8 Hz), -97.70 (d, J = 

249.8 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C23H15F5N: 400.1125; found 400.1132. 

(R)-2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(2-

(trifluoromethyl)phenyl)butanenitrile (4ai) 

 

The compound 4ai was prepared according to the general procedure employing 1a (36.1 

mg, 0.2 mmol), 2c (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-8 (5.2 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 mg, 3.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 390 nm 

violet LEDs at room temperature for 10 h under argon atmosphere. 48.9 mg, 61% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 10:1, Rf = 0.3, [α]𝐷25 = –

4.8 (c = 1.0 in CHCl3); 93% ee, determined by HPLC analysis (IB hexane/i-PrOH, 98:2 

v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 19.10 min, tR (minor) = 

20.67 min. 

1H NMR (400 MHz, CDCl3) δ 7.83 (d, J = 8.0 Hz, 1H), 7.75 (d, J = 8.1 Hz, 1H), 7.68 

(d, J = 8.0 Hz, 1H), 7.60 – 7.57 (m, 5H), 7.45 (d, J = 7.9 Hz, 4H), 7.38 (t, J = 7.5 Hz, 



S44 

1H), 4.28 (d, J = 8.8 Hz, 1H), 3.01 – 2.86 (m, 1H), 2.76 – 2.63 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 141.7, 140.2, 134.4 (t, J = 28.0 Hz), 133.9, 132.4, 

130.8, 129.0, 128.2, 128.1 (t, J = 9.4 Hz), 128.0 (q, J = 6.0 Hz), 127.9, 127.8, 127.2, 

123.6 (q, J = 274.4 Hz), 120.5 (t, J = 248.0 Hz), 119.8, 45.7 (t, J = 26.6 Hz), 31.0 (t, J 

= 3.2 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -57.65 (t, J = 14.3 Hz, 1H), -92.87 (dq, J = 252.6, 

13.9 Hz), -94.39 (dq, J = 252.7, 17.4 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C23H15F5N: 400.1125; found 400.1130. 

(R)-2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(3-(methoxymethyl)-5-

(trifluoromethyl)phenyl)butanenitrile (4aj) 

 

The compound 4aj was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol), 2d (103.2 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 

nm violet LEDs at room temperature for 40 h under argon atmosphere. 55.2 mg, 62% 

isolated yield, white solid, mp: 50 – 52 ℃, (petroleum ether: ethyl acetate = 10:1, Rf = 

0.3, [α]𝐷25 = 4.7 (c = 1.0 in CHCl3); 90% ee, determined by HPLC analysis (AD-H, 

hexane/i-PrOH, 95:5 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 11.04 

min, tR (minor) = 9.14 min. 

1H NMR (400 MHz, CDCl3) δ 7.70 (s, 1H), 7.68 (s, 2H), 7.60 (d, J = 8.2 Hz, 2H), 7.56 

(d, J = 7.5 Hz, 2H), 7.46 (t, J = 7.5 Hz, 2H), 7.40 (dd, J = 11.0, 7.7 Hz, 3H), 4.53 (s, 

2H), 4.20 (dd, J = 9.6, 4.4 Hz, 1H), 3.45 (s, 3H), 3.00 – 2.86 (m, 1H), 2.69 – 2.56 (m, 

1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 141.9, 141.0, 140.1, 137.1 (t, J = 26.6 Hz), 133.7, 

131.7 (q, J = 33.1 Hz), 129.1, 128.2, 127.9, 127.8, 127.3, 127.1 (t, J = 5.8 Hz), 126.2 – 
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126.1 (m), 123.6 (q, J = 273.8 Hz), 121.3 – 121.1 (m), 120.3 (t, J = 246.3 Hz), 119.7, 

73.4, 58.8, 45.1 (t, J = 27.5 Hz), 31.1 (t, J = 3.5 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.72, -95.98 (d, J = 249.2 Hz), -97.30 (d, J = 

249.3 Hz). 

HRMS-ESI (m/z): [M+Na]+ calcd. for C25H20F5NONa: 468.1363; found 468.1353. 

(R)-2-([1,1'-biphenyl]-4-yl)-4-(3-((benzyloxy)methyl)-5-(trifluoromethyl)phenyl)-

4,4-difluorobutanenitrile (4ak) 

 

The compound 4ak was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol), 2e (133.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 

nm violet LEDs at room temperature for 40 h under argon atmosphere. 49.8 mg, 48% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 10:1, Rf = 0.3, [α]𝐷25 = 8.3 

(c = 1.0 in CHCl3); 91% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 95:5 

v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 14.02 min, tR (minor) = 

11.85 min. 

1H NMR (400 MHz, CDCl3) δ 7.72 (s, 1H), 7.69 (s, 2H), 7.61 – 7.56 (m, 4H), 7.46 (t, 

J = 7.5 Hz, 2H), 7.41 – 7.36 (m, 7H), 7.35 – 7.31 (m, 1H), 4.62 (d, J = 4.3 Hz, 4H), 

4.19 (dd, J = 9.6, 4.4 Hz, 1H), 2.99 – 2.85 (m, 1H), 2.68 – 2.55 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 141.8, 141.0, 140.1, 137.5, 137.1 (t, J = 26.5 Hz), 

133.6, 131.7 (q, J = 33.0 Hz), 129.0, 128.7, 128.2, 128.2, 128.0, 127.9, 127.8, 127.2, 

126.3 – 126.2 (m), 123.6 (q, J = 273.9 Hz), 121.3– 121.1 (m), 120.3 (t, J = 246.7 Hz), 

119.7, 73.1, 70.8, 45.0 (t, J = 27.4 Hz), 31.1 (t, J = 3.3 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.69, -95.83 (dd, J = 249.3, 3.3 Hz), -97.25 (d, J 

= 249.4 Hz). 
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HRMS-ESI (m/z): [M+Na]+ calcd. for C31H24F5NONa: 544.1676; found 544.1677. 

(R)-2-([1,1'-biphenyl]-4-yl)-4-(3-((3-chloropropoxy)methyl)-5-

(trifluoromethyl)phenyl)-4,4-difluorobutanenitrile (4al) 

 

The compound 4al was prepared according to the general procedure employing 1a (36.1 

mg, 0.2 mmol), 2f (128.0 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 mg, 3.0 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 nm 

violet LEDs at room temperature for 40 h under argon atmosphere. 53.8 mg, 53% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 10:1, Rf = 0.3, [α]𝐷25 = -

0.8 (c = 1.0 in CHCl3); 88% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 

95:5 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 13.75 min, tR (minor) 

= 11.40 min. 

1H NMR (400 MHz, CDCl3) δ 7.69 – 7.67 (m, 3H), 7.63 – 7.58 (m, 2H), 7.56 (d, J = 

7.6 Hz, 2H), 7.48 – 7.38 (m, 5H), 4.60 (s, 2H), 4.20 (dd, J = 9.7, 4.4 Hz, 1H), 3.68 (q, 

J = 7.1 Hz, 4H), 3.00 – 2.86 (m, 1H), 2.69 – 2.56 (m, 1H), 2.09 (p, J = 6.1 Hz, 2H). 

13C{1H} NMR (101 MHz, CDCl3) δ 141.8, 141.0, 140.1, 137.1 (t, J = 26.6 Hz), 133.6, 

131.7 (q, J = 33.1 Hz), 129.0, 128.2, 127.9, 127.8, 127.2, 127.0 (t, J = 6.1 Hz), 126.2 – 

125.9 (m), 123.6 (q, J = 273.8 Hz), 121.3 – 121.1 (m), 120.3 (t, J = 246.3 Hz), 119.7, 

71.5, 67.4, 45.0 (t, J = 27.4 Hz), 41.9, 32.6, 31.1 (t, J = 3.2 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.67, -95.91 (d, J = 249.2 Hz), -97.25 (d, J = 

249.3 Hz). 

HRMS-ESI (m/z): [M+Na]+ calcd. for C27H23ClF5NONa: 530.1286; found 530.1283.  
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(R)-2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(3-((pent-4-yn-1-yloxy)methyl)-5-

(trifluoromethyl)phenyl)butanenitrile (4am) 

 

The compound 4am was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol), 2g (124.0 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 

nm violet LEDs at room temperature for 40 h under argon atmosphere. 64.7 mg, 65% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 12:1, Rf = 0.3, [α]𝐷25 = 6.6 

(c = 1.0 in CHCl3); 91% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 95:5 

v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 12.32 min, tR (minor) = 

10.40 min. 

1H NMR (400 MHz, CDCl3) δ 7.71 (s, 1H), 7.68 (s, 2H), 7.62 – 7.56 (m, 4H), 7.48 – 

7.36 (m, 5H), 4.59 (s, 2H), 4.20 (dd, J = 9.6, 4.4 Hz, 1H), 3.64 (t, J = 6.1 Hz, 2H), 3.00 

– 2.87 (m, 1H), 2.70 – 2.57 (m, 1H), 2.35 (t, J = 7.0 Hz, 2H), 1.95 (s, 1H), 1.87 (p, J = 

6.6 Hz, 2H). 

13C{1H} NMR (101 MHz, CDCl3) δ 141.8, 141.2, 140.1, 137.0 (t, J = 26.5 Hz), 133.6, 

131.6 (q, J =33.2 Hz), 129.0, 128.2, 127.9, 127.8, 127.2, 127.0 (t, J = 5.9 Hz), 126.3 – 

125.9 (m), 123.6 (q, J = 273.7 Hz), 121.4 – 120.8 (m), 120.3 (t, J = 246.3 Hz), 119.7, 

83.7, 71.7, 69.4, 68.9, 45.0 (t, J = 27.4 Hz), 31.1 (t, J = 3.3 Hz), 28.5, 15.4. 

19F{1H} NMR (376 MHz, CDCl3) δ -62.68, -95.82 (d, J = 253.3 Hz), -97.30 (d, J = 

249.3 Hz). 

HRMS-ESI (m/z): [M+Na]+ calcd. for C29H24F5NONa: 520.1676; found 520.1678.  
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(R)-2-([1,1'-biphenyl]-4-yl)-4-(3-((cyclopropylmethoxy)methyl)-5-

(trifluoromethyl)phenyl)-4,4-difluorobutanenitrile (4an) 

  

The compound 4an was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol), 2h (119.2 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 

nm violet LEDs at room temperature for 40 h under argon atmosphere. 36.9 mg, 38% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 4:1, Rf = 0.3, [α]𝐷25 = 11.0 

(c = 1.0 in CHCl3); 94% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 95:5 

v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 11.13 min, tR (minor) = 

10.03 min. 

1H NMR (400 MHz, CDCl3) δ 7.72 (s, 1H), 7.68 (d, J = 9.5 Hz, 2H), 7.60 (d, J = 8.3 

Hz, 2H), 7.56 (d, J = 7.0 Hz, 2H), 7.46 (t, J = 7.5 Hz, 2H), 7.43 – 7.37 (m, 3H), 4.61 (s, 

2H), 4.20 (dd, J = 9.6, 4.4 Hz, 1H), 3.38 (d, J = 6.9 Hz, 2H), 3.01 – 2.85 (m, 1H), 2.69 

– 2.56 (m, 1H), 1.17 – 1.06 (m, 1H), 0.59 (dt, J = 8.0, 5.2 Hz, 2H), 0.24 (dt, J = 6.0, 4.6 

Hz, 2H). 

13C{1H} NMR (101 MHz, CDCl3) δ 141.9, 141.4, 140.1, 137.1 (t, J = 26.5 Hz), 133.7, 

131.7 (q, J = 33.2 Hz), 129.0, 128.2, 127.9, 127.8, 127.2, 126.3 – 126.2 (m), 123.7 (q, 

J = 273.6 Hz), 121.2 – 120.3 (m), 120.4 (t, J = 245.8 Hz), 119.7, 75.9, 71.3, 45.1 (t, J 

= 27.5 Hz), 31.1 (t, J = 3.4 Hz), 10.7, 3.3. 

19F{1H} NMR (376 MHz, CDCl3) δ -62.70, -95.90 (d, J = 249.1 Hz), -97.32 (d, J = 

249.1 Hz). 

HRMS-ESI (m/z): [M+Na]+ calcd. for C28H24F5NONa: 508.1676; found 508.1673.  
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(R)-2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(3-methoxy-5-

(trifluoromethyl)phenyl)butanenitrile (4ao) 

 

The compound 4ao was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol), 2i (97.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 

nm violet LEDs at room temperature for 40 h under argon atmosphere. 49.1 mg, 57% 

isolated yield, white solid, mp: 60 – 62 ℃, (petroleum ether: ethyl acetate = 8:1, Rf = 

0.3, [α]𝐷25 = 4.9 (c = 1.0 in CHCl3); 90% ee, determined by HPLC analysis (AD-H, 

hexane/i-PrOH, 95:5 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 12.81 

min, tR (minor) = 10.29 min. 

1H NMR (400 MHz, CDCl3) δ 7.60 (d, J = 7.9 Hz, 2H), 7.56 (d, J = 7.6 Hz, 2H), 7.45 

(t, J = 7.5 Hz, 2H), 7.42 – 7.36 (m, 3H), 7.32 (s, 1H), 7.20 (s, 2H), 4.17 (dd, J = 9.6, 

4.4 Hz, 1H), 3.88 (s, 3H), 2.98 – 2.84 (m, 1H), 2.67 – 2.54 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 160.3, 141.9, 140.1, 138.3 (t, J = 26.6 Hz), 133.7, 

132.9 (q, J = 33.1 Hz), 129.0, 128.2, 127.9, 127.8, 127.2, 123.5 (q, J = 273.8 Hz), 120.2 

(t, J = 246.4 Hz), 119.7, 114.4 (t, J = 6.2 Hz), 114.1 – 113.9 (m), 113.1 – 112.9 (m), 

56.0, 45.0 (t, J = 27.6 Hz), 31.2 (t, J = 3.4 Hz), 29.9. 

19F{1H} NMR (376 MHz, CDCl3) δ -62.87, -95.82 (d, J = 248.7 Hz), -97.42 (d, J = 

248.6 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C24H17F5NO: 430.1230; found 430.1232.  
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(R)-2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(3-((5-fluoropentyl)oxy)-5-

(trifluoromethyl)phenyl)butanenitrile (4ap) 

 

The compound 4ap was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol), 2j (127.2 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 

nm violet LEDs at room temperature for 40 h under argon atmosphere. 64.5 mg, 64% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 10:1, Rf = 0.3, [α]𝐷25 = 7.5 

(c = 1.0 in CHCl3); 91% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 95:5 

v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 13.71 min, tR (minor) = 

11.46 min. 

1H NMR (400 MHz, CDCl3) δ 7.64 – 7.55 (m, 4H), 7.46 (t, J = 7.5 Hz, 2H), 7.43 – 

7.36 (m, 3H), 7.33 (s, 1H), 7.20 (s, 2H), 4.55 (t, J = 6.0 Hz, 1H), 4.43 (t, J = 5.9 Hz, 

1H), 4.17 (dd, J = 9.5, 4.4 Hz, 1H), 4.03 (t, J = 6.3 Hz, 2H), 3.01 – 2.83 (m, 1H), 2.61  

(m, 1H), 1.91 – 1.71 (m, 4H), 1.56 – 1.50 (m, 2H). 

13C{1H} NMR (101 MHz, CDCl3) δ 159.8, 141.8, 140.1, 138.3 (t, J = 26.5 Hz), 133.7, 

132.8 (q, J = 33.0 Hz), 129.0, 128.2, 127.9, 127.8, 127.2, 123.5 (q, J = 273.7 Hz), 120.2 

(t, J = 246.5 Hz), 119.7, 114.8 (t, J = 6.5 Hz), 114.0 – 113.8 (m), 113.4 – 113.3 (m), 

84.0 (d, J = 165.2 Hz), 68.5, 45.0 (t, J = 27.6 Hz), 31.2 (t, J = 3.4 Hz), 30.2 (d, J = 19.6 

Hz), 28.8, 22.1 (d, J = 5.1 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.84, -95.62 (d, J = 249.0 Hz), -97.41 (d, J = 

248.7 Hz), -218.57 (m). 

HRMS-ESI (m/z): [M+Na]+ calcd. for C28H25F6NONa: 528.1738; found 528.1735.  
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(R)-2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(3-(pent-4-en-1-yloxy)-5-

(trifluoromethyl)phenyl)butanenitrile (4aq) 

 

The compound 4aq was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol), 2k (159.2 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 

nm violet LEDs at room temperature for 40 h under argon atmosphere. 57.8 mg, 60% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 15:1, Rf = 0.3, [α]𝐷25 = 9.2 

(c = 1.0 in CHCl3); 91% ee, determined by HPLC analysis (IA, hexane/i-PrOH, 95:5 

v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 8.79 min, tR (minor) = 7.64 

min. 

1H NMR (400 MHz, CDCl3) δ 7.62 – 7.56 (m, 4H), 7.48 – 7.36 (m, 5H), 7.32 (s, 1H), 

7.21 (s, 2H), 5.91 – 5.81 (m, 1H), 5.09 (d, J = 17.0 Hz, 1H), 5.04 (d, J = 10.3 Hz, 1H), 

4.18 (dd, J = 9.7, 4.4 Hz, 1H), 4.03 (t, J = 6.3 Hz, 2H), 2.99 – 2.85 (m, 1H), 2.68 – 2.55 

(m, 1H), 2.26 (q, J = 7.3 Hz, 2H), 1.92 (p, J = 6.9 Hz, 2H). 

13C{1H} NMR (101 MHz, CDCl3) δ 159.8, 141.8, 140.1, 138.3 (t, J = 26.5 Hz), 137.5, 

133.7, 132.8 (q, J = 32.9 Hz), 129.0, 128.2, 127.9, 127.8, 127.2, 123.5 (q, J = 273.8 

Hz), 120.2 (t, J = 246.7 Hz), 119.7, 115.7, 114.8 (t, J = 6.2 Hz), 114.0 – 113.7 (m), 113.5 

– 113.3 (m), 68.0, 45.0 (t, J = 27.6 Hz), 31.2 (t, J = 3.6 Hz), 30.0, 28.3. 

19F{1H} NMR (376 MHz, CDCl3) δ -62.83, -95.64 (d, J = 248.6 Hz), -97.44 (d, J = 

248.5 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C28H23F5NO: 484.1700; found 484.1706.  
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(R)-2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(3-(hydroxymethyl)-5-

(trifluoromethyl)phenyl)butanenitrile (4ar) 

 

The compound 4ar was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol), 2l (97.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 

nm violet LEDs at room temperature for 40 h under argon atmosphere. 53.3 mg, 62% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 4:1, Rf = 0.3, [α]𝐷25 = 8.5 

(c = 1.0 in CHCl3); 89% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 95:5 

v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 16.91 min, tR (minor) = 

15.21 min. 

1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 7.9 Hz, 2H), 7.68 (s, 1H), 7.59 (d, J = 7.9 

Hz, 2H), 7.56 (d, J = 7.5 Hz, 2H), 7.46 (t, J = 7.5 Hz, 2H), 7.47 – 7.36 (m, 3H), 4.80 (s, 

2H), 4.19 (dd, J = 9.7, 4.3 Hz, 1H), 3.00 – 2.86 (m, 1H), 2.70 – 2.60 (m, 1H), 2.13 (s, 

1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 143.2, 141.9, 140.1, 137.1 (t, J = 26.5 Hz), 133.6, 

131.8 (q, J = 32.8 Hz), 129.1, 128.2, 128.0, 127.8, 127.2, 126.6 (t, J = 5.6 Hz), 125.6 – 

125.5 (m), 123.6 (q, J = 273.8 Hz). 121.2 – 120.7 (m), 120.3 (t, J = 246.4 Hz), 119.7, 

64.0, 45.0 (t, J = 27.6 Hz), 31.1 (t, J = 3.6 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.72, -95.64 (d, J = 246.3 Hz), -97.44 (d, J = 

246.3 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C24H17F5NO: 430.1230; found 430.1239. 

tert-butyl (R)-3-(2-(2-(3-(3-([1,1'-biphenyl]-4-yl)-3-cyano-1,1-difluoropropyl)-5-

(trifluoromethyl)phenyl)acetoxy)ethyl)azetidine-1-carboxylate (4as) 
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The compound 4as was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol), 2m (182.1 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 

nm violet LEDs at room temperature for 40 h under argon atmosphere. 52.4 mg, 41% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 5:1, Rf = 0.3, [α]𝐷25 = 5.1 

(c = 1.0 in CHCl3); 90% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 

90:10 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 18.49 min, tR (minor) 

= 15.01 min. 

1H NMR (400 MHz, CDCl3) δ 7.68 (s, 1H), 7.64 (d, J = 4.7 Hz, 2H), 7.61 – 7.55 (m, 

4H), 7.48 – 7.39 (m, 4H), 7.39 – 7.34 (m, 1H), 4.19 (dd, J = 9.6, 4.4 Hz, 1H), 4.11 (t, J 

= 6.4 Hz, 2H), 4.00 (t, J = 8.4 Hz, 2H), 3.71 (s, 2H), 3.57 (dd, J = 8.6, 5.5 Hz, 2H), 3.00 

– 2.86 (m, 1H), 2.71 – 2.50 (m, 2H), 1.93 (q, J = 6.7 Hz, 2H), 1.43 (s, 9H). 

13C{1H} NMR (101 MHz, CDCl3) δ 170.2, 156.4, 141.9, 140.1, 137.3 (t, J = 26.4 Hz), 

136.0, 133.6, 131.9 (q, J = 33.0 Hz), 129.5 (t, J = 6.1 Hz), 129.0, 128.5 – 128.3 (m), 

128.2, 127.9, 127.8, 127.2, 123.5 (q, J = 271.2 Hz), 121.2 – 120.9 (m), 120.2 (t, J = 

246.6 Hz), 119.6, 79.5, 63.5, 54.4, 45.0 (t, J = 27.5 Hz), 40.7, 33.2, 31.1 (t, J = 3.3 Hz), 

28.2, 26.3. 

19F{1H} NMR (376 MHz, CDCl3) δ -62.70, -95.53 (d, J = 4.2 Hz), -97.22 (d, J = 249.6 

Hz). 

HRMS-ESI (m/z): [M+Na]+ calcd. for C35H35F5N2O4Na: 665.2415; found 665.2416. 

(R)-4-(3-(1,3-dioxolan-2-yl)-5-(trifluoromethyl)phenyl)-2-([1,1'-biphenyl]-4-yl)-

4,4-difluorobutanenitrile (4at) 
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The compound 4at was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol), 2n (114.4 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 

nm violet LEDs at room temperature for 40 h under argon atmosphere. 37.8 mg, 40% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 4:1, Rf = 0.3, [α]𝐷25 = 9.2 

(c = 1.0 in CHCl3); 90% ee, determined by HPLC analysis (IA, hexane/i-PrOH, 90:10 

v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 13.13 min, tR (minor) = 

9.79 min. 

1H NMR (400 MHz, CDCl3) δ 7.84 (d, J = 11.9 Hz, 2H), 7.76 (s, 1H), 7.62 – 7.56 (m, 

4H), 7.48 – 7.36 (m, 5H), 5.87 (s, 1H), 4.21 (dd, J = 9.7, 4.3 Hz, 1H), 4.18 – 4.03 (m, 

4H), 3.00 – 2.86 (m, 1H), 2.69 – 2.55 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 141.9, 140.7, 140.1, 137.2 (t, J = 26.8 Hz), 133.6, 

131.8 (q, 33.4 Hz), 129.0, 128.2, 127.9, 127.8, 127.2, 126.6 (t, J = 7.0 Hz) 125.8 – 125.7 

(m), 123.5 (q, J = 275.7 Hz), 122.8 – 122.6 (m), 120.2 (t, J = 246.6), 119.7, 102.20, 

65.6, 45.0 (t, J = 27.3 Hz), 31.0 (t, J = 3.1 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.70, -96.02 (d, J = 249.4 Hz), -97.55 (d, J = 

249.4 Hz). 

HRMS-ESI (m/z): [M+H]+ calcd. for C26H21F5NO2: 474.1492; found 474.1490. 

tert-butyl (R)-(3-(3-([1,1'-biphenyl]-4-yl)-3-cyano-1,1-difluoropropyl)-5-

(trifluoromethyl)phenyl)carbamate (4au) 

 



S55 

The compound 4au was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol), 2o (131.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 

nm violet LEDs at room temperature for 40 h under argon atmosphere. 68.1 mg, 66% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 2:1, Rf = 0.2, [α]𝐷25 = 3.9 

(c = 1.0 in CHCl3); 90% ee, determined by HPLC analysis (IA, hexane/i-PrOH, 90:10 

v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 8.24 min, tR (minor) = 7.04 

min. 

1H NMR (400 MHz, CDCl3) δ 7.76 (s, 2H), 7.60 – 7.55 (m, 4H), 7.46 (t, J = 7.5 Hz, 

2H), 7.41 – 7.36 (m, 4H), 6.84 (s, 1H), 4.17 (dd, J = 9.8, 4.3 Hz, 1H), 2.98 – 2.84 (m, 

1H), 2.68 – 2.55 (m, 1H), 1.53 (s, 9H). 

13C{1H} NMR (101 MHz, CDCl3) δ 152.3, 141.8, 140.1, 140.0, 137.7 (t, J = 26.7 Hz), 

133.6, 132.3 (q, J = 32.9 Hz), 129.0, 128.2, 127.9, 127.8, 127.2, 123.4 (q, J = 274.1 

Hz), 120.2 (t, J = 246.2 Hz), 119.7, 117.8 (t, J = 8.2 Hz), 117.1 – 116.8 (m), 116.1 – 

115.8 (m), 81.9, 44.9 (t, J = 27.3 Hz), 31.1 (d, J = 3.4 Hz), 28.3. 

19F{1H} NMR (376 MHz, CDCl3) δ -62.89, -95.69 (d, J = 248.8 Hz), -97.57 (d, J = 

248.7 Hz). 

HRMS-ESI (m/z): [M+Na]+ calcd. for C28H25F5N2O2Na: 539.1734; found 539.1733. 

(R)-2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(3-hydroxy-5-

(trifluoromethyl)phenyl)butanenitrile (4av) 

 

The compound 4av was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol), 2p (92.0 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 
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nm violet LEDs at room temperature for 40 h under argon atmosphere. 38.4 mg, 46% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 3:1, Rf = 0.3, [α]𝐷25 = 6.2 

(c = 1.0 in CHCl3); 91% ee, determined by HPLC analysis (IB, hexane/i-PrOH, 97:3 

v/v, flow rate 0.8 mL/min, λ = 254 nm, 25 ℃), tR (major) = 37.00 min, tR (minor) = 

35.24 min. 

1H NMR (400 MHz, CDCl3) δ 7.60 (d, J = 8.0 Hz, 2H), 7.56 (d, J = 7.1 Hz, 2H), 7.46 

(dd, J = 8.4, 6.6 Hz, 2H), 7.40 (dd, J = 7.7, 5.8 Hz, 3H), 7.29 (s, 1H), 7.19 (d, J = 7.2 

Hz, 2H), 6.34 (s, 1H), 4.20 (dd, J = 9.9, 4.2 Hz, 1H), 2.97 – 2.84 (m, 1H), 2.67 – 2.54 

(m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 156.9, 142.0, 140.1, 138.4 (t, J = 26.6 Hz), 133.3, 

133.0 (q, J = 33.2 Hz), 129.1, 128.3, 128.0, 127.8, 127.2, 123.4 (q, J = 273.7 Hz), 120.1 

(t, J = 246.6 Hz), 119.8, 115.6 (t, J = 6.0 Hz), 114.9 – 114.8 (m), 114.0 – 113.8 (m), 

44.9 (t, J = 27.6 Hz), 31.1 (t, J = 3.4 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -62.92, -96.02 (d, J = 248.3 Hz), -97.44 (d, J = 

248.5 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C23H15F5NO: 416.1074; found 416.1081. 

(R)-2-([1,1'-biphenyl]-4-yl)-4-(3-amino-5-(trifluoromethyl)phenyl)-4,4-

difluorobutanenitrile (4aw) 

 

The compound 4aw was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol), 2q (91.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 

nm violet LEDs at room temperature for 40 h under argon atmosphere. 40.8 mg, 49% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 3:1, Rf = 0.3, [α]𝐷25 = 15.5 

(c = 1.0 in CHCl3); 92% ee, determined by HPLC analysis (IA, hexane/i-PrOH, 80:20 
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v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 14.67 min, tR (minor) = 

12.12 min. 

1H NMR (400 MHz, CDCl3) δ 7.60 (d, J = 7.9 Hz, 2H), 7.57 (d, J = 8.3 Hz, 2H), 7.46 

(t, J = 7.5 Hz, 2H), 7.40 (d, J = 7.6 Hz, 3H), 7.09 (s, 1H), 6.97 (s, 2H), 4.14 (dd, J = 

9.8, 4.3 Hz, 1H), 3.80 (brs, 2H), 2.96 – 2.82 (m, 1H), 2.64 – 2.51 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 147.3, 141.8, 140.1, 137.9 (t, J = 26.4 Hz), 133.7, 

132.6 (q, J = 32.8 Hz), 129.0, 128.2, 127.9, 127.8, 127.2, 123.7 (q, J = 274.2 Hz), 120.4 

(t, J = 246.2 Hz), 119.8, 114.2 (t, J = 6.2 Hz), 113.4 – 113.2 (m), 111.6 – 111.3 (m), 

45.0 (t, J = 27.7 Hz), 31.2 (t, J = 3.4 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -63.06, -95.85 (d, J = 247.5 Hz), -97.86 (d, J = 

247.7 Hz). 

HRMS-ESI (m/z): [M+H]+ calcd. for C23H18F5N2: 417.1390; found 417.1391. 

(R)-2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(1-methyl-1H-benzo[d]imidazol-2-

yl)butanenitrile (4ax) 

 

The compound 4ax was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol), 2r (80.0 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (7.5 mg, 10 mol%), and L1 (8.6 

mg, 12 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 390 

nm violet LEDs at room temperature for 10 h under argon atmosphere. 25.6 mg, 33% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 3:1, Rf = 0.3, [α]𝐷25 = -

35.77 (c = 1.0 in CHCl3); 83% ee, determined by HPLC analysis (AD-H, hexane/i-

PrOH, 90:10 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 23.51 min, tR 

(minor) = 21.81 min. 

1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 8.0 Hz, 1H), 7.66 (s, 1H), 7.65 (d, J = 2.1 

Hz, 1H), 7.60 (d, J = 1.9 Hz, 2H), 7.59 (dt, J = 3.2, 1.8 Hz, 2H), 7.49 – 7.44 (m, 4H), 

7.41 – 7.34 (m, 2H), 4.66 (dd, J = 8.2, 6.2 Hz, 1H), 4.01 (s, 3H), 3.35 – 3.25 (m, 2H). 
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13C{1H} NMR (101 MHz, CDCl3) δ 145.3 (t, J = 30.4 Hz), 141.7, 141.1, 140.3, 136.4, 

134.1, 129.0, 128.2, 128.0, 127.8, 127.3, 125.0, 123.4, 121.0, 120.1, 117.9 (t, J = 240.6 

Hz), 110.2, 41.7 (t, J = 23.0 Hz), 31.3 (t, J = 3.9 Hz), 31.2 (t, J = 3.9 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -90.22 (d, J = 284.3 Hz), -94.44 (d, J = 284.3 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C24H18F2N3: 386.1469; found 386.1472. 

(R)-2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(6-methylpyridin-2-yl)butanenitrile 

(4ay) 

 

The compound 4ay was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol), 2s (64.4 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (7.5 mg, 10 mol%), and L1 (8.6 

mg, 12 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 390 

nm violet LEDs at room temperature for 10 h under argon atmosphere. 23.0 mg, 33% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 4:1, Rf = 0.3, [α]𝐷25 = -3.5 

(c = 1.0 in CHCl3); 87% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 

90:10 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 10.53 min, tR (minor) 

= 8.77 min. 

1H NMR (400 MHz, CDCl3) δ 7.71 (t, J = 8.1 Hz, 1H), 7.61 – 7.58 (m, 4H), 7.52 (d, J 

= 7.9 Hz, 1H), 7.48 – 7.44 (m, 4H), 7.39 – 7.35 (m, 1H), 7.24 (d, J = 7.5 Hz, 1H), 4.24  

(dd, J = 9.9, 4.7 Hz, 1H), 3.17 – 3.05 (m, 1H), 3.03 – 2.88 (m, 1H), 2.58 (s, 3H). 

13C{1H} NMR (101 MHz, CDCl3) δ 158.8, 152.7 (t, J = 28.5 Hz), 141.5, 140.3, 137.6, 

134.3, 129.0, 128.0, 127.9, 127.8, 127.2, 125.1, 120.1, 119.8 (t, J = 243.8 Hz), 117.3 (t, 

J = 4.4 Hz), 41.9 (t, J = 25.7 Hz), 31.2 (d, J = 4.8 Hz), 24.5. 

19F{1H} NMR (376 MHz, CDCl3) δ -96.59 (d, J = 259.0 Hz), -97.90 (d, J = 259.0 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C22H17F2N2: 347.1360; found 347.1367. 

(R)-2-([1,1'-biphenyl]-4-yl)-4-(6-(benzyloxy)pyridin-2-yl)-4,4-
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difluorobutanenitrile (4az) 

 

The compound 4az was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol), 2t (70.8 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (7.5 mg, 10 mol%), and L1 (8.6 

mg, 12 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 390 

nm violet LEDs at room temperature for 10 h under argon atmosphere. 34.2 mg, 39% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 3:1, Rf = 0.3, [α]𝐷25 = -

16.5 (c = 1.0 in CHCl3); 92% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 

95:5 v/v, flow rate 1.0 mL/min, λ = 210 nm, 25 ℃), tR (major) = 17.05 min, tR (minor) 

= 14.45 min. 

1H NMR (400 MHz, CDCl3) δ 7.67 (t, J = 7.8 Hz, 1H), 7.55 (d, J = 8.0 Hz, 4H), 7.48 

– 7.39 (m, 4H), 7.39 – 7.26 (m, 6H), 7.24 (s, 1H), 6.88 (d, J = 8.3 Hz, 1H), 5.36 (s, 2H), 

4.09 (dd, J = 9.5, 4.9 Hz, 1H), 3.11 – 2.92 (m, 1H), 2.87 – 2.76 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 163.2, 150.4 (t, J = 28.9 Hz), 141.6, 140.23, 139.8, 

137.1, 134.1, 129.0, 128.7, 128.1, 128.0, 127.9, 127.9, 127.2, 120.0, 119.5 (t, J = 244.2 

Hz), 113.6, 113.2 (t, J = 4.8 Hz), 68.1, 41.7 (t, J = 26.1 Hz), 31.1 (t, J = 4.3 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -96.91 (d, J = 256.5 Hz), -98.69 (d, J = 256.6 

Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C28H21F2N2O: 439.1622; found 439.1612. 

(R)-2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(6-methoxypyridin-2-yl)butanenitrile 

(4ba) 

 

The compound 4ba was prepared according to the general procedure employing 1a 
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(36.1 mg, 0.2 mmol), 2u (101.2 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (7.5 mg, 10 mol%), and L1 (8.6 

mg, 12 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 390 

nm violet LEDs at room temperature for 10 h under argon atmosphere. 29.5 mg, 41% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 10:1, Rf = 0.3, [α]𝐷25 = -

23.5 (c = 1.0 in CHCl3); 90% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 

93:7 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 13.23 min, tR (minor) 

= 10.80 min. 

1H NMR (400 MHz, CDCl3) δ 7.68 (t, J = 7.9 Hz, 1H), 7.58 (t, J = 8.4 Hz, 4H), 7.48 – 

7.39 (m, 4H), 7.38 (t, J = 7.3 Hz, 1H), 7.29 (d, J = 7.3 Hz, 1H), 6.83 (d, J = 8.4 Hz, 1H), 

4.18 (dd, J = 9.5, 4.8 Hz, 1H), 3.95 (s, 3H), 3.19 – 3.08 (m, 1H), 2.99 – 2.86 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 163.9, 150.5 (t, J = 28.9 Hz), 141.6, 140.3, 139.7, 

134.2, 129.0, 128.1, 127.9, 127.9, 127.2, 120.0, 119.6 (t, J = 244.2 Hz), 113.3, 113.0 (t, 

J = 4.9 Hz), 53.8, 41.7 (t, J = 25.9 Hz), 31.2 (t, J = 4.4 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -96.42 (d, J = 257.8 Hz), -98.29 (d, J = 257.6 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C22H17F2N2O: 363.1309; found 363.1311. 

(R)-2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(2-methoxypyridin-3-yl)butanenitrile 

(4bb) 

 

The compound 4bb was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol), 2v (70.8 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (7.5 mg, 10 mol%), and L1 (8.6 

mg, 12 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 390 

nm violet LEDs at room temperature for 10 h under argon atmosphere. 31.8 mg, 44% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 3:1, Rf = 0.3, [α]𝐷25 = -5.6 

(c = 1.0 in CHCl3); 89% ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 

90:10 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 12.21 min, tR (minor) 
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= 10.66 min. 

1H NMR (400 MHz, CDCl3) δ 8.25 (dd, J = 5.0, 1.7 Hz, 1H), 7.85 (dd, J = 7.5, 1.9 Hz, 

1H), 7.58 – 7.55 (m, 4H), 7.46 (t, J = 7.5 Hz, 2H), 7.40 – 7.34 (m, 3H), 6.97 (dd, J = 

7.5, 5.0 Hz, 1H), 4.05 (dd, J = 9.5, 4.9 Hz, 1H), 4.01 (s, 3H), 3.18 – 3.04 (m, 1H), 3.00 

– 2.88 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 160.5, 149.3, 141.4, 140.2, 136.1 (t, J = 8.2 Hz), 

133.8, 129.0, 128.0, 127.9, 127.8, 127.2, 119.9, 119.7 (t, J = 245.3 Hz), 117.7 (t, J = 

26.7 Hz), 116.7, 54.0, 42.2 (t, J = 27.1 Hz), 31.4 (t, J = 4.3 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -94.90 (d, J = 253.5 Hz), -96.03 (d, J = 253.7 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C22H17F2N2O: 363.1309; found 363.1303. 

(2R)-2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(3-((methyl(3-phenyl-3-(4-

(trifluoromethyl)phenoxy)propyl)amino)methyl)-5-

(trifluoromethyl)phenyl)butanenitrile (4bc) 

 

The compound 4bc was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol), 2w (214.1 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 

nm violet LEDs at room temperature for 48 h under argon atmosphere. 78 mg, 54% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 4:1, Rf = 0.3, [α]𝐷25 = -1.6 

(c = 1.0 in CHCl3); 84% ee, 1:1 dr. determined by HPLC analysis (IA, hexane/i-PrOH, 

95:5 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major-1) = 10.18 min, tR (minor-

1) = 9.68 min; tR (major-2) = 11.48 min, tR (minor-2) = 8.78 min. 

1H NMR (400 MHz, CDCl3) δ 7.57 (s, 1H), 7.55 (s, 1H), 7.50 (d, J = 8.2 Hz, 3H), 7.48 

– 7.44 (m, 2H), 7.36 (t, J = 7.5 Hz, 2H), 7.33 – 7.27 (m, 5H), 7.21 (d, J = 5.6 Hz, 4H), 

7.18 – 7.13 (m, 1H), 6.75 (d, J = 6.4 Hz, 2H), 5.16 (dd, J = 10.8, 4.6 Hz, 1H), 4.08 (dt, 



S62 

J = 9.6, 4.0 Hz, 1H), 3.47 (t, J = 3.0 Hz, 2H), 2.89 – 2.70 (m, 1H), 2.61 – 2.40 (m, 3H), 

2.14 – 2.01 (m, 4H), 1.98 – 1.90 (m, 1H).  

13C{1H} NMR (101 MHz, CDCl3) δ 160.6, 141.9, 141.1, 140.1, 136.9 (t, J = 26.3 Hz), 

133.7, 131.6 (q, J = 32.8 Hz), 129.0, 128.9, 128.8 – 128.6 (m), 128.2, 128.0, 127.8, 

127.7, 127.2, 126.9 (q, J = 3.7 Hz), 125.9, 124.5 (q, J = 275.2 Hz), 123.7 (q, J = 272.3 

Hz), 122.9 (q, J = 33.2 Hz), 120.9 – 120.7 (m), 120.4 (t, J = 246.1 Hz), 119.7 (d, J = 

2.5 Hz), 115.7, 78.2, 61.8, 53.7, 45.1 (t, J = 27.6 Hz), 42.4, 36.7, 31.1.  

19F{1H} NMR (376 MHz, CDCl3) δ -61.51, -62.57, -95.96 (dd, J = 249.2, 53.8 Hz), -

96.91 (dd, J = 249.3, 31.1 Hz).  

HRMS-ESI (m/z): [M+H]+ calcd. for C41H35F8N2O: 723.2622; found 723.2625. 

(R)-2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(3-((((1S,2R,5S)-2-isopropyl-5-

methylcyclohexyl)oxy)methyl)-5-(trifluoromethyl)phenyl)butanenitrile (4bd) 

 

The compound 4bd was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol), 2x (152.9 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 

nm violet LEDs at room temperature for 48 h under argon atmosphere. 58.1 mg, 51% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 5:1, Rf = 0.3, [α]𝐷25 = -

33.1 (c = 1.0 in CHCl3); 92% ee, >20:1 dr. determined by HPLC analysis (AD-H, 

hexane/i-PrOH, 95:5 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 5.53 

min, tR (minor) = 4.72 min. 

1H NMR (400 MHz, CDCl3) δ 7.75 (s, 1H), 7.70 (d, J = 7.3 Hz, 2H), 7.61 (m, 4H), 

7.45 (m, 5H), 4.77 (d, J = 12.4 Hz, 1H), 4.51 (d, J = 12.4 Hz, 1H), 4.22 (dd, J = 9.7, 

4.4 Hz, 1H), 3.24 (td, J = 10.6, 4.1 Hz, 1H), 2.95 (m, 1H), 2.65 (m, 1H), 2.34 – 2.24 
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(m, 1H), 2.20 (d, J = 12.2 Hz, 1H), 1.70 (t, J = 10.0 Hz, 2H), 1.45 – 1.33 (m, 2H), 1.09 

– 0.85 (m, 9H), 0.78 (d, J = 6.9 Hz, 3H).  

13C{1H} NMR (101 MHz, CDCl3) δ 141.9, 141.4, 140.1, 136.9 (t, J = 26.4 Hz), 133.7, 

131.6 (q, J = 32.8 Hz), 129.0, 128.2, 127.9, 127.8, 127.2, 126.5 – 125.8 (m), 123.7 (q, 

J = 273.8 Hz), 121.1 – 120.7 (m), 120.4 (t, J = 246.0 Hz), 119.7, 79.8, 69.1, 48.4, 45.0 

(t, J = 27.4 Hz), 40.4, 34.6, 31.7, 31.1 (t, J = 3.4 Hz), 25.9, 23.5, 22.5, 21.1, 16.3.  

19F{1H} NMR (376 MHz, CDCl3) δ -62.70, -95.70 (d, J = 249.2 Hz), -97.52 (d, J = 

249.0 Hz). 

HRMS-ESI (m/z): [M+Na]+ calcd. for C34H36F5NONa: 592.2615; found 592.2614. 

(R)-2-([1,1'-biphenyl]-4-yl)-4-(3-((((3aS,5S,6R,6aS)-5-((R)-2,2-dimethyl-1,3-

dioxolan-4-yl)-2,2-dimethyltetrahydrofuro[2,3-d][1,3]dioxol-6-yl)oxy)methyl)-5-

(trifluoromethyl)phenyl)-4,4-difluorobutanenitrile (4be) 

 

The compound 4be was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol), 2y (194.5 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 

equiv), PTH-1 (5.5 mg, 10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 

nm violet LEDs at room temperature for 48 h under argon atmosphere. 75.4 mg, 56% 

isolated yield, colorless oil, (petroleum ether: ethyl acetate = 1:1, Rf = 0.3, [α]𝐷25 = -

15.0 (c = 1.0 in CHCl3); 91% ee, >20:1 dr. determined by HPLC analysis (AD-H, 

hexane/i-PrOH, 90:10 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 11.16 

min, tR (minor) = 9.73 min. 

1H NMR (400 MHz, CDCl3) δ 7.78 (s, 1H), 7.69 (s, 2H), 7.60 (d, J = 7.8 Hz, 2H), 7.56 

(d, J = 7.0 Hz, 2H), 7.45 (t, J = 7.5 Hz, 2H), 7.42 – 7.36 (m, 3H), 5.92 (d, J = 3.6 Hz, 

1H), 4.81 (d, J = 12.8 Hz, 1H), 4.72 (d, J = 12.8 Hz, 1H), 4.64 (d, J = 3.7 Hz, 1H), 4.37 
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(dd, J = 10.2, 5.7 Hz, 1H), 4.19 (dd, J = 9.6, 4.4 Hz, 1H), 4.15 – 4.10 (m, 2H), 4.06 – 

4.02 (m, 2H), 3.00 – 2.86 (m, 1H), 2.69 – 2.56 (m, 1H), 1.51 (s, 3H), 1.43 (s, 3H).1.36 

(s, 3H), 1.33 (s, 3H).  

13C{1H} NMR (101 MHz, CDCl3) δ 141.9, 140.3, 140.0, 137.1 (t, J = 26.5 Hz), 133.6, 

131.8 (q, J = 33.3 Hz), 129.0, 128.2, 127.9, 127.8, 127.2, 127.1 (t, J = 5.6 Hz), 126.3 – 

126.2 (m), 123.6 (q, J = 273.7 Hz), 121.5 – 121.3 (m), 120.3 (t, J = 246.2 Hz), 119.6, 

112.1, 109.5, 105.4, 82.5, 82.4, 81.4, 72.4, 71.0, 67.7, 45.0 (t, J = 27.5 Hz), 31.1 (t, J = 

3.4), 27.0, 26.9, 26.3, 25.3.  

19F{1H} NMR (376 MHz, CDCl3) δ -62.62, -95.69 (d, J = 249.8 Hz), -97.23 (d, J = 

249.4 Hz). 

HRMS-ESI (m/z): [M+Na]+ calcd. for C36H36F5NO6Na: 696.2360; found 696.2363. 

(R)-2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(3-((R)-1-(((2R,3S)-3-(4-fluorophenyl)-

4-((5-oxo-2,5-dihydro-1H-1,2,4-triazol-3-yl)methyl)morpholin-2-yl)oxy)ethyl)-5-

(trifluoromethyl)phenyl)butanenitrile (4bf) 

 

The compound 4bf was prepared according to the general procedure employing 1a 

(36.1 mg, 0.2 mmol, 2.0 equiv), 2z (53.4 mg, 0.1 mmol), 3 (14.9 mg, 0.15 mmol, 1.5 

equiv), PTH-1 (2.8 mg, 10 mol%), [Cu(MeCN)4]PF6 (0.9 mg, 2.5 mol%), and L1 (1.1 

mg, 3.0 mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 

nm violet LEDs at room temperature for 48 h under argon atmosphere. 33.2 mg, 46% 

isolated yield, white solid, mp: 182 – 184 ℃, (dichloromethane: methanol = 20:1, Rf = 

0.3, [α]𝐷25 = 41.8 (c = 1.0 in CHCl3); 82% ee, >20:1 dr. determined by HPLC analysis 

(AD-H, hexane/i-PrOH, 80:20 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) 

= 17.10 min, tR (minor) = 11.50 min. 

1H NMR (400 MHz, CDCl3) δ 10.84 (s, 1H), 10.53 (s, 1H), 7.65 – 7.56 (m, 4H), 7.53 

(s, 1H), 7.51 – 7.35 (m, 7H), 7.16 (s, 1H), 7.05 (d, J = 8.9 Hz, 3H), 4.87 (q, J = 6.6 Hz, 
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1H), 4.37 (s, 1H), 4.30 (t, J = 11.0 Hz, 1H), 4.15 (dd, J = 9.4, 4.4 Hz, 1H), 3.68 (d, J = 

10.5 Hz, 1H), 3.59 (d, J = 14.5 Hz, 1H), 3.47 (s, 1H), 2.95 (d, J = 13.5 Hz, 2H), 2.86 – 

2.72 (m, 1H), 2.57 (t, J = 11.8 Hz, 1H), 2.51 – 2.42 (m, 1H), 1.47 (d, J = 6.5 Hz, 3H).  

13C{1H} NMR (101 MHz, CDCl3) δ 163.8 (d, J = 248.4 Hz), 157.4, 145.3 (d, J = 4.8 

Hz), 141.8, 140.0, 136.9 (t, J = 26.4 Hz), 133.6, 132.4 (d, J = 3.2 Hz), 131.7 (q, J = 33.2 

Hz), 131.1 (d, J = 7.9 Hz), 129.0, 128.2, 128.0, 127.9, 127.2, 126.2 (t, J = 4.0 Hz), 125.0 

(m), 123.3 (q, J = 273.9 Hz), 121.5 – 120.9 (m), 120.1 (t, J = 246.7 Hz), 119.6, 115.6 

(d, J = 21.5 Hz), 95.5, 72.8, 69.0, 59.4, 52.4, 51.0, 44.7 (t, J = 27.6 Hz), 31.0 (t, J = 3.5 

Hz), 24.5.  

19F{1H} NMR (376 MHz, CDCl3) δ -62.73, -95.50 (d, J = 250.1 Hz), -97.15 (d, J = 

249.8 Hz), -113.41. 

HRMS-ESI (m/z): [M+H]+ calcd. for C38H34F6N5O3: 722.2566; found 722.2568. 

5. Product Derivatization 

5.1 Gram-scale reaction (4a) 

 

In a flame-dried 250.0 mL Schlenk quartz tube equipped with a magnetic stir bar was 

sequentially charged with Cu(MeCN)4PF6 (55.9 mg, 2.5 mol%) and L1 (64.2 mg, 3 

mol%) under Ar atmosphere, followed by the addition of super dry N,N-

Dimethylformamide (30 mL). The mixture was stirred at room temperature for 30 min. 

To the resulting mixture was then added PTH-1 (165.2 mg, 0.6 mmol, 10 mol%), 1a 

(1.08 g, 6.0 mmol), 2a (2.568 g, 12 mmol, 2.0 equiv), 3 (892.9 mg, 9.0 mmol, 1.5 equiv) 

and super dry acetonitrile (90 mL) under Ar. The mixture was stirred at a distance of 

2~3 cm from a 410 nm LEDs at 25 ℃ until the reaction was completed, as monitored 

by TLC analysis. The mixture was diluted with water (100 mL) and then extracted with 

ethyl acetate (50 mL×3), Combine organic phase and wash saturated NaCl (100 mL), 

dried over anhydrous Na2SO4, and concentrated under reduced pressure. The residue 
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was purified by flash chromatography on silica gel (petroleum ether: ethyl acetate = 

12:1) to give the product 4a with 52 % yield and 92% ee. 

5.2 General procedure for synthesis of 5-14 

Synthesis of methyl (R)-2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(3-(trifluorometh

yl)phenyl)butanoate (5)[19] 

 

To a solution of 4a (80.3 mg, 0.2 mmol) in methanol (2.0 mL) was added 37% HCl (2.0 

mL), the reaction was heated to 80 ℃ in a sealed tube and stirred 48 h under argon 

atmosphere. After cooling to room temperature, the reaction was quenched with cold 

water and extracted with ethyl acetate (10 mL×3). The combined organic phase was 

dried over Na2SO4, filtered and concentrated under vacuum. The product was purified 

by silica gel column chromatography (petroleum ether: ethyl acetate = 15:1, Rf = 0.3) 

to give 5 as a colorless oil. (66.9 mg, 77% yield, [α]𝐷25 = -43.5 (c = 1.0 in CHCl3); 91% 

ee, determined by HPLC analysis (AD-H, hexane/i-PrOH, 95:5 v/v, flow rate 1.0 

mL/min, λ = 254 nm, 25 ℃), tR (major) = 6.90 min, tR (minor) = 5.70 min) 

1H NMR (400 MHz, CDCl3) δ 7.66 (s, 1H), 7.61 (t, J = 7.9 Hz, 2H), 7.57 – 7.52 (m, 

5H), 7.36 (t, J = 7.5 Hz, 2H), 7.37 – 7.33 (m, 3H), 3.94 (dd, J = 9.5, 3.9 Hz, 1H), 3.56 

(s, 3H), 3.33 – 3.16 (m, 1H), 2.60 – 2.47 (m, 1H).  

13C{1H} NMR (101 MHz, CDCl3) δ 173.3, 140.9, 140.6, 137.8 (t, J = 27.0 Hz), 137.0, 

131.2 (q, J = 32.8 Hz), 129.3, 128.9, 128.7 (t, J = 6.8 Hz), 128.2, 127.8, 127.6, 127.2, 

127.1 – 126.7 (m), 123.8 (q, J = 273.9 Hz), 122.3 – 122.2 (m), 121.4 (t, J = 245.3 Hz), 

52.6, 45.2 (t, J = 3.3 Hz), 42.7 (t, J = 27.0 Hz).  

19F{1H} NMR (376 MHz, CDCl3) δ -62.75, -96.34 (d, J = 247.8 Hz), -96.39 (d, J = 

247.8 Hz).  

HRMS-ESI (m/z): [M-H]– calcd. for C24H18F5O2: 433.1227; found 433.1227. 

Synthesis of (R)-2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(3-(trifluoromethyl)phen
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yl)butan-1-amine (6)[20] 

 

BH3·SMe2 (0.3 mmol) was added to a solution of 4a (80.3 mg, 0.2 mmol) in dry THF 

(2 mL) at room temperature under an Ar atmosphere, and then refluxed for 18 h. The 

reaction was quenched by the dropwise addition of 6 M aqueous HCl (1 mL). After 

refluxing for a further 2 h, the solution was made basic with 6 M aqueous NaOH, then 

extracted three times with CH2Cl2. The combined extracts were dried over Na2SO4 and 

the solvent was removed in vacuo. The product was purified by silica gel column 

chromatography (dichloromethane: methanol = 10/1, Rf = 0.3) to give 6 as a colorless 

oil. (64.8 mg, 80% yield, [α]𝐷25 = -2.2 (c = 1.0 in CHCl3); 93% ee, determined by HPLC 

analysis (IC, hexane/i-PrOH, 80:20 v/v, flow rate 0.5 mL/min, λ = 254 nm, 25 ℃), tR 

(major) = 14.07 min, tR (minor) = 13.05 min)  

1H NMR (400 MHz, CDCl3) δ 7.67 – 7.59 (m, 2H), 7.58 – 7.55 (m, 3H), 7.50 – 7.40 

(m, 5H), 7.36 (t, J = 7.3 Hz, 1H), 7.14 (d, J = 7.8 Hz, 2H), 3.03 – 2.90 (m, 3H), 2.65 – 

2.49 (m, 2H), 1.37 (s, 2H).  

13C{1H} NMR (101 MHz, CDCl3) δ 141.1, 140.8, 139.9, 138.3 (t, J = 27.3 Hz), 131.0 

(q, J = 32.8 Hz), 129.1, 128.9, 128.6 (t, J = 5.9 Hz), 128.3, 127.5, 127.4, 127.1, 126.6 

– 126.5 (m), 123.8 (q, J = 272.9 Hz) , 122.4 – 122.1 (m), 122.2 (t, J = 244.9 Hz), 48.3, 

43.5 (t, J = 2.9 Hz), 42.8 (t, J = 26.6 Hz).  

19F{1H} NMR (376 MHz, CDCl3) δ -62.74, -90.81 (d, J = 247.3 Hz), -96.35 (d, J = 

247.3 Hz).  

HRMS-ESI (m/z): [M+H]+ calcd. for C23H21F5N: 406.1594; found 406.1597. 

Synthesis of tert-butyl (R)-(2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(3-(trifluorom

ethyl)phenyl)butyl)carbamate (7)[21] 
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To a solution of 4a (40.1 mg, 0.1 mmol), NiCl2·6H2O (0.3 mmol, 3.0 equiv) and 

(Boc)2O (0.3 mmol, 3.0 equiv) in methanol (4 mL) was added NaBH4 (0.5 mmol, 5 

equiv) slowly at 0 ℃, the reaction was stirred 12 h under argon atmosphere at 25 °C. 

Filter through a Celite bed, concentrate and extract with ethyl acetate (10 mL×3). The 

combined organic phase was dried over Na2SO4, filtered and concentrated under 

vacuum. The product was purified by silica gel column chromatography (petroleum 

ether: ethyl acetate = 5:1, Rf = 0.3) to give 7 as a white solid, mp: 138 – 140 ℃. (42.9 

mg, 85% yield, [α]𝐷25 = 14.2 (c = 1.0 in CHCl3); 92% ee, determined by HPLC analysis 

(IB, hexane/i-PrOH, 93:7 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 

12.19 min, tR (minor) = 8.12 min)  

1H NMR (400 MHz, CDCl3) δ 7.61 (d, J = 8.8 Hz, 2H), 7.58 – 7.53 (m, 3H), 7.50 – 

7.41 (m, 5H), 7.35 (t, J = 7.2 Hz, 1H), 7.13 (d, J = 8.3 Hz, 2H), 4.47 (t, J = 6.1 Hz, 1H), 

3.62 – 3.56 (m, 1H), 3.27 – 3.20 (m, 1H), 3.17 – 3.06 (m, 1H), 2.66 – 2.51 (m, 2H), 

1.41 (s, 9H).  

13C{1H} NMR (101 MHz, CDCl3) δ 156.0, 140.8, 140.4, 140.0, 138.2 (t, J = 27.2 Hz), 

131.0 (q, J = 32.5 Hz), 129.2, 128.9, 128.6 (t, J = 6.2 Hz), 128.2, 127.5, 127.4, 127.1, 

126.7 – 126.5 (m), 123.8 (q, J = 273.5 Hz), 122.4 – 122.2 (m), 122.1 (t, J = 245.1 Hz), 

79.6, 46.5, 42.5 (t, J = 26.7 Hz), 40.6, 28.4.  

19F{1H} NMR (376 MHz, CDCl3) δ -62.75, -90.63 (d, J = 247.4 Hz), -96.57 (d, J = 

247.4 Hz).  

HRMS-ESI (m/z): [M+Na]+ calcd. for C28H28F5NO2Na: 528.1938; found 528.1933. 

Synthesis of 2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(3-

(trifluoromethyl)phenyl)butanal (8) [19] 

 

DIBAL-H (1.0 M hexane solution, 0.12 mmol) was slowly added to a solution of 4a 

(40.1 mg, 0.1 mmol) in dry toluene (2 mL) at –78 °C under Ar. After stirring for 2.0 h 

at the same temperature, the solution was poured into 1 M HCl aq and extracted with 
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CH2Cl2. The combined organic layers were dried over MgSO4 and concentrated in 

vacuo. The residue was purified by silica column chromatography (petroleum ether: 

ethyl acetate = 15:1, Rf = 0.3) to give 8 as a colorless oil. (28.5mg, 70%)  

1H NMR (400 MHz, CDCl3) δ 9.67 (s, 1H), 7.71 (s, 1H), 7.69 – 7.64 (m, 2H), 7.58 – 

7.51 (m, 5H), 7.45 (t, J = 7.6 Hz, 2H), 7.37 (t, J = 7.3 Hz, 1H), 7.21 (d, J = 8.3 Hz, 2H), 

4.03 (t, J = 6.3 Hz, 1H), 3.32 – 3.18 (m,1H), 2.60 – 2.41 (m, 1H).  

13C{1H} NMR (101 MHz, CDCl3) δ 197.4, 141.2, 140.4, 137.9 (t, J = 27.1 Hz), 133.9, 

131.2 (q, J = 32.8 Hz), 129.4, 129.4, 129.0, 128.6 (t, J = 6.0 Hz), 128.2, 127.8, 127.2, 

127.0 – 126.9 (m), 123.8 (q, J = 272.9 Hz), 122.3 – 122.1 (m), 121.7 (t, J = 245.0 Hz), 

52.8 (t, J = 2.2 Hz), 38.8 (t, J = 27.1 Hz).  

19F{1H} NMR (376 MHz, CDCl3) δ -62.77, -93.73 (d, J = 247.8 Hz), -96.30 (d, J = 

247.9 Hz).  

HRMS-ESI (m/z): [M-H]– calcd. for C23H16F5O: 403.1121; found 403.1128. 

Synthesis of (R)-2-([1,1'-biphenyl]-4-yl)-4,4-difluoro-4-(3-

(trifluoromethyl)phenyl)butanamide (9) [21] 

 

A mixture of 4a (80.3 mg, 0.2 mmol), acetaldoxime (47.3 mg, 0.8 mmol), Pd(OAc)2 

(4.5 mg, 0.02 mmol) and PPh3 (10.5 mg, 0.04 mmol) in aqueous EtOH (EtOH/H2O = 

3/1, 4 mL) was heated to 75 °C in a 25 mL round-bottomed flask for 3 hours under 

argon atmosphere. The reaction mixture was filtered through a pad of Celite and washed 

with DCM. The combined organic layers were concentrated under vacuum. The product 

was purified by silica gel column chromatography (petroleum ether: ethyl acetate = 2:1, 

Rf = 0.3) to give 9 as a white solid, mp: 146 – 148 ℃. (67.9 mg, 81% yield, [α]𝐷25 = -

51.8 (c = 1.0 in CHCl3); 83% ee, determined by HPLC analysis (IB, hexane/i-PrOH, 

80:20 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 7.56 min, tR (minor) 

= 8.34 min)  

1H NMR (400 MHz, CDCl3) δ 7.73 (s, 1H), 7.68 (t, J = 6.3 Hz, 2H), 7.60 – 7.51 (m, 
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5H), 7.46 (t, J = 7.5 Hz, 2H), 7.40 – 7.35 (m, 3H), 5.50 (s, 2H), 3.87 (t, J = 6.4 Hz, 1H), 

3.45 – 3.30 (m, 1H), 2.63 – 2.49 (m, 1H).  

13C{1H} NMR (101 MHz, CDCl3) δ 174.3, 140.8, 140.5, 138.1, 138.0 (t, J =27.1 Hz), 

131.1 (q, J = 32.6 Hz), 129.3, 128.9, 128.6 (t, J = 6.1 Hz), 128.3, 127.9, 127.6, 127.1, 

127.0 – 126.6 (m), 123.8 (q, J = 273.5 Hz), 122.3 – 122.0 (m), 121.8 (t, J = 244.7 Hz), 

46.2 (t, J = 2.6 Hz), 42.1 (t, J = 26.6 Hz).  

19F{1H} NMR (376 MHz, CDCl3) δ -62.73, -95.35 (d, J = 247.1 Hz), -96.34 (d, J = 

246.9 Hz).  

HRMS-ESI (m/z): [M-H]– calcd. for C23H17F5NO: 418.1230; found 418.1223. 

Synthesis of (R)-5-(1-([1,1'-biphenyl]-4-yl)-3,3-difluoro-3-(3-

(trifluoromethyl)phenyl)propyl)-1H-tetrazole (10)[22] 

 

To a solution of 4a (40.1 mg, 0.1 mmol) in toluene (2.0 mL) was added 

trimethylsilylazide (115 mg, 1.0 mmol) and tributyltin oxide (61.5 mg, 0.2 mmol). The 

reaction mixture was stirred at 80 °C for 48 h. The reaction mixture was concentrated 

under vacuum, the product was purified by silica gel column chromatography 

(dichloromethane: methanol = 20:1, Rf = 0.3) to give 10 as a colorless oil. (32.0 mg, 72% 

yield, [α]𝐷25 = -3.3 (c = 1.0 in CHCl3); 94% ee, determined by HPLC analysis (AD-H, 

hexane/i-PrOH, 85:15 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), tR (major) = 8.19 

min, tR (minor) = 5.74 min)  

1H NMR (400 MHz, CDCl3) δ 15.12 (s, 1H), 7.67 (s, 1H), 7.61 – 7.57 (m, 2H), 7.48 – 

7.42 (m, 4H), 7.42 – 7.38 (m, 3H), 7.35 (t, J = 7.5 Hz, 2H), 7.33 – 7.28 (m, 1H), 5.06 

(t, J = 2.0 Hz, 1H), 3.64 – 3.50 (m, 1H), 3.08 – 2.94 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 141.2, 140.1, 137.3 (t, J = 26.8 Hz), 131.1 (q, J = 

32.8 Hz), 129.4, 128.9, 128.5 (t, J = 5.4 Hz), 128.2, 128.0, 127.7, 127.1, 123.6 (q, J = 

273.3 Hz), 122.1 – 122.0 (m), 121.3 (t, J = 245.2 Hz), 43.9 (t, J = 26.9 Hz), 35.7.  
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19F{1H} NMR (376 MHz, CDCl3) δ -62.79 (d, J = 4.7 Hz), -94.71 (d, J = 247.6 Hz), -

96.78 (d, J = 247.4 Hz).  

HRMS-ESI (m/z): [M-H]– calcd. for C23H16F5N4: 443.1295; found 443.1302. 

Synthesis of dimethyl (R)-2-(1-([1,1'-biphenyl]-4-yl)-3,3-difluoro-3-(3-(trifluoro

methyl)phenyl)propyl)-5,7-dihydro-6H-cyclopenta[b]pyridine-6,6-dicarboxylate 

(11)[23] 

 

rac-BINAP (5 mol%) and [Rh(COD)2]BF4 (5 mol%) were dissolved in DCM (1.0 mL), 

and the mixture was stirred at room temperature for 20 min. To this mixture was added 

4a (40.1 mg, 0.1 mmol) and dimethyl 2,2-di(prop-2-yn-1-yl) malonate (31.5 mg, 0.15 

mmol). The reaction was stirred at 50 ºC for 24 hours. The reaction mixture was filtered 

through a pad of Celite and washed with DCM. The combined organic layers were 

concentrated under vacuum. The product was purified by silica gel column 

chromatography (petroleum ether: ethyl acetate = 3:1, Rf = 0.3) to give 11 as a colorless 

oil. (41.2 mg, 68% yield, [α]𝐷25 = -5.9 (c = 1.0 in CHCl3); 92% ee, determined by HPLC 

analysis (AD-H, hexane/i-PrOH, 85:15 v/v, flow rate 1.0 mL/min, λ = 254 nm, 25 ℃), 

tR (major) = 11.59 min, tR (minor) = 9.89 min) 

1H NMR (400 MHz, CDCl3) δ 8.33 (s, 1H), 7.61 (s, 1H), 7.56 (d, J = 8.0 Hz, 2H), 7.52 

(d, J = 8.3 Hz, 2H), 7.46 (d, J = 8.0 Hz, 2H), 7.41 (t, J = 7.7 Hz, 3H), 7.38 – 7.29 (m, 

3H), 6.92 (s, 1H), 4.35 (t, J = 6.8 Hz, 1H), 3.77 (s, 3H), 3.72 (s, 3H), 3.61 – 3.42 (m, 

5H), 3.01 – 2.82 (m, 1H).  

13C{1H} NMR (101 MHz, CDCl3) δ 171.6, 160.2, 150.6, 144.9, 142.1, 140.9, 139.8, 

138.2 (t, J = 26.9 Hz), 134.2, 130.7 (q, J = 32.9 Hz), 129.0, 128.8 (t, J = 6.1 Hz),128.3, 

128.8, 127.5, 127.3, 127.1, 126.6 – 126.2 (m), 123.8 (q, J = 272.0 Hz), 122.6 – 122.3 

(m), 122.2 (t, J = 244.7 Hz), 119.2, 60.1, 53.3, 47.3, 43.9 (t, J = 27.0 Hz), 40.3, 38.1. 
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19F{1H} NMR (376 MHz, CDCl3) δ -62.72, -92.39 (d, J = 247.3 Hz), -95.79 (d, J = 

247.1 Hz).  

HRMS-ESI (m/z): [M+H]+ calcd. for C34H29F5NO4: 610.2017; found 610.2017. 

(R)-4,4-difluoro-2-phenyl-4-(2-(trifluoromethyl)phenyl)butanenitrile (12) 

 

The compound 12 was prepared according to the general procedure employing 1t (20.8 

mg, 0.2 mmol), 2c (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), 

PTH-8 (5.2 mg, 10 mol%), [Cu(MeCN)4]PF6 (3.7 mg, 5 mol%), and L1 (4.3 mg, 6 

mol%) in VMeCN: VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 390 nm 

violet LEDs at room temperature for 10 h under argon atmosphere. (33.8 mg, 52% 

isolated yield, colorless oil, petroleum ether: ethyl acetate = 10:1, Rf = 0.3, [α]𝐷25 = 16.1 

(c = 1.0 in CHCl3); 91% ee, determined by HPLC analysis (IB, hexane/i-PrOH, 98:2 

v/v, flow rate 1.0 mL/min, λ = 210 nm, 25 ℃), tR (major) = 9.87 min, tR (minor) = 10.70 

min) 

1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 7.8 Hz, 1H), 7.73 (d, J = 7.9 Hz, 1H), 7.66 

(t, J = 7.6 Hz, 1H), 7.60 (t, J = 7.6 Hz, 1H), 7.42 – 7.32 (m, 5H), 4.2 (dd, J = 10.2, 4.0 

Hz, 1H), 3.0 – 2.8 (m, 1H), 2.7 – 2.5 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 135.0, 134.4 (t, J = 26.9 Hz), 132.4, 130.8, 129.5, 

128.7, 128.0 (t, J = 9.1 Hz), 127.7 (q, J = 6.4 Hz), 127.3, 123.6 (q, J = 274.2 Hz), 120.5 

(t, J = 246.4 Hz), 119.8, 45.7 (tq, J = 26.9, 2.8 Hz), 31.3 (t, J = 3.3 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -57.7 (dd, J = 18.0, 13.9 Hz), -93.0 (dq, J = 252.5, 

14.3 Hz), -94.5 (dq, J = 252.7, 14.3 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C17H11F5N: 324.0812; found 324.0811. 

(R)-4,4-difluoro-2-phenyl-4-(2-(trifluoromethyl)phenyl)butanamide (13) [21] 
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A mixture of 12 (65.1 mg, 0.2 mmol), acetaldoxime (47.3 mg, 0.8 mmol), Pd(OAc)2 

(4.5 mg, 0.02 mmol) and PPh3 (10.5 mg, 0.04 mmol) in aqueous EtOH (EtOH/H2O = 

3/1, 4 mL) was heated to 75 °C in a 25 mL round-bottomed flask for 3 hours under 

argon atmosphere. The reaction mixture was filtered through a pad of Celite and washed 

with DCM. The combined organic layers were concentrated under vacuum. The product 

was purified by silica gel column chromatography (petroleum ether: ethyl acetate = 3:1, 

Rf = 0.2) to give 13 as a yellow solid, mp: 114 – 116 ℃. (49.8 mg, 73% isolated yield, 

[α]𝐷25 = -15.9 (c = 1.0 in CHCl3); 74% ee, determined by HPLC analysis (IB, hexane/i-

PrOH, 80:20 v/v, flow rate 1.0 mL/min, λ = 210 nm, 25 ℃), tR (major) = 5.75 min, tR 

(minor) = 9.65 min) 

1H NMR (400 MHz, CDCl3) δ 7.74 (d, J = 8.0 Hz, 1H), 7.61 (t, J = 7.5 Hz, 1H), 7.60 

– 7.51 (m, 2H), 7.32 – 7.28 (m, 5H), 5.5 (s, 2H), 3.94 (dd, J = 7.5, 5.4 Hz, 1H), 3.35 – 

3.21 (m, 1H), 2.63 – 2.47 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 174.4, 139.4, 135.8 (t, J = 27.4 Hz), 132.0, 130.2, 

129.1, 128.2 (t, J = 9.0 Hz), 127.9, 127.8, 127.5 (q, J = 6.4 Hz), 123.6 (q, J = 274.7 Hz), 

122.0 (t, J = 246.4 Hz), 46.4 (t, J = 3.0 Hz), 42.8 (t, J = 24.2 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -57.7 (dd, J = 19.5, 13.5 Hz), -93.1 (dq, J = 250.1, 

13.9 Hz), -94.1 (dq, J = 250.1, 13.9 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C17H13F5NO: 342.0917; found 342.0923. 

(R)-3,3-difluoro-1-phenyl-3-(2-(trifluoromethyl)phenyl)propan-1-amine (14)[24] 

 

[Bis(trifluoroacetoxy)iodo]benzene (51.6 mg, 0.12 mmol) and H2O (0.2 mL) were 

added sequentially to a stirred solution of 13 (34.3 mg, 0.1 mmol) in MeCN (1.0 mL) 

at rt. After 10 h the reaction mixture was acidified with 6 M aq HCl (0.1 mL) and 

washed with Et2O (2×5 mL). The resultant aqueous solution was then basified (to pH 
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14) using 2.0 M aq NaOH and extracted with CH2Cl2 (2×10 mL). The combined organic 

layers were concentrated under vacuum. The product was purified by silica gel column 

chromatography (dichloromethane: methanol = 10:1, Rf = 0.3) to give 14 as a colorless 

oil. (25.6 mg, 81% isolated yield, [α]𝐷25 = -5.9 (c = 1.0 in CHCl3); 75% ee, determined 

by HPLC analysis (IB, hexane/i-PrOH, 85:15 v/v, flow rate 1.0 mL/min, λ = 210 nm, 

25 ℃), tR (major) = 5.45 min, tR (minor) = 6.25 min). 

1H NMR (400 MHz, CDCl3) δ 7.77 (d, J = 7.8 Hz, 1H), 7.66 (d, J = 7.8 Hz, 1H), 7.60 

(t, J = 7.6 Hz, 1H), 7.52 (t, J = 7.6 Hz, 1H), 7.37 – 7.30 (m, 4H), 7.26 – 7.22 (m, 1H), 

4.5 (dd, J = 8.1, 4.2 Hz, 1H), 2.6 – 2.4 (m, 2H), 1.8 (s, 2H). 

13C{1H} NMR (101 MHz, CDCl3) δ 145.3, 136.2 (t, J = 26.3 Hz), 132.0, 130.1, 128.8, 

127.9 (t, J = 9.1 Hz), 127.7 (q, J = 6.6 Hz), 127.5, 126.4, 123.7 (q, J = 273.7 Hz), 122.4 

(t, J = 246.4 Hz), 51.1, 49.3 (t, J = 25.3 Hz).  

19F{1H} NMR (376 MHz, CDCl3) δ -57.6 (t, J = 15.0 Hz), -91.6 (dq, J = 250.0, 15.8 

Hz), -94.2 (dq, J = 249.7, 15.8 Hz). 

HRMS-ESI (m/z): [M-H]– calcd. for C16H13F5N: 314.0968; found 314.0961. 

6. Mechanistic Studies 

6.1 Radical trapping experiments 

 

In a flame-dried 10.0 mL Schlenk quartz tube equipped with a magnetic stir bar was 

charged sequentially with Cu(MeCN)4PF6 (1.9 mg, 2.5 mol%) and L1 (2.1 mg, 3.0 

mol%) under Ar atmosphere, followed by the addition of super dry N,N-
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Dimethylformamide (3.0 mL). Then the mixture was stirred at room temperature for 30 

min. To the resulting mixture were added PTH-1 (5.5 mg, 0.02 mmol, 10 mol%), 1a 

(36.1 mg, 0.20 mmol, 1.0 equiv), 2a (85.6 mg, 0.4 mmol, 2.0 equiv), TMSCN (29.8 mg, 

0.3 mmol, 1.5 equiv), super dry acetonitrile (3.0 mL) and TEMPO or BHT (0.60 mmol 

3.0 equiv) under Ar. The mixture was stirred at a distance of 2~3 cm from a 410 nm 

LEDs at rt for about 24 h as monitored by TLC analysis. The corresponding trapping 

product 15 and 16 were detected by HRMS. 

 

 

Figure S1: Image for HRMS analysis of 15 
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Figure S2: Image for HRMS analysis of 16 

6.2 Radical clock experiment 

 

The compound 17 as synthesized according to literature procedures[25]. This reaction 

was conducted according to the general procedure employing 17 (59.3 mg, 0.2 mmol), 

2a (85.6 mg, 0.4 mmol, 2.0 equiv), 3 (29.8 mg, 0.3 mmol, 1.5 equiv), PTH-1 (5.5 mg, 

10 mol%), [Cu(MeCN)4]PF6 (1.9 mg, 2.5 mol%), and L1 (2.1 mg, 3.0 mol%) in VMeCN: 

VDMF = 3: 1 [0.05 M] were stirred, irradiation with 20 W 410 nm violet LEDs at room 

temperature for 24 h under argon atmosphere. 

(R)-5-([1,1'-biphenyl]-4-yl)-7,7-difluoro-2-phenyl-7-(3-

(trifluoromethyl)phenyl)hept-4-enenitrile (18); 64% isolated yield, colorless oil, Z/E 

= 8:1, petroleum ether: ethyl acetate = 10:1, Rf = 0.3, [α]D
25 = 14.2 (c = 1.0 in CHCl3); 

71% ee, determined by HPLC analysis (IA, hexane/i-PrOH, 95:5 v/v, flow rate 1.0 
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mL/min, λ = 254 nm, 25 ℃), tR (major-1) = 10.27 min, tR (minor-1) = 8.94 min; tR 

(major-2) = 15.27 min, tR (minor-2) = 19.52 min. 

1H NMR (400 MHz, CDCl3) δ 7.50 – 7.42 (m, 5H), 7.36 – 7.31 (m, 5H), 7.30 – 7.21 

(m, 4H), 7.14 – 7.01 (m, 2H), 6.76 (d, J = 7.9 Hz, 2H), 5.58 (t, J = 7.4 Hz, 1H), 3.67 (t, 

J = 7.0 Hz, 1H), 3.18 (t, J = 15.4 Hz, 2H), 2.50 (t, J = 7.2 Hz, 2H). 

13C{1H} NMR (101 MHz, CDCl3) δ 140.6, 140.2, 137.8, 136.4 (t, J = 27.1 Hz), 136.4 

(t, J = 4.1 Hz), 134.9, 130.8 (q, J = 32.7 Hz), 129.3, 129.2, 129.1, 128.9, 128.8 (t, J = 

5.6 Hz), 128.6, 128.6, 128.3, 127.5, 127.5, 127.1, 127.0, 126.7 – 126.4 (m), 123.8 (q, J 

= 270.2 Hz), 122.5 – 122.4 (m), 121.2 (t, J = 246.2 Hz), 120.3, 48.3 (t, J = 27.8 Hz), 

37.4, 35.2.  

19F{1H} NMR (376 MHz, CDCl3) δ -62.69, -93.48 (d, J = 39.9 Hz).  

HRMS-ESI (m/z): [M+Na]+ calcd. for C32H24F5NNa: 540.1727; found 540.1730. 

6.3 UV-Vis absorption spectra 

UV-Vis spectra of the individual component were recorded, including substrate 1a, 2a, 

PTH-1, copper salts Cu(MeCN)4PF6, and copper complexes Cu(MeCN)4PF6/L1 

(generated in situ by stirring a 1:1.2 mixture of Cu(MeCN)4PF6 and chiral ligand L1). 

All of the samples were prepared as a 1.0 mM solution in DMF (super dry) and used 

freshly for the measurement. 

 

Figure S3. UV/Vis absorption spectra of the related components recorded in DMF. 
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6.4 Stern-Volmer luminescence quenching studies 

Stern-Volmer quenching experiments were carried by Agilent Technologices F-4600 

spectrofluorometer, using a 2×10-4 M solution of photoredox catalyst PTH-1 variable 

concentrations (2×10-3, 4×10-3, 6×10-3, 8×10-3 M) of 1,3-bis(trifluoromethyl)-benzene, 

Cu(MeCN)4PF6 and Cu(MeCN)4PF6/L1, 1,3-bis(trifluoromethyl)-benzene (4×10-3, 

0.8×10-3, 1.2×10-3, 1.6×10-3, 4×10-3 M) in super dry DMF. The samples were prepared 

in 4 mL quartz cuvettes, equipped with PTFE stoppers, and sealed with parafilm inside 

Ar filled glove-box. The solution was irradiated at 350 nm and the fluorescence was 

measured from 370 nm to 600 nm. The intensity of the emission peak at 445.6 nm 

expressed as the ratio I0/I, where I0 is the emission intensity of photoredox catalyst at 

445.6 nm in the absence of a quencher and I is the observed intensity, as a function of 

the quencher concentration was measured. Stern-Volmer plots for each component were 

given in Figures S4-S6 below. 

  

Figure S4. Photoredox catalyst emission quenching by 2a. 
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Figure S5. Photoredox catalyst emission quenching by Cu salt/L1. 

  

Figure S6. Photoredox catalyst emission quenching by Cu salt/L1+2a. 

 

Figure S7. Stern-Volmer fluorescence quenching studies of photoredox catalyst with different 

concentrations of quencher. (2a, Cu salt/L1, Cu salt/L1+2a) 

6.5 Light on/off experiments 

 

In a flame-dried 10.0 mL Schlenk quartz tube equipped with a magnetic stir bar was 

charged sequentially with Cu(MeCN)4PF6 (0.9 mg, 2.5 μmol) and L1 (1.1 mg, 3.0 μmol) 

under Ar atmosphere, followed by the addition of super dry N,N-Dimethylformamide 

(0.5 mL). Then the mixture was stirred at room temperature for 30 min. To the resulting 

mixture was added PTH-1 (0.01 mmol, 10 mol%), 1a (0.1 mmol, 1.0 equiv), 2a (0.2 
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mmol, 2.0 equiv), TMSCN (0.15 mmol, 1.5 equiv) and super dry acetonitrile (1.5 mL) 

under Ar. The mixture was stirred at a distance of 2~3 cm from a 410 nm LEDs at 25 ℃ 

for 2 h and then stirred in the dark for 2 h. This procedure was repeated alternatively 

for 10 h, and the yield of the product was determined by 1H NMR with 1,3,5-

trimethoxybenzene as an internal standard at each point the light was turned off or on. 

The results are shown in Figure S8 below. This result shows that constant light 

irradiation is needed to progress the reaction. 

 

Figure S8. Light-on/light-off experiments. 

6.6 Quantum yield calculation 

 

In a flame-dried 10.0 mL Schlenk quartz tube equipped with a magnetic stir bar was 

charged sequentially with Cu(MeCN)4PF6 (0.9 mg, 2.5 μmol) and L1 (1.1 mg, 3.0 μmol) 

under Ar atmosphere, followed by the addition of super dry N,N-Dimethylformamide 

(0.5 mL). Then the mixture was stirred at room temperature for 30 min. To the resulting 

mixture was added PTH-1 (0.01 mmol, 10 mol%), 1a (0.1 mmol, 1.0 equiv), 2a (0.2 

mmol, 2.0 equiv), TMSCN (0.15 mmol, 1.5 equiv) and super dry acetonitrile (1.5 mL) 

under Ar. The sample was irradiated (λ = 410 nm with intensity of 1.782 W/cm2) for 

7200s. After irradiation, the yield of product was determined by 1H NMR with 1,3,5-

trimethoxybenzene as an internal standard. The quantum yield was determined as 
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follows: [26] 

M = 0.1 mmol × 21.9% = 0.0219 mmol = 2.19 × 10-5 mol 

The light intensity of purple LED strip light (λ = 410 nm, 20 W) was 1.782 W/cm2 

𝜂 =
𝑁𝑒

𝑁𝑝
× 100% =

2×𝑀×𝑁𝐴
𝑆×𝑃×𝑡

ℎ×
𝑐
𝜆

× 100% =
2×𝑀×𝑁𝐴×ℎ×𝑐

𝑆×𝑃×𝑡×𝜆
× 100%

=
2×(2.19×10−5)×(6.022×1023)×(6.63×10−34)×(3×108)

1.766×1.782×7200×(410×10−9)
× 100% = 0.06%

  

Where, M represents the amount of formed product (mol), NA is the Avogadro constant 

(6.022×1023 mol-1), h is the Planck constant (6.63×10-34 J·s), c is the light speed (3×108 

m·s-1), S is the irradiation area (rquartz tube = 0.75 cm, S = πr²=1.766 cm2), P is the light 

intensity (1.782 W·cm-2), t is irradiation time (7200 s), λ is the wavelength of light (m).  

Therefore, the low quantum yield (φ = 0.06%) indicates that a radical chain process did 

not appear to be involved. 

6.7 Non-linear effect experiments 

 

Table S8. The ee values of product catalyzed by ligand in different ee value 

Entry L1 (ee %) Product 4a (ee %) 

1 100 92 

2 50 41 

3 0 0 

4 -50 -41 

5 -100 -92 
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Figure S9. Relationship between ee values of ligand L1 and product 4a. 

In a flame-dried 10.0 mL Schlenk quartz tube equipped with a magnetic stir bar was 

charged sequentially with Cu(MeCN)4PF6 (0.9 mg, 2.5 μmol) and L1 (1.1 mg, 3.0 μmol) 

under Ar atmosphere, followed by the addition of super dry N,N-Dimethylformamide 

(0.5 mL). Then the mixture was stirred at room temperature for 30 min. To the resulting 

mixture was added PTH-1 (0.01 mmol, 10 mol%), 1a (0.1 mmol, 1.0 equiv), 2a (0.2 

mmol, 2.0 equiv), TMSCN (0.15 mmol, 1.5 equiv) and super dry acetonitrile (1.5 mL) 

under Ar. The mixture was stirred at a distance of 2~3 cm from a 410 nm LEDs at room 

temperature for about 24 h until the reaction completed, as monitored by TLC analysis. 

The concentrated reaction residue was purified by flash column chromatography on 

silica gel with petroleum ether/ethyl acetate (10:1) as eluent to give corresponding 

product. The purified product 4a was analyzed by chiral HPLC. 

7. DFT calculation 

DFT calculations were performed with the Gaussian 16 software package.[27] All 

geometry optimizations of compounds were achieved using M06-2X functional and the 

Def2-TZVP basis set. Frequency calculations were also conducted at the same level of 

theory to obtain vibrational frequencies and thermal corrections to enthalpy at 298 K. 

The carbon–halogen bond dissociation energies (BDEs) of a series of difluoroalkyl 

halides (F, Cl ,Br and I) were obtained: 119.2 kcal mol⁻¹ (C–F, PhCF2F), 78.4 kcal mol⁻¹ 

(C–Cl, PhCF2Cl), 62.3 kcal mol⁻¹ (C–Br, PhCF2Br), and 44.7 kcal mol⁻¹ [C–I, PhCF2I]. 
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PhCF3 

C                 -0.96100281    0.30638046    0.00401074 

C                 -1.67115081   -0.88854454    0.00410674 

C                 -3.05544681   -0.87010154    0.00404074 

C                 -3.72548081    0.34770346    0.00407474 

C                 -3.02399581    1.54246546    0.00402574 

C                 -1.63539881    1.51773746    0.00405574 

H                  0.12105919    0.29082946    0.00403174 

H                 -1.14493581   -1.83370454    0.00422174 

H                 -3.61934381   -1.79438254    0.00401174 

H                 -3.55771181    2.48260746    0.00405374 

H                 -1.08222881    2.44742746    0.00413374 

C                 -5.22766181    0.33261346    0.00426574 

F                 -5.75187081    1.56141346    0.00423674 

F                 -5.71429881   -0.30528954   -1.06989326 

F                 -5.71453881   -0.30568054    1.07759474 

Zero-point correction=                           0.106441 (Hartree/Particle) 

Thermal correction to Energy=                    0.114275 

Thermal correction to Enthalpy=                  0.115219 

Thermal correction to Gibbs Free Energy=         0.070879 

Sum of electronic and zero-point Energies=           -569.211720 

Sum of electronic and thermal Energies=              -569.203886 

Sum of electronic and thermal Enthalpies=            -569.202942 

Sum of electronic and thermal Free Energies=         -569.247283 

PhCF2Cl 

C                 -0.26462396    0.54317548    0.00000000 

C                  0.42130104   -0.65968152    0.09926300 

C                  1.79351304   -0.66344452    0.29728500 

C                  2.47197704    0.54311748    0.39871700 
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C                  1.79355504    1.74968948    0.29733600 

C                  0.42132204    1.74598948    0.09931100 

H                 -1.33572496    0.54315648   -0.15401000 

H                 -0.11275496   -1.59748652    0.02394700 

H                  2.33622404   -1.59583052    0.37759500 

H                  2.33627004    2.68207348    0.37766500 

H                 -0.11265696    2.68384048    0.02404200 

C                  3.96103904    0.54313048    0.58931400 

F                  4.36956904    1.62122848    1.27342500 

F                  4.36957704   -0.53504952    1.27330800 

Cl                 4.82271204    0.54319448   -0.97440900 

Zero-point correction=                           0.104554 (Hartree/Particle) 

Thermal correction to Energy=                    0.112753 

Thermal correction to Enthalpy=                  0.113697 

Thermal correction to Gibbs Free Energy=         0.069890 

Sum of electronic and zero-point Energies=           -929.545855 

Sum of electronic and thermal Energies=              -929.537655 

Sum of electronic and thermal Enthalpies=            -929.536711 

Sum of electronic and thermal Free Energies=         -929.580519\ 

PhCF2Br 

C                 -2.18662957    0.59883454    0.00783917 

C                 -2.84835357    1.80182154    0.21325917 

C                 -4.17186857    1.80606354    0.62550217 

C                 -4.82573957    0.59937254    0.83450217 

C                 -4.17191957   -0.60758846    0.62691017 

C                 -2.84840457   -0.60388346    0.21466217 

H                 -1.15327857    0.59862554   -0.31324083 

H                 -2.33292157    2.73954954    0.05415517 

H                 -4.69545657    2.73854154    0.78872717 

H                 -4.69554657   -1.53985346    0.79122317 
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H                 -2.33301157   -1.54181746    0.05665017 

C                 -6.25889257    0.59965054    1.27017317 

F                 -6.55393157   -0.47797146    2.00781917 

F                 -6.55393157    1.67819654    2.00646417 

Br                -7.47711257    0.59867554   -0.27226683 

Zero-point correction=                           0.103857 (Hartree/Particle) 

Thermal correction to Energy=                    0.112343 

Thermal correction to Enthalpy=                  0.113287 

Thermal correction to Gibbs Free Energy=         0.067975 

Sum of electronic and zero-point Energies=          -3043.538281 

Sum of electronic and thermal Energies=             -3043.529794 

Sum of electronic and thermal Enthalpies=           -3043.528850 

Sum of electronic and thermal Free Energies=        -3043.574163 

PhCF2I 

C                 -1.82451257    0.02785277    0.00036461 

C                 -2.45795157    0.30996077   -1.20242639 

C                 -3.72487157    0.87227477   -1.20649139 

C                 -4.35155957    1.15470577    0.00039261 

C                 -3.72487857    0.87219977    1.20726361 

C                 -2.45795957    0.30988177    1.20317061 

H                 -0.83579057   -0.41184223    0.00035361 

H                 -1.96449157    0.09271577   -2.14033339 

H                 -4.22594557    1.09450377   -2.13921139 

H                 -4.22595757    1.09436877    2.13999461 

H                 -1.96450657    0.09257677    2.14106661 

C                 -5.72409957    1.74943677    0.00040761 

F                 -5.93373257    2.51641677    1.07987961 

F                 -5.93373257    2.51647677   -1.07902239 

I                 -7.26263757    0.20510677    0.00036761 

Zero-point correction=                           0.103424 (Hartree/Particle) 
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Thermal correction to Energy=                    0.112078 

Thermal correction to Enthalpy=                  0.113022 

Thermal correction to Gibbs Free Energy=         0.066878 

Sum of electronic and zero-point Energies=           -766.971787 

Sum of electronic and thermal Energies=              -766.963133 

Sum of electronic and thermal Enthalpies=            -766.962189 

Sum of electronic and thermal Free Energies=         -767.008333 

PhCF2 (Free radical) 

C                 -0.09749304   -1.00269969   -0.01312606 

C                  0.60439696    0.20222431   -0.01313306 

C                  1.98117196    0.21850631   -0.01312206 

C                  2.70034496   -1.00269869   -0.01310306 

C                  1.98117196   -2.22390569   -0.01309706 

C                  0.60439796   -2.20762469   -0.01310906 

H                 -1.17867204   -1.00270069   -0.01313406 

H                  0.06375496    1.13979331   -0.01315006 

H                  2.52304196    1.15411831   -0.01312806 

H                  2.52304396   -3.15951669   -0.01308406 

H                  0.06375396   -3.14519269   -0.01310606 

C                  4.08703196   -1.00270069   -0.01306906 

F                  4.82577396   -2.08914169   -0.01312206 

F                  4.82577296    0.08374331   -0.01313506 

Zero-point correction=                           0.100337 (Hartree/Particle) 

Thermal correction to Energy=                    0.107855 

Thermal correction to Enthalpy=                  0.108800 

Thermal correction to Gibbs Free Energy=         0.067218 

Sum of electronic and zero-point Energies=           -469.290040 

Sum of electronic and thermal Energies=              -469.282521 

Sum of electronic and thermal Enthalpies=            -469.281577 

Sum of electronic and thermal Free Energies=         -469.323159 
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F (Free radical) 

F                  0.00000000    0.00000000    0.00000000 

Zero-point correction=                           0.000000 (Hartree/Particle) 

Thermal correction to Energy=                    0.001416 

Thermal correction to Enthalpy=                  0.002360 

Thermal correction to Gibbs Free Energy=        -0.014813 

Sum of electronic and zero-point Energies=            -99.733728 

Sum of electronic and thermal Energies=               -99.732311 

Sum of electronic and thermal Enthalpies=             -99.731367 

Sum of electronic and thermal Free Energies=          -99.748541 

Cl (Free radical) 

Cl                 0.00000000    0.00000000    0.00000000 

Zero-point correction=                           0.000000 (Hartree/Particle) 

Thermal correction to Energy=                    0.001416 

Thermal correction to Enthalpy=                  0.002360 

Thermal correction to Gibbs Free Energy=        -0.015677 

Sum of electronic and zero-point Energies=           -460.132584 

Sum of electronic and thermal Energies=              -460.131168 

Sum of electronic and thermal Enthalpies=            -460.130223 

Sum of electronic and thermal Free Energies=         -460.148261 

Br (Free radical) 

Br                -0.66852369    0.30640668    0.00000000 

Zero-point correction=                           0.000000 (Hartree/Particle) 

Thermal correction to Energy=                    0.001416 

Thermal correction to Enthalpy=                  0.002360 

Thermal correction to Gibbs Free Energy=        -0.016830 

Sum of electronic and zero-point Energies=          -2574.150304 

Sum of electronic and thermal Energies=             -2574.148888 

Sum of electronic and thermal Enthalpies=           -2574.147944 

Sum of electronic and thermal Free Energies=        -2574.167134 
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I (Free radical)  

I                  2.11699169    1.74079807   -0.02278830 

Zero-point correction=                           0.000000 (Hartree/Particle) 

Thermal correction to Energy=                    0.001416 

Thermal correction to Enthalpy=                  0.002360 

Thermal correction to Gibbs Free Energy=        -0.017503 

Sum of electronic and zero-point Energies=           -297.611788 

Sum of electronic and thermal Energies=              -297.610372 

Sum of electronic and thermal Enthalpies=            -297.609428 

Sum of electronic and thermal Free Energies=         -297.629291 
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9. Crystallographic Data of 4a (CCDC 2533995) 

The crystal of 4a was obtained through slow evaporation of a CH2Cl2/hexane solution 

of 4a at room temperature. The molecular structure of 4a was then determined by X-

ray crystallography. 

Data for the single-crystal structure determination were collected with Rigaku ROD, 

Synergy Custom DW system using Cu-Kα radiation (λ = 1.54184 Å). Software packages 

used: Olex 2 for structure solution and refinement, and Mercury for graphics.  

 

Figure S10. Molecular structure of 4a. Thermal ellipsoids at 50% probability level, H 

atoms omitted for clarity. 

  

Empirical formula C23H16F5N 

Formula weight 401.37 

Temperature/K 100.00(10) 

Crystal system triclinic 

Space group P1 

a/Å 6.6933(3) 

b/Å 8.0103(3) 

c/Å 17.6619(6) 

α/° 95.624(3) 

β/° 97.569(3) 

γ/° 94.704(3) 

Volume/Å3 929.85(6) 

Z 2 
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ρcalcg/cm3 1.434 

μ/mm-1 1.020 

F(000) 412.0 

Crystal size/mm3 0.06 × 0.04 × 0.03 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection/° 10.166 to 152.274 

Index ranges -7 ≤ h ≤ 8, -9 ≤ k ≤ 10, -22 ≤ l ≤ 22 

Reflections collected 15188 

Independent reflections 6607 [Rint = 0.0465, Rsigma = 0.0436] 

Data/restraints/parameters 6607/3/523 

Goodness-of-fit on F2 1.080 

Final R indexes [I>=2σ (I)] R1 = 0.0535, wR2 = 0.1527 

Final R indexes [all data] R1 = 0.0559, wR2 = 0.1547 

Largest diff. peak/hole / e Å-3 0.37/-0.31 

Flack parameter 0.01(7) 
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10. NMR Spectra of Starting Materials and Products 

Figure S11. 1H NMR (400 MHz, CDCl3, 298 K) of compound 2k.  

 

Figure S12. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 2k. 
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Figure S13. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 2k. 

 

Figure S14. 1H NMR (400 MHz, CDCl3, 298 K) of compound 2m.  
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Figure S15. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 2m. 

 

Figure S16. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 2m. 
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Figure S17. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4a.  

 

Figure S18. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4a. 
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Figure S19. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4a. 

 

Figure S20. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4b.  
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Figure S21. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4b. 

 

Figure S22. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4b. 

 

 

 

 



S100 

Figure S23. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4c.  

 

Figure S24. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4c. 
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Figure S25. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4c. 

 

Figure S26. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4d. 
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Figure S27. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4d.  

 

Figure S28. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4d. 
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Figure S29. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4e.  

 

Figure S30. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4e. 
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Figure S31. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4e. 

 

Figure S32. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4f.  
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Figure S33. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4f. 

 

Figure S34. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4f. 
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Figure S35. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4g.  

 

Figure S36. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4g. 
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Figure S37. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4g. 

 

Figure S38. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4h.  
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Figure S39. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4h. 

 

Figure S40. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4h. 
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Figure S41. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4i.  

 

Figure S42. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4i. 
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Figure S43. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4i. 

 

Figure S44. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4j.  
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Figure S45. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4j. 

 

Figure S46. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4j. 
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Figure S47. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4k.  

 

Figure S48. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4k. 
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Figure S49. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4k. 

 

Figure S50. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4l. 
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Figure S51. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4l. 

 

Figure S52. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4l. 
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Figure S53. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4m. 

Figure S54. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4m 
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Figure S55. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4m. 

 

Figure S56. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4n. 
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Figure S57. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4n 

 

Figure S58. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4n. 
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Figure S59. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4o.  

 

Figure S60. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4o 
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Figure S61. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4o. 

 

Figure S62. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4p. 

 

  



S120 

Figure S63. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4p. 

 

Figure S64. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4p. 
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Figure S65. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4q. 

 

Figure S66. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4q. 
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Figure S67. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4q. 

 

Figure S68. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4r. 
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Figure S69. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4r. 

 

Figure S70. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4r. 
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Figure S71. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4s. 

 

Figure S72. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4s. 
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Figure S73. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4s. 

 

Figure S74. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4t. 
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Figure S75. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4t. 

 

Figure S76. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4t. 
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Figure S77. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4u. 

 

Figure S78. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4u. 
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Figure S79. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4u. 

 

Figure S80. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4v.  
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Figure S81. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4v. 

 

Figure S82. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4v. 
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Figure S83. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4w. 

 

Figure S84. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4w. 
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Figure S85. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4w. 

 

Figure S86. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4x.  
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Figure S87. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4x. 

 

Figure S88. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4x. 
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Figure S89. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4y.  

 

Figure S90. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4y. 
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Figure S91. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4y. 

 

Figure S92. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4z.  
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Figure S93. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4z. 

 

Figure S94. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4z. 
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Figure S95. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4aa.  

 

Figure S96. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4aa. 
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Figure S97. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4aa. 

 

Figure S98. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4ab.  
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Figure S99. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4ab. 

 

Figure 100. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4ab. 
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Figure S101. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4ac.  

 

Figure S102. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4ac. 
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Figure S103. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4ac. 

 

Figure S104. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4ad. 
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Figure S105. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4ad. 

 

Figure S106. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4ad. 
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Figure S107. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4ae.  

 

Figure S108. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4ae. 
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Figure S109. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4ae. 

 

Figure S110. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4af.  
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Figure S111. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4af. 

 

Figure S112. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4af. 
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Figure S113. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4ag.  

 

Figure S114. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4ag. 
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Figure S115. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4ag. 

 

Figure S116. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4ah.  
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Figure S117. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4ah. 

 

Figure S118. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4ah. 
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Figure S119. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4ai. 

 

Figure S120. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4ai. 

 

 

 

 



S149 

Figure S121. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4ai. 

 

Figure S122. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4aj. 
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Figure S123. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4aj. 

 

Figure S124. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4aj. 

 

 

 

 



S151 

Figure S125. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4ak. 

 

Figure S126. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4ak. 
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Figure S127. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4ak. 

 

Figure S128. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4al. 
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Figure S129. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4al. 

 

Figure S130. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4al. 

 

 

 

 



S154 

Figure S131. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4am. 

 

Figure S132. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4am. 
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Figure S133. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4am. 

 

Figure S134. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4an. 
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Figure S135. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4an. 

 

Figure S136. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4an. 
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Figure S137. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4ao. 

 

Figure S138. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4ao. 
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Figure S139. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4ao. 

 

Figure S140. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4ap. 
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Figure S141. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4ap. 

 

Figure S142. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4ap. 
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Figure S143. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4aq. 

 

Figure S144. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4aq. 
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Figure S145. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4aq. 

 

Figure S146. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4ar. 
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Figure S147. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4ar. 

 

Figure S148. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4ar. 
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Figure S149. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4as. 

 

Figure S150. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4as. 
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Figure S151. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4as. 

 

Figure S152. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4at. 
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Figure S153. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4at. 

 

Figure S154. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4at. 
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Figure S155. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4au. 

 

Figure S156. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4au. 
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Figure S157. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4au. 

 

Figure S158. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4av. 
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Figure S159. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4av. 

 

Figure S160. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4av. 
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Figure S161. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4aw.  

 

Figure S162. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4aw. 
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Figure S163. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4aw. 

 

Figure S164. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4ax.  
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Figure S165. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4ax. 

 

Figure S166. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4ax. 
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Figure S167. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4ay. 

 

Figure S168. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4ay. 
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Figure S169. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4ay. 

 

Figure S170. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4az. 
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Figure S171. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4az. 

 

Figure S172. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4az. 
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Figure S173. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4ba. 

 

Figure S174. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4ba. 
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Figure S175. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4ba. 

 

Figure S176. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4bb.  
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Figure S177. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4bb. 

 

Figure S178. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4bb. 
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Figure S179. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4bc.  

  

Figure S180. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4bc. 
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Figure S181. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4bc. 

 

Figure S182. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4bd.  
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Figure S183. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4bd. 

 

Figure S184. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4bd. 
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Figure S185. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4be.  

 

Figure S186. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4be. 
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Figure S187. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4be. 

 

Figure S188. 1H NMR (400 MHz, CDCl3, 298 K) of compound 4bf. 
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Figure S189. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 4bf. 

 

Figure S190. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 4bf. 
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Figure S191. 1H NMR (400 MHz, CDCl3, 298 K) of compound 5. 

 

Figure S192. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 5. 
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Figure S193. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 5. 

 

Figure S194. 1H NMR (400 MHz, CDCl3, 298 K) of compound 6. 
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Figure S195. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 6. 

 

Figure S196. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 6. 
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Figure S197. 1H NMR (400 MHz, CDCl3, 298 K) of compound 7. 

 

Figure S198. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 7. 
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Figure S199. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 7. 

 

Figure S200. 1H NMR (400 MHz, CDCl3, 298 K) of compound 8.  
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Figure S201. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 8. 

 

Figure S202. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 8. 

 

 

 

 



S190 

Figure S203. 1H NMR (400 MHz, CDCl3, 298 K) of compound 9. 

 

Figure S204. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 9. 
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Figure S205. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 9. 

 

Figure S206. 1H NMR (400 MHz, CDCl3, 298 K) of compound 10.  
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Figure S207. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 10. 

 

Figure S208. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 10. 
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Figure S209. 1H NMR (400 MHz, CDCl3, 298 K) of compound 11. 

 

Figure S210. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 11. 
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Figure S211. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 11. 

 

Figure S212. 1H NMR (400 MHz, CDCl3, 298 K) of compound 12.  
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Figure S213. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 12. 

 

Figure S214. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 12. 
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Figure S215. 1H NMR (400 MHz, CDCl3, 298 K) of compound 13.  

 

Figure S216. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 13. 
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Figure S217. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 13. 

 

Figure S218. 1H NMR (400 MHz, CDCl3, 298 K) of compound 14.  
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Figure S219. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 14. 

 

Figure S220. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 14. 
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Figure S221. 1H NMR (400 MHz, CDCl3, 298 K) of compound 18. 

 

Figure S222. 13C{1H} NMR (101 MHz, CDCl3, 298 K) of compound 18. 
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Figure S223. 19F{1H} NMR (376 MHz, CDCl3, 298 K) of compound 18. 

 

Figure S224. 1H-NOESY NMR (400 MHz, CDCl3, 298 K) of compound 18.
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11. HPLC Analysis of Products  

Chiral HPLC spectrum of chiral 4a 

 

Chiral HPLC spectrum of racemic 4a 
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Chiral HPLC spectrum of chiral 4b 

 

Chiral HPLC spectrum of racemic 4b 
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Chiral HPLC spectrum of chiral 4c  

 

Chiral HPLC spectrum of racemic 4c 
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Chiral HPLC spectrum of chiral 4d  

 

Chiral HPLC spectrum of racemic 4d 
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Chiral HPLC spectrum of chiral 4e  

 

Chiral HPLC spectrum of racemic 4e  
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Chiral HPLC spectrum of chiral 4f  

 

Chiral HPLC spectrum of racemic 4f  
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Chiral HPLC spectrum of chiral 4g  

 

Chiral HPLC spectrum of racemic 4g  
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Chiral HPLC spectrum of chiral 4h  

 

Chiral HPLC spectrum of racemic 4h  
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Chiral HPLC spectrum of chiral 4i  

 

Chiral HPLC spectrum of racemic 4i  
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Chiral HPLC spectrum of chiral 4j  

 

Chiral HPLC spectrum of racemic 4j  
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Chiral HPLC spectrum of chiral 4k 

 

Chiral HPLC spectrum of racemic 4k  
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Chiral HPLC spectrum of chiral 4l  

 

Chiral HPLC spectrum of racemic 4l 
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Chiral HPLC spectrum of chiral 4m 

 

Chiral HPLC spectrum of racemic 4m 
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Chiral HPLC spectrum of chiral 4n  

 

Chiral HPLC spectrum of racemic 4n 
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Chiral HPLC spectrum of chiral 4o  

 

Chiral HPLC spectrum of racemic 4o 
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Chiral HPLC spectrum of chiral 4p 

 

Chiral HPLC spectrum of racemic 4p  

 

 

  



S217 

Chiral HPLC spectrum of chiral 4q 

 

Chiral HPLC spectrum of racemic 4q  
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Chiral HPLC spectrum of chiral 4r  

 

Chiral HPLC spectrum of racemic 4r  
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Chiral HPLC spectrum of chiral 4s  

 

Chiral HPLC spectrum of racemic 4s  
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Chiral HPLC spectrum of chiral 4t  

 

Chiral HPLC spectrum of racemic 4t  
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Chiral HPLC spectrum of chiral 4u  

 

Chiral HPLC spectrum of racemic 4u  
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Chiral HPLC spectrum of chiral 4v 

 

Chiral HPLC spectrum of racemic 4v  
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Chiral HPLC spectrum of chiral 4w  

 

Chiral HPLC spectrum of racemic 4w  
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Chiral HPLC spectrum of chiral 4x  

 

Chiral HPLC spectrum of racemic 4x  
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Chiral HPLC spectrum of chiral 4y  

 

Chiral HPLC spectrum of racemic 4y  
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Chiral HPLC spectrum of chiral 4z  

 

Chiral HPLC spectrum of racemic 4z  
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Chiral HPLC spectrum of chiral 4aa  

 

Chiral HPLC spectrum of racemic 4aa  
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Chiral HPLC spectrum of chiral 4ab  

 

Chiral HPLC spectrum of racemic 4ab  
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Chiral HPLC spectrum of chiral 4ac  

 

Chiral HPLC spectrum of racemic 4ac  
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Chiral HPLC spectrum of chiral 4ad  

 

Chiral HPLC spectrum of racemic 4ad  
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Chiral HPLC spectrum of chiral 4ae 

 

Chiral HPLC spectrum of racemic 4ae 
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Chiral HPLC spectrum of chiral 4af 

 

Chiral HPLC spectrum of racemic 4af 
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Chiral HPLC spectrum of chiral 4ag 

 

Chiral HPLC spectrum of racemic 4ag 
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Chiral HPLC spectrum of chiral 4ah  

 

Chiral HPLC spectrum of racemic 4ah 
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Chiral HPLC spectrum of chiral 4ai 

 

Chiral HPLC spectrum of racemic 4ai  
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Chiral HPLC spectrum of chiral 4aj  

 

Chiral HPLC spectrum of racemic 4aj  
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Chiral HPLC spectrum of chiral 4ak  

 

Chiral HPLC spectrum of racemic 4ak 
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Chiral HPLC spectrum of chiral 4al  

 

Chiral HPLC spectrum of racemic 4al 
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Chiral HPLC spectrum of chiral 4am  

 

Chiral HPLC spectrum of racemic 4am  
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Chiral HPLC spectrum of chiral 4an  

 

Chiral HPLC spectrum of racemic 4an 
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Chiral HPLC spectrum of chiral 4ao 

 

Chiral HPLC spectrum of racemic 4ao  
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Chiral HPLC spectrum of chiral 4ap  

 

Chiral HPLC spectrum of racemic 4ap  
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Chiral HPLC spectrum of chiral 4aq  

 

Chiral HPLC spectrum of racemic 4aq  
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Chiral HPLC spectrum of chiral 4ar  

 

Chiral HPLC spectrum of racemic 4ar  
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Chiral HPLC spectrum of chiral 4as   

 

Chiral HPLC spectrum of racemic 4as  
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Chiral HPLC spectrum of chiral 4at  

 

Chiral HPLC spectrum of racemic 4at  
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Chiral HPLC spectrum of chiral 4au  

 

Chiral HPLC spectrum of racemic 4au  
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Chiral HPLC spectrum of chiral 4av  

 

Chiral HPLC spectrum of racemic 4av 
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Chiral HPLC spectrum of chiral 4aw  

 

Chiral HPLC spectrum of racemic 4aw  
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Chiral HPLC spectrum of chiral 4ax 

 

Chiral HPLC spectrum of racemic 4ax  
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Chiral HPLC spectrum of chiral 4ay 

 

Chiral HPLC spectrum of racemic 4ay  
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Chiral HPLC spectrum of chiral 4az  

 

Chiral HPLC spectrum of racemic 4az  
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Chiral HPLC spectrum of chiral 4ba  

 

Chiral HPLC spectrum of racemic 4ba 

 

 

 

  



S254 

Chiral HPLC spectrum of chiral 4bb  

 

Chiral HPLC spectrum of racemic 4bb 
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Chiral HPLC spectrum of chiral 4bc 

 

Chiral HPLC spectrum of racemic 4bc 
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Chiral HPLC spectrum of chiral 4bd  

 

Chiral HPLC spectrum of racemic 4bd  
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Chiral HPLC spectrum of chiral 4be  

 

Chiral HPLC spectrum of racemic 4be  
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Chiral HPLC spectrum of chiral 4bf 

 

Chiral HPLC spectrum of racemic 4bf 
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Chiral HPLC spectrum of chiral 5 

 

Chiral HPLC spectrum of racemic 5 
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Chiral HPLC spectrum of chiral 6 

 

Chiral HPLC spectrum of racemic 6 
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Chiral HPLC spectrum of chiral 7 

 

Chiral HPLC spectrum of racemic 7 
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Chiral HPLC spectrum of chiral 9 

 

Chiral HPLC spectrum of racemic 9 
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Chiral HPLC spectrum of chiral 10 

 

Chiral HPLC spectrum of racemic 10 

 

 

  



S264 

Chiral HPLC spectrum of chiral 11 

 

Chiral HPLC spectrum of racemic 11 
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Chiral HPLC spectrum of chiral 12 

 

Chiral HPLC spectrum of racemic 12 
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Chiral HPLC spectrum of chiral 13 

  

Chiral HPLC spectrum of racemic 13 
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Chiral HPLC spectrum of chiral 14 

 

Chiral HPLC spectrum of racemic 14 
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Chiral HPLC spectrum of chiral 18  

 

Chiral HPLC spectrum of racemic 18 

 

 


