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Supplementary Figs. 1-11 

 

a                   b                     c 

Supplementary Fig. 1 | Photobiocatalytic reaction set-up. a, Set-up for 0.004 mmol scale reactions, 

reaction vials were placed on the stir-plate, at a distance of ~ 10 cm from a 450-460 nm LEDs lamp, 

with a cooling fan. b, Set-up for 0.1 mmol scale reactions, the reaction was carried out in a 200 mL 

Schlenk flask with two 450-460 nm LEDs lamps and two cooling fans; LED lamps were purchased 

from the Chinese Taobao branded as “JiaDeng”. Unless otherwise noted, the wavelength of the LEDs 

used is 450-460 nm. c, Devices for the spectroelectrochemical studies. 

 

 

 

 

 

 

 

 

 

 

https://www.chem17.com/st427098/product_37675155.html
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Supplementary Fig. 2 | SDS-PAGE analysis showing the purity of the enzymes. 1, PfBAL; 2, 

PfBAL_T481L; 3, PfBAL_T481L-A480G; 4, PfBAL_T481L-A480G-Y397A; 5, PfBAL_T481L-

A480G-Y397A-W163C. Other lines are makers.  
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Supplementary Fig. 3 | X-Ray diffraction data. X-Ray diffraction data of (S)-3g (CCDC 2355842) 

obtained from the reactions catalysed by PfBAL_T481L-A480G-Y397A-W163C. See the 

Supplementary Table 21 for detailed discussion.  
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Supplementary Fig. 4 | X-Ray diffraction data. X-Ray diffraction data of (S)-3k (CCDC 2358465) 

obtained from the reactions catalysed by PfBAL_T481L-A480G-Y397A-W163C. See the 

Supplementary Table 22 for detailed discussion. 
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Supplementary Fig. 5 | X-Ray diffraction data. X-Ray diffraction data of (S)-3q (CCDC 2416063) 

obtained from the reactions catalysed by PfBAL_T481L-A480G-Y397A-W163C. See the 

Supplementary Table 23 for detailed discussion. 
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Supplementary Fig. 6 | Unsuccessful examples. Conditions: 1 (0.004 mmol), 2 (0.016 mmol), HAT 

reagent 2 (0.020 mmol), PfBAL_T481L; PfBAL_T481L-A480G or PfBAL_T481L-A480G-Y397A-

W163C (2 mol%) as biocatalysts, Eosin Y (3 mol%), 20 v/v % DMSO in 100 mM MOPS buffer (pH 

8.0, containing 2.5 mM MgSO4 and 0.15 mM ThDP) were stirred for 14 h at room temperature under 

N2 atmosphere with the irradiation of 450-460 nm LEDs; total volume of the reaction is 0.8 mL. The 

reactions were detected by GC-MS.   
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Supplementary Fig. 7 | Sites selected for evolution. Based on a MD-simulated benzylic radical 

within the active site of PfBAL_T481L-A480G in the form of ThDP-1a-derived ketyl radical, sixteen 

residues were selected within 5 Å radius of the simulated benzylic radical intermediate. 
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Supplementary Fig. 8 | Stern-Volmer luminescence quenching studies with different quenchers. 

a, HAT reagent 2 was used as the quencher. b, the mixture of RATCH and 1a was used as the quencher. 

See the Method section, 6.5 Stern-Volmer Luminescence Quenching Studies, for detailed discussions. 

  



11 

 

 

Supplementary Fig. 9 | Cyclic voltammograms of a, Sample 1: MOPS buffer (100 mM, pH 8.0, 

containing 2.5 mM MgSO4 and 0.15 mM ThDP); b, Sample 2: MOPS buffer (100 mM, pH 8.0, 

containing 2.5 mM MgSO4 and 0.15 mM ThDP) + 0.1 mM 1a; c, Sample 3: MOPS buffer (100 mM, 

pH 8.0, containing 2.5 mM MgSO4 and 0.15 mM ThDP) + 0.1 mM RATCH; d, Sample 4: MOPS 

buffer (100 mM, pH 8.0, containing 2.5 mM MgSO4 and 0.15 mM ThDP) + 0.1 mM 1a + 0.1 mM 

RATCH. Each solution was with a total volume of 0.75 mL with 20 v/v % DMSO. UV-Visible spectra 

of e, Sample 1; f, Sample 2; g, Sample 3 and h, Sample 4 at various potentials during CV testing. In 

the insets the spectra correspond to the range of 400 nm to 450 nm. 
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Supplementary Fig. 10 | a, In-situ UV-Vis spectroelectrochemical testing shows the variation of the 

UV-Vis characteristic absorption peak of Sample 4 at 424 nm with changes in potential. b, Low-

temperature electron paramagnetic resonance (EPR) experiments. EPR experimental conditions: 

microwave frequency, 9.44 GHz; microwave power, 20 mW; modulation amplitude, 1.0 G; 

temperature, 100 K. c, The CV test for Sample 4 was conducted with the voltage applied until + 0.396 

V was reached. d, After ceasing voltage application at + 0.396 V, Sample 4 exhibited radical decay. 

In the insets the spectra correspond to the range of 400 nm to 450 nm. 
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Supplementary Fig. 11 | Calculated UV-vis absorption spectra of the key intermediates. See the 

Method section, 7.4 Spectral Calculations for Computational Studies. 
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Supplementary Tables 1-25 

Supplementary Table 1 | ThDP-dependent enzymes screened for enantioselective C(sp3)–H 

bond radical acylation reaction. Conditions: 4-chlorobenzaldehyde 1a (0.004 mmol), ethylbenzene 

2a (0.016 mmol), HAT reagent 1 (0.020 mmol), biocatalysts (2 mol%), Eosin Y (3 mol%), 20 v/v % 

DMSO in 50 mM MOPS buffer (pH 7.5, containing 2.5 mM MgSO4 and 0.15 mM ThDP) were stirred 

for 14 h at room temperature under N2 atmosphere with the irradiation of 530-540 nm LEDs; total 

volume of the reaction is 0.8 mL. The yield was determined by GC. Enantiomeric excess was 

determined by HPLC analysis on a chiral stationary phase. n.d. = not determined. aGiven in numbers 

are NCBI accession numbers. n.a. = not applicable. 

 

 

biocatalyst accession 

numbera 

PDB code yield (%) ee (%) 

PfBAL 3D7K_A 3D7K 1.1 n.d. 

PpBFD WP_016501746.1 1MCZ 0.6 n.d. 

EcMenD  

EcTK 

PaBAL 

CDH 

LlKdcA 

PfBAL_T481L 

PfBAL_T481L-A480G 

WP_001295284.1 

1QGD_A 

WP_135246357.1 

WP_169259343.1 

QII57472.1 

n.a. 

n.a. 

5EJ8 

1QGD 

n.a. 

2PGO 

2VBG 

n.a. 

n.a. 

0 

0 

0.6 

0 

0.4 

2.2 

2.5 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

 

  

https://www.ncbi.nlm.nih.gov/protein/WP_001295284.1?report=genbank&log$=protalign&blast_rank=11&RID=EMSA9D6X013
https://www.ncbi.nlm.nih.gov/protein/1QGD_A?report=genbank&log$=protalign&blast_rank=6&RID=EMSWCCVJ016
https://www.ncbi.nlm.nih.gov/protein/QII57472.1?report=genbank&log$=protalign&blast_rank=1&RID=EMT82TMW013
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Supplementary Table 2 | HAT reagents screened for enantioselective C(sp3)–H bond radical 

acylation reaction. Conditions: 4-chlorobenzaldehyde 1a (0.004 mmol), ethylbenzene 2a (0.016 

mmol), HAT reagent (0.020 mmol), PfBAL_T481L-A480G (2 mol%), Eosin Y (3 mol%), 20 v/v % 

DMSO in 50 mM MOPS buffer (pH 7.5, containing 2.5 mM MgSO4 and 0.15 mM ThDP) were stirred 

for 14 h at room temperature under N2 atmosphere with the irradiation of 530-540 nm LEDs; total 

volume of the reaction is 0.8 mL. The yield was determined by GC. Enantiomeric excess was 

determined by HPLC analysis on a chiral stationary phase. n.d. = not determined.  

 

 

biocatalyst yield (%) ee (%) 

HAT reagent 1 2.5 n.d. 

HAT reagent 2 24 92 

HAT reagent 3 

HAT reagent 4 

HAT reagent 5 

15 

0 

4 

90 

n.d. 

n.d. 

 

 

 

 

 

 

 

 

 

 

 

 

  

https://www.ncbi.nlm.nih.gov/protein/WP_001295284.1?report=genbank&log$=protalign&blast_rank=11&RID=EMSA9D6X013
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Supplementary Table 3 | Photocatalysts screened for enantioselective C(sp3)–H bond radical 

acylation reaction. Conditions: 4-chlorobenzaldehyde 1a (0.004 mmol), ethylbenzene 2a (0.016 

mmol), HAT reagent 2 (0.020 mmol), PfBAL_T481L-A480G (2 mol%), Photocatalysts (X mol%), 

20 v/v % DMSO in 50 mM MOPS buffer (pH 7.5, containing 2.5 mM MgSO4 and 0.15 mM ThDP) 

were stirred for 14 h at room temperature under N2 atmosphere with the irradiation of LEDs (PC 1, 

530-540 nm or 450-460 nm; PC 2, PC 5, PC 6, 450-460 nm; PC 3, PC 4, 420-430 nm); total volume 

of the reaction is 0.8 mL. The yield was determined by GC. Enantiomeric excess was determined by 

HPLC analysis on a chiral stationary phase. n.d. = not determined. 

 

 

photocatalysts LEDs wavelength yield (%) ee (%) 

PC 1 (3 mol%) 530-540 nm 24 92 

PC 1 (3 mol%) 450-460 nm 26 92 

PC 2 (1 mol%) 450-460 nm 11 88 

PC 3 (1 mol%) 420-430 nm 7 91 

PC 4 (1 mol%) 

PC 5 (3 mol%) 

PC 6 (3 mol%) 

420-430 nm 

450-460 nm 

450-460 nm 

10 

16 

1 

87 

90 

n.d. 

  

https://www.ncbi.nlm.nih.gov/protein/WP_001295284.1?report=genbank&log$=protalign&blast_rank=11&RID=EMSA9D6X013
https://www.ncbi.nlm.nih.gov/protein/1QGD_A?report=genbank&log$=protalign&blast_rank=6&RID=EMSWCCVJ016
https://www.ncbi.nlm.nih.gov/protein/WP_001295284.1?report=genbank&log$=protalign&blast_rank=11&RID=EMSA9D6X013
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Supplementary Table 4 | The results of glycine scanning. Conditions: 4-chlorobenzaldehyde 1a 

(0.004 mmol), ethylbenzene 2a (0.016 mmol), HAT reagent 2 (0.020 mmol), mutants (2 mol%), Eosin 

Y (3 mol%), 20 v/v % DMSO in 50 mM MOPS buffer (pH 7.5, containing 2.5 mM MgSO4 and 0.15 

mM ThDP) were stirred for 14 h at room temperature under N2 atmosphere with the irradiation of 

450-460 nm LEDs; total volume of the reaction is 0.8 mL. The yield was determined by GC. 

Enantiomeric excess was determined by HPLC analysis on a chiral stationary phase. n.d. = not 

determined.  

 

 

mutants yield (%) ee (%) 

PfBAL_T481L-A480G-H26G 2 n.d. 

PfBAL_T481L-A480G-A28G 6 71 

PfBAL_T481L-A480G-H29G 

PfBAL_T481L-A480G-A74G 

PfBAL_T481L-A480G-L112G 

PfBAL_T481L-A480G-Q113G 

PfBAL_T481L-A480G-W163G 

PfBAL_T481L-A480G-Y239G 

PfBAL_T481L-A480G-N283G 

PfBAL_T481L-A480G-A394G 

PfBAL_T481L-A480G-Y397G 

PfBAL_T481L-A480G-C414G 

PfBAL_T481L-A480G-Y417G 

PfBAL_T481L-A480G-L418G 

PfBAL_T481L-A480G-M421G 

PfBAL_T481L-A480G-F484G 

1 

3 

6 

4 

10 

27 

17 

5 

36 

18 

2 

1 

1 

0 

n.d. 

n.d. 

75 

n.d. 

90 

88 

89 

n.d. 

89 

88 

n.d. 

n.d. 

n.d. 

n.d. 

 

https://www.ncbi.nlm.nih.gov/protein/WP_001295284.1?report=genbank&log$=protalign&blast_rank=11&RID=EMSA9D6X013


18 

 

Supplementary Table 5 | Saturation mutagenesis on site 397. Conditions: 4-chlorobenzaldehyde 

1a (0.004 mmol), ethylbenzene 2a (0.016 mmol), HAT reagent 2 (0.020 mmol), mutants (2 mol%), 

Eosin Y (3 mol%), 20 v/v % DMSO in 50 mM MOPS buffer (pH 7.5, containing 2.5 mM MgSO4 and 

0.15 mM ThDP) were stirred for 14 h at room temperature under N2 atmosphere with the irradiation 

of 450-460 nm LEDs; total volume of the reaction is 0.8 mL. The yield was determined by GC. 

Enantiomeric excess was determined by HPLC analysis on a chiral stationary phase.  

 

 

mutants yield (%) ee (%) 

PfBAL_T481L-A480G-Y397G 

PfBAL_T481L-A480G-Y397A 

PfBAL_T481L-A480G-Y397V 

PfBAL_T481L-A480G-Y397I 

PfBAL_T481L-A480G-Y397T 

PfBAL_T481L-A480G-Y397L 

PfBAL_T481L-A480G-Y397P 

PfBAL_T481L-A480G-Y397K 

PfBAL_T481L-A480G-Y397F 

PfBAL_T481L-A480G-Y397W 

PfBAL_T481L-A480G-Y397D 

PfBAL_T481L-A480G-Y397N 

PfBAL_T481L-A480G-Y397R 

PfBAL_T481L-A480G-Y397E 

PfBAL_T481L-A480G-Y397Q 

PfBAL_T481L-A480G-Y397H 

PfBAL_T481L-A480G-Y397M 

36 

40 

23 

25 

21 

22 

28 

27 

32 

30 

18 

18 

30 

25 

17 

24 

24 

89 

93 

90 

87 

88 

89 

89 

86 

86 

91 

88 

89 

81 

94 

92 

91 

89 
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Supplementary Table 6 | Saturation mutagenesis on site 163. Conditions: 4-chlorobenzaldehyde 

1a (0.004 mmol), ethylbenzene 2a (0.016 mmol), HAT reagent 2 (0.020 mmol), mutants (2 mol%), 

Eosin Y (3 mol%), 20 v/v % DMSO in 50 mM MOPS buffer (pH 7.5, containing 2.5 mM MgSO4 and 

0.15 mM ThDP) were stirred for 14 h at room temperature under N2 atmosphere with the irradiation 

of 450-460 nm LEDs; total volume of the reaction is 0.8 mL. The yield was determined by GC. 

Enantiomeric excess was determined by HPLC analysis on a chiral stationary phase. n.d. = not 

determined.  

 

 

mutants yield (%) ee (%) 

PfBAL_T481L-A480G-W163S 24 91 

PfBAL_T481L-A480G-W163M 

PfBAL_T481L-A480G-W163E 

PfBAL_T481L-A480G-W163T 

PfBAL_T481L-A480G-W163C 

PfBAL_T481L-A480G-W163Q 

PfBAL_T481L-A480G-W163P 

PfBAL_T481L-A480G-W163D 

PfBAL_T481L-A480G-W163K 

PfBAL_T481L-A480G-W163N 

PfBAL_T481L-A480G-W163A 

PfBAL_T481L-A480G-W163L 

PfBAL_T481L-A480G-W163V 

PfBAL_T481L-A480G-W163F 

PfBAL_T481L-A480G-W163Y 

PfBAL_T481L-A480G-W163H 

22 

28 

21 

34 

23 

17 

2 

23 

23 

41 

32 

39 

21 

23 

19 

89 

92 

89 

90 

91 

87 

n.d. 

90 

92 

90 

84 

92 

93 

90 

89 
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Supplementary Table 7 | Mutagenesis on site 283. Conditions: 4-chlorobenzaldehyde 1a (0.004 

mmol), ethylbenzene 2a (0.016 mmol), HAT reagent 2 (0.020 mmol), mutants (2 mol%), Eosin Y (3 

mol%), 20 v/v % DMSO in 50 mM MOPS buffer (pH 7.5, containing 2.5 mM MgSO4 and 0.15 mM 

ThDP) were stirred for 14 h at room temperature under N2 atmosphere with the irradiation of 450-

460 nm LEDs; total volume of the reaction is 0.8 mL. The yield was determined by GC. Enantiomeric 

excess was determined by HPLC analysis on a chiral stationary phase. n.d. = not determined.  

 

 

mutants yield (%) ee (%) 

PfBAL_T481L-A480G-N283V 8 n.d. 

PfBAL_T481L-A480G-N283G 

PfBAL_T481L-A480G-N283I 

PfBAL_T481L-A480G-N283L 

PfBAL_T481L-A480G-N283W 

PfBAL_T481L-A480G-N283M 

PfBAL_T481L-A480G-N283D 

PfBAL_T481L-A480G-N283E 

PfBAL_T481L-A480G-N283Q 

PfBAL_T481L-A480G-N283H 

PfBAL_T481L-A480G-N283C 

PfBAL_T481L-A480G-N283T 

17 

6 

12 

26 

23 

17 

23 

17 

16 

22 

20 

89 

n.d. 

86 

86 

91 

85 

89 

89 

84 

88 

88 
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Supplementary Table 8 | Site-specific mutagenesis on sites 113/239/26/414. Conditions: 4-

chlorobenzaldehyde 1a (0.004 mmol), ethylbenzene 2a (0.016 mmol), HAT reagent 2 (0.020 mmol), 

mutants (2 mol%), Eosin Y (3 mol%), 20 v/v % DMSO in 50 mM MOPS buffer (pH 7.5, containing 

2.5 mM MgSO4 and 0.15 mM ThDP) were stirred for 14 h at room temperature under N2 atmosphere 

with the irradiation of 450-460 nm LEDs; total volume of the reaction is 0.8 mL. The yield was 

determined by GC. Enantiomeric excess was determined by HPLC analysis on a chiral stationary 

phase. n.d. = not determined.  

 

 

mutants yield (%) ee (%) 

PfBAL_T481L-A480G-Q113I 0 n.d. 

PfBAL_T481L-A480G-Q113A 

PfBAL_T481L-A480G-Q113V 

PfBAL_T481L-A480G-Q113L 

PfBAL_T481L-A480G-Y239L 

PfBAL_T481L-A480G-Y239T 

PfBAL_T481L-A480G-Y239C 

PfBAL_T481L-A480G-Y239F 

PfBAL_T481L-A480G-Y239V 

PfBAL_T481L-A480G-H26A 

PfBAL_T481L-A480G-H26L 

PfBAL_T481L-A480G-H26F 

PfBAL_T481L-A480G-H26Q 

PfBAL_T481L-A480G-C414A 

PfBAL_T481L-A480G-C414L 

PfBAL_T481L-A480G-C414F 

PfBAL_T481L-A480G-C414I 

0 

0 

9 

7 

31 

16 

29 

17 

30 

25 

18 

36 

18 

4 

0 

0 

n.d. 

n.d. 

77 

80 

83 

79 

92 

88 

93 

92 

87 

94 

89 

n.d. 

n.d. 

n.d. 
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Supplementary Table 9 | Saturation mutagenesis on site 26 using PfBAL_T481L-A480G-Y397A 

as the parent. Conditions: 4-chlorobenzaldehyde 1a (0.004 mmol), ethylbenzene 2a (0.016 mmol), 

HAT reagent 2 (0.020 mmol), mutants (2 mol%), Eosin Y (3 mol%), 20 v/v % DMSO in 50 mM 

MOPS buffer (pH 7.5, containing 2.5 mM MgSO4 and 0.15 mM ThDP) were stirred for 14 h at room 

temperature under N2 atmosphere with the irradiation of 450-460 nm LEDs; total volume of the 

reaction is 0.8 mL. The yield was determined by GC. Enantiomeric excess was determined by HPLC 

analysis on a chiral stationary phase. n.d. = not determined.  

 

 

mutants yield (%) ee (%) 

PfBAL_T481L-A480G-Y397A-H26T 24 91 

PfBAL_T481L-A480G-Y397A-H26E 

PfBAL_T481L-A480G-Y397A-H26R 

PfBAL_T481L-A480G-Y397A-H26N 

PfBAL_T481L-A480G-Y397A-H26L 

PfBAL_T481L-A480G-Y397A-H26A 

PfBAL_T481L-A480G-Y397A-H26Q 

PfBAL_T481L-A480G-Y397A-H26F 

PfBAL_T481L-A480G-Y397A-H26I 

PfBAL_T481L-A480G-Y397A-H26S 

PfBAL_T481L-A480G-Y397A-H26K 

PfBAL_T481L-A480G-Y397A-H26M 

PfBAL_T481L-A480G-Y397A-H26P 

PfBAL_T481L-A480G-Y397A-H26D 

PfBAL_T481L-A480G-Y397A-H26G 

PfBAL_T481L-A480G-Y397A-H26W 

PfBAL_T481L-A480G-Y397A-H26C 

PfBAL_T481L-A480G-Y397A-H26V 

26 

10 

4 

22 

15 

33 

11 

17 

23 

5 

2 

9 

2 

5 

2 

15 

13 

95 

95 

n.d. 

95 

95 

68 

92 

92 

95 

n.d. 

n.d. 

91 

n.d. 

n.d. 

n.d. 

93 

94 



23 

 

Supplementary Table 10 | Saturation mutagenesis on site 163 using PfBAL_T481L-A480G-

Y397G as the parent. Conditions: 4-chlorobenzaldehyde 1a (0.004 mmol), ethylbenzene 2a (0.016 

mmol), HAT reagent 2 (0.020 mmol), mutants (2 mol%), Eosin Y (3 mol%), 20 v/v % DMSO in 50 

mM MOPS buffer (pH 7.5, containing 2.5 mM MgSO4 and 0.15 mM ThDP) were stirred for 14 h at 

room temperature under N2 atmosphere with the irradiation of 450-460 nm LEDs; total volume of the 

reaction is 0.8 mL. The yield was determined by GC. Enantiomeric excess was determined by HPLC 

analysis on a chiral stationary phase. n.d. = not determined.  
 

 

mutants yield (%) ee (%) 

 PfBAL_T481L-A480G-Y397G-W163K 43 91 

 PfBAL_T481L-A480G-Y397G-W163A      

PfBAL_T481L-A480G-Y397G-W163V 

PfBAL_T481L-A480G-Y397G-W163F 

PfBAL_T481L-A480G- Y397G-W163D 

PfBAL_T481L-A480G-Y397G-W163N 

PfBAL_T481L-A480G-Y397G-W163H 

PfBAL_T481L-A480G-Y397G-W163S 

PfBAL_T481L-A480G-Y397G-W163P 

PfBAL_T481L-A480G-Y397G-W163I  

 PfBAL_T481L-A480G-Y397G-W163M 

PfBAL_T481L-A480G-Y397G-W163C 

PfBAL_T481L-A480G-Y397G-W163L 

PfBAL_T481L-A480G-Y397G-W163Y 

PfBAL_T481L-A480G- Y397G-W163G 

PfBAL_T481L-A480G- Y397G-W163T 

PfBAL_T481L-A480G- Y397G-W163Q 

44 

41 

41 

2 

27 

30 

29 

5 

32 

27 

27 

21 

26 

25 

28 

24 

91 

93 

93 

n.d. 

90 

91 

87 

n.d. 

91 

86 

86 

91 

86 

89 

88 

88 
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Supplementary Table 11 | Saturation mutagenesis on site 163 using PfBAL_T481L-A480G-

Y397A as the parent. Conditions: 4-chlorobenzaldehyde 1a (0.004 mmol), ethylbenzene 2a (0.016 

mmol), HAT reagent 2 (0.020 mmol), mutants (2 mol%), Eosin Y (3 mol%), 20 v/v % DMSO in 50 

mM MOPS buffer (pH 7.5, containing 2.5 mM MgSO4 and 0.15 mM ThDP) were stirred for 14 h at 

room temperature under N2 atmosphere with the irradiation of 450-460 nm LEDs; total volume of the 

reaction is 0.8 mL. The yield was determined by GC. Enantiomeric excess was determined by HPLC 

analysis on a chiral stationary phase.  

 

 

mutants yield (%) ee (%) 

PfBAL_T481L-A480G-Y397A-W163K 46 94 

PfBAL_T481L-A480G-Y397A-W163M 

PfBAL_T481L-A480G-Y397A-W163E 

PfBAL_T481L-A480G-Y397A-W163R 

PfBAL_T481L-A480G-Y397A-W163N 

PfBAL_T481L-A480G-Y397A-W163Q 

PfBAL_T481L-A480G-Y397A-W163P 

PfBAL_T481L-A480G-Y397A-W163F 

PfBAL_T481L-A480G-Y397A-W163L 

PfBAL_T481L-A480G-Y397A-W163G 

PfBAL_T481L-A480G-Y397A-W163S 

PfBAL_T481L-A480G-Y397A-W163I 

PfBAL_T481L-A480G-Y397A-W163H 

PfBAL_T481L-A480G-Y397A-W163C 

PfBAL_T481L-A480G-Y397A-W163A 

PfBAL_T481L-A480G-Y397A-W163V 

36 

30 

36 

32 

37 

21 

38 

40 

36 

36 

35 

34 

52 

34 

44 

94 

93 

92 

94 

93 

90 

94 

95 

93 

94 

93 

93 

94 

93 

95 
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Supplementary Table 12 | Optimization of the ratio of co-solvent DMSO. Conditions: 4-

chlorobenzaldehyde 1a (0.004 mmol), ethylbenzene 2a (0.016 mmol), HAT reagent 2 (0.020 mmol), 

PfBAL_T481L-A480G-Y397A-W163C (2 mol%), Eosin Y (3 mol%), X v/v % DMSO in 50 mM 

MOPS buffer (pH 7.5, containing 2.5 mM MgSO4 and 0.15 mM ThDP) were stirred for 14 h at room 

temperature under N2 atmosphere with the irradiation of 450-460 nm LEDs; total volume of the 

reaction is 0.8 mL. The yield was determined by GC.  

 

 

DMSO (X v/v %) yield (%) 

10 

15 

20 

25 

30 

42 

50 

52 

50 

46 
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Supplementary Table 13 | Optimization of MOPS concentration. Conditions: 4-

chlorobenzaldehyde 1a (0.004 mmol), ethylbenzene 2a (0.016 mmol), HAT reagent 2 (0.020 mmol), 

PfBAL_T481L-A480G-Y397A-W163C (2 mol%), Eosin Y (3 mol%), 20 v/v % DMSO in MOPS 

buffer (pH 7.5, containing 2.5 mM MgSO4 and 0.15 mM ThDP) were stirred for 14 h at room 

temperature under N2 atmosphere with the irradiation of 450-460 nm LEDs; total volume of the 

reaction is 0.8 mL. The yield was determined by GC.  

 

 

MOPS (mM) yield (%) 

25 

50 

75 

100 

125 

150 

46 

52 

53 

56 

54 

43 
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Supplementary Table 14 | Optimization of the amount of ThDP. Conditions: 4-

chlorobenzaldehyde 1a (0.004 mmol), ethylbenzene 2a (0.016 mmol), HAT reagent 2 (0.020 mmol), 

PfBAL_T481L-A480G-Y397A-W163C (2 mol%), Eosin Y (3 mol%), 20 v/v % DMSO in 100 mM 

MOPS buffer (pH 7.5, containing 2.5 mM MgSO4 and X mM ThDP) were stirred for 14 h at room 

temperature under N2 atmosphere with the irradiation of 450-460 nm LEDs; total volume of the 

reaction is 0.8 mL. The yield was determined by GC.  

 

 

ThDP (mM) yield (%) 

0.125 

0.15 

0.175 

0.20 

49 

56 

57 

50 
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Supplementary Table 15 | Optimization of the reaction volume. Conditions: 4-

chlorobenzaldehyde 1a (0.004 mmol), ethylbenzene 2a (0.016 mmol), HAT reagent 2 (0.020 mmol), 

PfBAL_T481L-A480G-Y397A-W163C (2 mol%), Eosin Y (3 mol%), 20 v/v % DMSO in 100 mM 

MOPS buffer (pH 7.5, containing 2.5 mM MgSO4 and 0.15 mM ThDP) were stirred for 14 h at room 

temperature under N2 atmosphere with the irradiation of 450-460 nm LEDs; total volume of the 

reaction is X μL. The yield was determined by GC. 

 

 

volume (μL) yield (%) 

600 

800 

1000 

1500 

2000 

27 

56 

50 

37 

24 
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Supplementary Table 16 | Optimization of the pH. Conditions: 4-chlorobenzaldehyde 1a (0.004 

mmol), ethylbenzene 2a (0.016 mmol), HAT reagent 2 (0.020 mmol), PfBAL_T481L-A480G-

Y397A-W163C (2 mol%), Eosin Y (3 mol%), 20 v/v % DMSO in 100 mM MOPS buffer (containing 

2.5 mM MgSO4 and 0.15 mM ThDP) were stirred for 14 h at room temperature under N2 atmosphere 

with the irradiation of 450-460 nm LEDs; total volume of the reaction is 0.8 mL. The yield was 

determined by GC. 

 

pH yield (%) 

6.5                                                

7.25 

7.5 

7.75 

8.0 

8.25 

8.5 

48 

56 

56 

60 

61 

29 

24 
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Supplementary Table 17 | Optimization of the equiv of HAT reagent 2. Conditions: 4-

chlorobenzaldehyde 1a (0.004 mmol), ethylbenzene 2a (0.016 mmol), HAT reagent 2 (X equiv), 

PfBAL_T481L-A480G-Y397A-W163C (2 mol%), Eosin Y (3 mol%), 20 v/v % DMSO in 100 mM 

MOPS buffer (containing 2.5 mM MgSO4 and 0.15 mM ThDP) were stirred for 14 h at room 

temperature under N2 atmosphere with the irradiation of 450-460 nm LEDs; total volume of the 

reaction is 0.8 mL. The yield was determined by GC. 

 
 

HAT reagent 2 (equiv)                yield (%) 

1.0 

2.0 

3.0 

4.0 

5.0 

18 

41 

53 

55 

61 

 

  



31 

 

Supplementary Table 18 | Optimization of the equiv of ethylbenzene. Conditions: 4-

chlorobenzaldehyde 1a (0.004 mmol), ethylbenzene 2a (X equiv), HAT reagent 2 (0.020 mmol), 

PfBAL_T481L-A480G-Y397A-W163C (2 mol%), Eosin Y (3 mol%), 20 v/v % DMSO in 100 mM 

MOPS buffer (containing 2.5 mM MgSO4 and 0.15 mM ThDP) were stirred for 14 h at room 

temperature under N2 atmosphere with the irradiation of 450-460 nm LEDs; total volume of the 

reaction is 0.8 mL. The yield was determined by GC. 

 

 

2a (equiv)             yield (%) 

1.0 

2.0 

3.0 

4.0 

5.0 

     10 

     45 

     52 

    61 

    53 
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Supplementary Table 19 | The control experiments. Standard conditions: 4-chlorobenzaldehyde 

1a (0.004 mmol), ethylbenzene 2a (0.016 mmol), HAT reagent 2 (0.020 mmol), PfBAL_T481L-

A480G-Y397A-W163C (2 mol%), Eosin Y (3 mol%), 20 v/v % DMSO in 100 mM MOPS buffer 

(pH 8.0, containing 2.5 mM MgSO4 and 0.15 mM ThDP) were stirred for 14 h at room temperature 

under N2 atmosphere with the irradiation of 450-460 nm LEDs; total volume of the reaction is 0.8 

mL. The yield was determined by GC. n.a. = not applicable; n.d. = not determined. 

 

 

control experiment yield (%) ee (%) 

Standard 

No light 

No Eosin Y 

No HAT reagent 

Under air 

No ThDP 

No PfBAL_T481L-A480G-Y397A-W163C 

61 

0 

0 

0 

9 

0 

0 

94 

n.a. 

n.a. 

n.a. 

n.d. 

n.a. 

n.a. 

 

 

 

 

 

 

  



33 

 

Supplementary Table 20 | Mass balance of the model reaction. Standard conditions: 4-

chlorobenzaldehyde 1a (0.004 mmol), ethylbenzene 2a (0.016 mmol), HAT reagent 2 (0.020 mmol), 

PfBAL_T481L-A480G-Y397A-W163C (2 mol%), Eosin Y (3 mol%), 20 v/v % DMSO in 100 mM 

MOPS buffer (pH 8.0, containing 2.5 mM MgSO4 and 0.15 mM ThDP) were stirred for 14 h at room 

temperature under N2 atmosphere with the irradiation of 450-460 nm LEDs; total volume of the 

reaction is 0.8 mL. The yield was determined by LC and referred to 1a.  

 

 

 

LC calibration curve for 1a is displayed below. 
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26 

32 

27 

51 

7 

30 

11 

5 



34 

 

LC calibration curve for 3a is displayed below. 

 
 

LC calibration curve for 3-1 is displayed below. 
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LC calibration curve for 3-2 is displayed below. 
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Supplementary Table 21 | Crystal data and structure refinement for (S)-3g. 

 

Identification code 3g (CCDC: 2355842) 

Empirical formula C15H13IO 

Formula weight 336.1725 

Temperature 150.00 K 

Wavelength 1.54178 Å 

Crystal system monoclinic 

Space group P21 

Unit cell dimensions a=6.8885 (2) Å    a = 90° 

b=10.6012 (4) Å   b = 92.109° (2) 

c=9.2373 (3) Å     g = 90° 

Volume 674.11 (4) Å3 

Z 2 

Density (calculated) 1.656 mg/m3 

Absorption coefficient 18.505 mm-1 

F(000) 329.2 

Crystal size 0.06×0.04×0.02 mm3 

Theta range for data collection 9.58 to 133.14° 

Index ranges -6 ≤ h ≤ 8, -13 ≤ k ≤ 13, -11 ≤ l ≤ 11 

Reflections collected 4629 

Independent reflections 2162 [Rint = 0.0432, Rsigma = 0.0775] 

Completeness to theta = 133.1 ° 99.1 % 

Max. and min. transmission 0.0853 and 0.0061 

Data/restraints/parameters 2162/1/155 

Goodness-of-fit on F2 0.955 

Final R indices [I>2σ(I)] R1 = 0.0653, wR2 = 0.1401 

R indices (all data) R1 = 0.0657, wR2 = 0.1408 

Flack parameters 0.106 (12) 

Largest diff. peak and hole 2.25/-0.88 e.Å-3 
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Supplementary Table 22 | Crystal data and structure refinement for (S)-3k. 

 

Identification code 3k (CCDC: 2358465) 

Empirical formula C16H16OS 

Formula weight 256.363 

Temperature 150.00 K 

Wavelength 1.54178 Å 

Crystal system monoclinic 

Space group P21 

Unit cell dimensions a=16.0453 (4) Å     a = 90° 

b=5.5611 (1) Å      b = 114.662° (1) 

c=16.4961 (3) Å     g = 90° 

Volume 1337.68 (5) Å3 

Z 4 

Density (calculated) 1.273 mg/m3 

Absorption coefficient 2.011 mm-1 

F(000) 546.8 

Crystal size 0.3×0.2×0.1 mm3 

Theta range for data collection 5.9 to 149.4° 

Index ranges -20 ≤ h ≤ 18, -6 ≤ k ≤ 6, -20 ≤ l ≤ 20 

Reflections collected 11980 

Independent reflections 5125 [Rint = 0.0313, Rsigma = 0.0444] 

Completeness to theta = 135.4 ° 99.8 % 

Max. and min. transmission 0.0872 and 0.0106 

Data/restraints/parameters 5125/1/329 

Goodness-of-fit on F2 1.116 

Final R indices [I>2σ(I)] R1 = 0.0653, wR2 = 0.1474 

R indices (all data) R1 = 0.0667, wR2 = 0.1490 

Flack parameters 0.045 (12) 

Largest diff. peak and hole 0.51/-0.20 e.Å-3 
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Supplementary Table 23 | Crystal data and structure refinement for (S)-3q. 

 

Identification code 3q (CCDC: 2416063) 

Empirical formula C20H17NO 

Formula weight 287.362 

Temperature 193 K 

Wavelength 1.54178 Å 

Crystal system monoclinic 

Space group P21 

Unit cell dimensions a=5.6914 (2) Å     a = 90° 

b=15.3437 (1) Å    b = 98.867° (2) 

c=17.7428 (5) Å    g = 90° 

Volume 1530.91 (9) Å3 

Z 4 

Density (calculated) 1.247 mg/m3 

Absorption coefficient 0.597 mm-1 

F(000) 608.0 

Crystal size 0.13×0.12×0.1 mm3 

Theta range for data collection 5.04° to 136.916° 

Index ranges -6 ≤ h ≤ 6, -18 ≤ k ≤ 17, -21 ≤ l ≤ 21 

Reflections collected 22456 

Independent reflections 5531 [Rint = 0.0719, Rsigma = 0.0556] 

Completeness to theta = 135.4 ° 100 % 

Max. and min. transmission 0.753 and 0.678 

Data/restraints/parameters 5531/1/400 

Goodness-of-fit on F2 1.037 

Final R indices [I>2σ(I)] 
R1 = 0.0555, wR2 = 0.1344 

R indices (all data) R1 = 0.0831, wR2 = 0.1622 

Flack parameters -0.2 (2) 

Largest diff. peak and hole 0.33/-3.4 e.Å-3 
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Supplementary Table 24 | List of primers used in the study.  

 

Sequence of primers using for Glycine Scan (Based on pET28a-T481L_A480G) 

H26G_F   TGTTCGGCCTGGGCGGTGCGCATAT   

A28G_F         GCCTGCACGGTGGTCATATTGATACC  

H29G_F        TGCACGGTGCGGGTATTGATACCATCT 

silent primer_R (H29, A28, 

H29) ATCTGGACGCGCGCCGTGC         

A74G_F         TGGCGCTGGTGACGGGTGGCGGCGGTT 

silent primer_R (A74) AAAACCGGCACGCCGGTAG         

L112G_F        AAACCAACACCGGTCAGGCGGGCATT  

Q113_F     ACCAACACCTTAGGTGCGGGCATTGA  

silent primer_R (L112, Q113) TCAGCACCAGATCCGGGGCGG       

W163_F        TCATCAGGATGTCGCCCGGCAGATCC  

silent primer_R (W163) TGGCAATGATCACCGGTGGT        

Y239G_F     AGACAGACCTTCGCCGTCCGCGAAAA  

silent primer_R (Y239) GTTTTACCAACGCGGTGA          

N283G_F       ACCGTGACCGGTGCCCAGGCCGAAA   

silent primer_R (N283) TGCGATGGCGGCGCCTAT          

A394G_F       AGGTAGGTCAGACCACCATCCGCCA   

Y397G_F       AGACAGCCACAGGCCGGTCAGAGCAC  

silent primer_R (A394, Y397) CGTGCCGGTTTTCGCGGA          

C414G_F       CAGGTAGCCGTGGCCCAGGAAGCCACC 

Y417G_F       TGCTGCCCAGACCGCCGTGGCAC    

L418G_F       CCATGCTGCCACCGTAGCCGTGG     

M421G_F       AAACCAACGCCACCGCTGCCCAGG    

silent primer_R (C414, Y417, 

L418, M421) CGGTCTGGTTCAGAACCTGTAC      

F484G_F       CCAGCTGCTGACCGTGCAGCAGA     

silent primer_R (F484) GATGTTGGCGGCACCATCGAA       
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Sequence of primers using for W163, N283, Y397, H26, Q113, Y239 and C414 

mutagenesis (Based on pET28a-T481L-A480G) 

N283_ATG_F GTTTCGGCCTGATGACCGGTCACGGT 

N283_NDT_F GTTTCGGCCTGNDTACCGGTCACGGT 

N283_TGG_F GTTTCGGCCTGTGGACCGGTCACGGT 

N283_VMA_F GTTTCGGCCTGVMAACCGGTCACGGT 

silent primer_R (N283) GTAACGAGGATGGTACGACGG      

W163_ATG_F TGGATCTGCCGATGGACATCCTGATG 

W163_NDT_F TGGATCTGCCGNDTGACATCCTGATG 

W163_VMA_F TGGATCTGCCGVMAGACATCCTGATG 

silent primer_R (W163) ATGGTGCCGCCAACATCC         

Y397_ATG_F TGCTCTGACCATGCTGTGGCTGTCTG 

Y397_NDT_F TGCTCTGACCNDTCTGTGGCTGTCTG 

Y397_TGG_F TGCTCTGACCTGGCTGTGGCTGTCTG 

Y397_VMA_F TGCTCTGACCVMACTGTGGCTGTCTG 

silent primer_R (Y397) CCATACCGATCAGGATCAG        

C414A_F AGGTAGCCGTGTGCCAGGAAGCCAC    

C414F_F AGGTAGCCGTGGAACAGGAAGCCAC    

C414I_F AGGTAGCCGTGGATCAGGAAGCCAC    

C414L_F AGGTAGCCGTGCAGCAGGAAGCCAC    

C414V_F AGGTAGCCGTGAACCAGGAAGCCAC    

silent primer_R (C414) ATGCGTGGCGGTCTGGTTC     

H26A_F TGTTCGGCCTGGCAGGTGCGCATATTG  

H26F_F TGTTCGGCCTGTTCGGTGCGCATATTG  

H26I_F TGTTCGGCCTGATCGGTGCGCATATTG  

H26L_F TGTTCGGCCTGCTGGGTGCGCATATTG  

H26V_F TGTTCGGCCTGGTTGGTGCGCATATTG  

silent primer_R (H26) ACGCGCGCCGTGCGCAG   

Q113A_F ACCAACACCTTAGCAGCGGGCATTGATC 
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Q113F_F ACCAACACCTTATTCGCGGGCATTGATC 

Q113I_F ACCAACACCTTAATCGCGGGCATTGATC 

Q113L_F ACCAACACCTTACTGGCGGGCATTGATC 

Q113V_F ACCAACACCTTAGTTGCGGGCATTGATC 

silent primer_R (Q113) AGCATCAGCACCAGATCCG   

Y239A_F TTTTCGCGGACGCAGAAGGTCTGTC    

Y239F_F TTTTCGCGGACTTCGAAGGTCTGTC    

Y239I_F TTTTCGCGGACATCGAAGGTCTGTC    

Y239L_F TTTTCGCGGACCTGGAAGGTCTGTC    

Y239V_F TTTTCGCGGACGTTGAAGGTCTGTC    

silent primer_R (Y239) TCAGACAGCCACAGGTAGG          

Sequence of primers using for W163 and H26 mutagenesis (Based on pET28a-

T481L_A480G_Y397A/G) 

H26_ATG_F ATATGCGCACCCATCAGGCCGAAC 

H26_NDT_F ATATGCGCACCAHNCAGGCCGAAC 

H26_TGG_F ATATGCGCACCCCACAGGCCGAAC 

H26_VMA_F ATATGCGCACCTKBCAGGCCGAAC 

H26A_F ATATGCGCACCCGCCAGGCCGAAC 

H26E_F ATATGCGCACCTTCCAGGCCGAAC 

H26R_F ATATGCGCACCGCGCAGGCCGAAC 

H26T_F ATATGCGCACCGGTCAGGCCGAAC 

H26Y_F ATATGCGCACCGTACAGGCCGAAC 

silent primer_R (H26) attcgatggtgtccggga      

W163_ATG_F TGGATCTGCCGATGGACATCCTGATG 

W163_NDT_F TGGATCTGCCGNDTGACATCCTGATG 

W163_VMA_F TGGATCTGCCGVMAGACATCCTGATG 

W163N_F GATCTGCCGAACGACATCCTGA 

W163P_F GATCTGCCGCCGGACATCCTGA 

W163Q_F GATCTGCCGCAGGACATCCTGA 
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W163S_F GATCTGCCGTCCGACATCCTGA 

silent primer_R (W163) GATGGTGCCGCCAACATC     
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Supplementary Table 25 | Molecular dynamics trajectory clustering analysis. Cluster: indicates 

the identifier of each cluster. Frames: represents the number of frames assigned to each cluster. Frac: 

shows the fraction of total frames that belong to each cluster. AvgDist: the average distance between 

frames and the centroid of the cluster. Stdev: the standard deviation of the distances between frames 

and the cluster centroid. Centroid: the position of the cluster centroid, representing the average state 

of all frames in the cluster. AvgCDist: the average distance between the centroid of the current cluster 

and the centroids of all other clusters. 

 

Cluster Frames Frac AvgDist Stdev Centroid AvgCDist 

0 2280 0.456 1.862 0.203 4033 1.359 

1 1380 0.276 1.837 0.191 2197 1.183 

2 1340 0.268 1.949 0.249 672 1.246 
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Supplementary Methods 

1. General Information 

0.004 mmol (or 0.1 mmol) catalytic reactions were performed in a 4 mL clear glass vial (or a 

200 mL Schlenk flask) with a magnetic stirring, illuminated with one (or two) 450-460 nm LEDs, 

stirred for 14 h with one (or two) cooling fan (Supplementary Fig. 1).  

Unless otherwise noted, reagents were purchased from commercial suppliers, such as Energey 

Chemical and Aladdin, and used without further purification. Flash column chromatography was 

performed with ultrapure silica gel SiliaFlash® P60 (irregularly shaped, 200-300 mesh). 1H NMR, 

and proton decoupled 13C NMR spectra were recorded on a BRUKER AVANCE III 400 MHz NMR 

spectrometer at ambient temperature. NMR standards were used as follows: 1H NMR spectroscopy: 

 = 0.00 ppm (tetramethylsilane, TMS), 13C NMR spectroscopy:  = 77.0 ppm (CDCl3). 
1H NMR 

coupling constants were reported in Hz, and multiplicity was indicated as follows: s (singlet); d 

(doublet); t (triplet); q (quartet); m (multiplet); dd (doublet of doublets); td (triplet of doublets). High-

resolution mass spectra (HRMS) were conducted at Thermo Fisher Micromass instrument with an 

electrospray ionization time-of-flight (ESI-TOF) detector. The GC-MS system is consisted of an 

Agilent 8860 (Agilent Inc, Palo Alto, CA, USA) gas chromatograph (unless noted DB-5MS UI 

column was used, length 30 m, inner diameter 0.25 mm, film thickness 0.25 μm) and an Agilent 

5977B mass selective detector (positive electron impact mode, EI). An Agilent 8860 gas 

chromatograph (HP-5 column, length 30 m, inner diameter 0.32 mm, film thickness 0.25 μm) with a 

FID detector was used for yield determination. Enantiomeric purities of the enzymatic products were 

determined with a 25 cm Daicel Chiralpak AS-H column, a 25 cm Daicel Chiralpak AD-3 column, a 

25 cm Daicel Chiralcel OJ-H column or a 25 cm Daicel Chiralcel OJ-3 column on an Agilent 1290 

Infinity II system using n-hexane/isopropanol as the mobile phase.  

E. coli DH5α cells, and E. coli BL21 (DE3) strains were purchased from GenScript Biotech Co., 

Ltd (Nanjing, China). Restriction enzymes were purchased from Beyotime Biotech. (Shanghai, 

China). Kanamycin, isopropyl-β-D-thiogalactoside (IPTG), tryptone and yeast extract were obtained 

from Sangon Biotech Co., Ltd (Shanghai, China).  

All genes were synthesized by Sangon Biotech Co., Ltd (Shanghai, China). PpBFD, PfBAL, 

CDH, EcMenD, EcTK, LlKdcA and PaBAL were cloned into pET28a (+) vector with the NcoI and 

XhoI restriction sites and C-terminal 6xHis tag. 
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2. Expression, Purification, and Concentration Determination of Enzymes 

For the expression of PfBAL, an E. coli BL21 (DE3) single colony harbouring pET28a-PfBAL 

was inoculated in 6 mL LB medium containing 50 μg/mL kanamycin and grown at 37 ºC, 250 rpm, 

for 12-14 h. The overnight culture was transferred into 600 mL TB medium containing 50 μg/mL 

kanamycin, which was then grown at 37 ºC until OD600 = 0.6-0.8. Isopropyl-β-D-thiogalactoside 

(IPTG) was added into the culture to a final concentration of 0.5 mM. The cells were induced at 25 

ºC for 16 h, then harvested by centrifugation (8000 rpm, 4 ºC, 15 min) and the supernatant was 

removed and resuspended in binding buffer (50 mM Tris-HCl, 300 mM NaCl, pH 7.5) at 2.5 mL per 

gram wet cells. Subsequently, the cells were sonicated for 40 min (10 sec on, 10 sec off) and 

centrifuged (12000 rpm, 1 h, 4 oC). Purification of the soluble his6-tagged fusion protein from 

supernatant was performed by using HisTrap column fitted to an ÄKTAxpress FPLC system (GE 

Health Life Sciences, Pittsburgh, PA). The fractions containing target proteins were collected and 

buffer exchanged with Kpi buffer (50 mM, pH 7.5) with an Amicon Ultra concentration tube with 50 

kDa cut-off. After that, the proteins were stored in 10 v/v % glycerol as 100 μL aliquots at −80 ºC. 

The concentration of enzymes was determined by the absorption at 280 nm. 
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The DNA sequence of wild-type PfBAL 

ATGGCAATGATCACCGGTGGTGAACTGGTTGTTCGTACCCTGATCAAAGCTGGTGTTGA

ACACCTGTTCGGCCTGCACGGTGCGCATATTGATACCATCTTCCAGGCGTGCCTGGATCA

CGATGTGCCGATCATCGATACTCGCCATGAAGCTGCGGCGGGCCACGCGGCTGAAGGTT

ACGCTCGTGCGGGTGCTAAACTGGGTGTGGCGCTGGTGACGGCGGGCGGCGGTTTTAC

CAACGCGGTGACCCCGATCGCGAACGCGTGGCTGGATCGTACCCCGGTTCTGTTCCTGA

CCGGTAGCGGTGCCCTGCGCGATGATGAAACCAACACCTTACAGGCGGGCATTGATCAG

GTTGCGATGGCGGCGCCTATTACTAAATGGGCGCACCGCGTGATGGCTACCGAACACAT

CCCGCGTCTGGTGATGCAGGCGATCCGCGCAGCTCTGAGCGCGCCGCGCGGCCCGGTTC

TGCTGGATCTGCCGTGGGACATCCTGATGAACCAGATCGATGAAGATTCCGTGATCATTC

CAGATCTGGTTCTGTCTGCGCACGGCGCGCGTCCAGATCCGGCGGACCTGGATCAGGCG

CTGGCTCTGCTGCGCAAAGCGGAACGCCCGGTTATCGTGCTGGGTTCTGAAGCGTCCCG

TACCGCCCGTAAAACCGCGCTGTCCGCGTTCGTGGCGGCTACCGGCGTGCCGGTTTTCG

CGGACTACGAAGGTCTGTCTATGCTGAGCGGCCTGCCGGATGCAATGCGTGGCGGTCTG

GTTCAGAACCTGTACAGCTTCGCTAAAGCAGACGCCGCCCCGGATCTGGTGCTGATGCT

GGGCGCACGTTTCGGCCTGAACACCGGTCACGGTTCCGGCCAGCTGATCCCGCACTCTG

CGCAGGTGATCCAGGTTGATCCGGACGCATGTGAACTGGGCCGCTTACAGGGCATCGCT

CTGGGCATCGTGGCGGATGTTGGCGGCACCATCGAAGCACTGGCTCAGGCAACCGCTC

AGGATGCGGCGTGGCCGGATCGTGGCGATTGGTGCGCGAAAGTGACCGATCTGGCCCA

GGAACGCTACGCGTCGATCGCGGCTAAAAGCAGCTCCGAACACGCGCTGCACCCGTTC

CACGCAAGCCAGGTTATTGCAAAACACGTTGATGCTGGTGTTACCGTGGTGGCGGATGG

TGCTCTGACCTACCTGTGGCTGTCTGAAGTGATGAGCCGTGTTAAACCGGGTGGCTTCC

TGTGCCACGGCTACCTGGGCAGCATGGGCGTTGGTTTTGGCACCGCCCTGGGCGCGCAG

GTTGCAGACCTGGAAGCTGGCCGTCGTACCATCCTCGTTACCGGCGACGGCTCCGTTGG

CTACAGCATCGGCGAATTTGACACCCTGGTGCGTAAACAGCTGCCGCTGATCGTTATCAT

CATGAACAACCAGAGCTGGGGTGCGACCCTGCACTTCCAGCAGCTGGCGGTTGGTCCG

AACCGCGTGACCGGCACCCGTCTGGAAAACGGCTCTTACCACGGCGTGGCGGCGGCGT

TCGGTGCTGATGGTTACCACGTGGATAGCGTTGAATCCTTCTCTGCGGCGCTGGCTCAGG

CTCTGGCACACAACCGTCCGGCTTGCATCAACGTTGCGGTTGCGCTGGACCCGATCCCG

CCGGAAGAACTGATCCTGATCGGTATGGACCCGTTCGCGctcgagcaccaccaccaccaccactga 

 

The protein sequence of wild-type PfBAL 

MAMITGGELVVRTLIKAGVEHLFGLHGAHIDTIFQACLDHDVPIIDTRHEAAAGHAAEGYA

RAGAKLGVALVTAGGGFTNAVTPIANAWLDRTPVLFLTGSGALRDDETNTLQAGIDQVAM

AAPITKWAHRVMATEHIPRLVMQAIRAALSAPRGPVLLDLPWDILMNQIDEDSVIIPDLVLS

AHGARPDPADLDQALALLRKAERPVIVLGSEASRTARKTALSAFVAATGVPVFADYEGLSM

LSGLPDAMRGGLVQNLYSFAKADAAPDLVLMLGARFGLNTGHGSGQLIPHSAQVIQVDPD

ACELGRLQGIALGIVADVGGTIEALAQATAQDAAWPDRGDWCAKVTDLAQERYASIAAKS

SSEHALHPFHASQVIAKHVDAGVTVVADGALTYLWLSEVMSRVKPGGFLCHGYLGSMGV

GFGTALGAQVADLEAGRRTILVTGDGSVGYSIGEFDTLVRKQLPLIVIIMNNQSWGATLHFQ

QLAVGPNRVTGTRLENGSYHGVAAAFGADGYHVDSVESFSAALAQALAHNRPACINVAVA

LDPIPPEELILIGMDPFALEHHHHHH 

 

The DNA sequence of PfBAL_T481L 

ATGGCAATGATCACCGGTGGTGAACTGGTTGTTCGTACCCTGATCAAAGCTGGTGTTGA
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ACACCTGTTCGGCCTGCACGGTGCGCATATTGATACCATCTTCCAGGCGTGCCTGGATCA

CGATGTGCCGATCATCGATACTCGCCATGAAGCTGCGGCGGGCCACGCGGCTGAAGGTT

ACGCTCGTGCGGGTGCTAAACTGGGTGTGGCGCTGGTGACGGCGGGCGGCGGTTTTAC

CAACGCGGTGACCCCGATCGCGAACGCGTGGCTGGATCGTACCCCGGTTCTGTTCCTGA

CCGGTAGCGGTGCCCTGCGCGATGATGAAACCAACACCTTACAGGCGGGCATTGATCAG

GTTGCGATGGCGGCGCCTATTACTAAATGGGCGCACCGCGTGATGGCTACCGAACACAT

CCCGCGTCTGGTGATGCAGGCGATCCGCGCAGCTCTGAGCGCGCCGCGCGGCCCGGTTC

TGCTGGATCTGCCGTGGGACATCCTGATGAACCAGATCGATGAAGATTCCGTGATCATTC

CAGATCTGGTTCTGTCTGCGCACGGCGCGCGTCCAGATCCGGCGGACCTGGATCAGGCG

CTGGCTCTGCTGCGCAAAGCGGAACGCCCGGTTATCGTGCTGGGTTCTGAAGCGTCCCG

TACCGCCCGTAAAACCGCGCTGTCCGCGTTCGTGGCGGCTACCGGCGTGCCGGTTTTCG

CGGACTACGAAGGTCTGTCTATGCTGAGCGGCCTGCCGGATGCAATGCGTGGCGGTCTG

GTTCAGAACCTGTACAGCTTCGCTAAAGCAGACGCCGCCCCGGATCTGGTGCTGATGCT

GGGCGCACGTTTCGGCCTGAACACCGGTCACGGTTCCGGCCAGCTGATCCCGCACTCTG

CGCAGGTGATCCAGGTTGATCCGGACGCATGTGAACTGGGCCGCTTACAGGGCATCGCT

CTGGGCATCGTGGCGGATGTTGGCGGCACCATCGAAGCACTGGCTCAGGCAACCGCTC

AGGATGCGGCGTGGCCGGATCGTGGCGATTGGTGCGCGAAAGTGACCGATCTGGCCCA

GGAACGCTACGCGTCGATCGCGGCTAAAAGCAGCTCCGAACACGCGCTGCACCCGTTC

CACGCAAGCCAGGTTATTGCAAAACACGTTGATGCTGGTGTTACCGTGGTGGCGGATGG

TGCTCTGACCTACCTGTGGCTGTCTGAAGTGATGAGCCGTGTTAAACCGGGTGGCTTCC

TGTGCCACGGCTACCTGGGCAGCATGGGCGTTGGTTTTGGCACCGCCCTGGGCGCGCAG

GTTGCAGACCTGGAAGCTGGCCGTCGTACCATCCTCGTTACCGGCGACGGCTCCGTTGG

CTACAGCATCGGCGAATTTGACACCCTGGTGCGTAAACAGCTGCCGCTGATCGTTATCAT

CATGAACAACCAGAGCTGGGGTGCGCTGCTGCACTTCCAGCAGCTGGCGGTTGGTCCG

AACCGCGTGACCGGCACCCGTCTGGAAAACGGCTCTTACCACGGCGTGGCGGCGGCGT

TCGGTGCTGATGGTTACCACGTGGATAGCGTTGAATCCTTCTCTGCGGCGCTGGCTCAGG

CTCTGGCACACAACCGTCCGGCTTGCATCAACGTTGCGGTTGCGCTGGACCCGATCCCG

CCGGAAGAACTGATCCTGATCGGTATGGACCCGTTCGCGctcgagcaccaccaccaccaccactga 

 

The protein sequence of PfBAL_T481L 

MAMITGGELVVRTLIKAGVEHLFGLHGAHIDTIFQACLDHDVPIIDTRHEAAAGHAAEGYA

RAGAKLGVALVTAGGGFTNAVTPIANAWLDRTPVLFLTGSGALRDDETNTLQAGIDQVAM

AAPITKWAHRVMATEHIPRLVMQAIRAALSAPRGPVLLDLPWDILMNQIDEDSVIIPDLVLS

AHGARPDPADLDQALALLRKAERPVIVLGSEASRTARKTALSAFVAATGVPVFADYEGLSM

LSGLPDAMRGGLVQNLYSFAKADAAPDLVLMLGARFGLNTGHGSGQLIPHSAQVIQVDPD

ACELGRLQGIALGIVADVGGTIEALAQATAQDAAWPDRGDWCAKVTDLAQERYASIAAKS

SSEHALHPFHASQVIAKHVDAGVTVVADGALTYLWLSEVMSRVKPGGFLCHGYLGSMGV

GFGTALGAQVADLEAGRRTILVTGDGSVGYSIGEFDTLVRKQLPLIVIIMNNQSWGALLHFQ

QLAVGPNRVTGTRLENGSYHGVAAAFGADGYHVDSVESFSAALAQALAHNRPACINVAVA

LDPIPPEELILIGMDPFALEHHHHHH 

 

The DNA sequence of PfBAL_T481L-A480G 

ATGGCAATGATCACCGGTGGTGAACTGGTTGTTCGTACCCTGATCAAAGCTGGTGTTGA

ACACCTGTTCGGCCTGCACGGTGCGCATATTGATACCATCTTCCAGGCGTGCCTGGATCA

CGATGTGCCGATCATCGATACTCGCCATGAAGCTGCGGCGGGCCACGCGGCTGAAGGTT
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ACGCTCGTGCGGGTGCTAAACTGGGTGTGGCGCTGGTGACGGCGGGCGGCGGTTTTAC

CAACGCGGTGACCCCGATCGCGAACGCGTGGCTGGATCGTACCCCGGTTCTGTTCCTGA

CCGGTAGCGGTGCCCTGCGCGATGATGAAACCAACACCTTACAGGCGGGCATTGATCAG

GTTGCGATGGCGGCGCCTATTACTAAATGGGCGCACCGCGTGATGGCTACCGAACACAT

CCCGCGTCTGGTGATGCAGGCGATCCGCGCAGCTCTGAGCGCGCCGCGCGGCCCGGTTC

TGCTGGATCTGCCGTGGGACATCCTGATGAACCAGATCGATGAAGATTCCGTGATCATTC

CAGATCTGGTTCTGTCTGCGCACGGCGCGCGTCCAGATCCGGCGGACCTGGATCAGGCG

CTGGCTCTGCTGCGCAAAGCGGAACGCCCGGTTATCGTGCTGGGTTCTGAAGCGTCCCG

TACCGCCCGTAAAACCGCGCTGTCCGCGTTCGTGGCGGCTACCGGCGTGCCGGTTTTCG

CGGACTACGAAGGTCTGTCTATGCTGAGCGGCCTGCCGGATGCAATGCGTGGCGGTCTG

GTTCAGAACCTGTACAGCTTCGCTAAAGCAGACGCCGCCCCGGATCTGGTGCTGATGCT

GGGCGCACGTTTCGGCCTGAACACCGGTCACGGTTCCGGCCAGCTGATCCCGCACTCTG

CGCAGGTGATCCAGGTTGATCCGGACGCATGTGAACTGGGCCGCTTACAGGGCATCGCT

CTGGGCATCGTGGCGGATGTTGGCGGCACCATCGAAGCACTGGCTCAGGCAACCGCTC

AGGATGCGGCGTGGCCGGATCGTGGCGATTGGTGCGCGAAAGTGACCGATCTGGCCCA

GGAACGCTACGCGTCGATCGCGGCTAAAAGCAGCTCCGAACACGCGCTGCACCCGTTC

CACGCAAGCCAGGTTATTGCAAAACACGTTGATGCTGGTGTTACCGTGGTGGCGGATGG

TGCTCTGACCTACCTGTGGCTGTCTGAAGTGATGAGCCGTGTTAAACCGGGTGGCTTCC

TGTGCCACGGCTACCTGGGCAGCATGGGCGTTGGTTTTGGCACCGCCCTGGGCGCGCAG

GTTGCAGACCTGGAAGCTGGCCGTCGTACCATCCTCGTTACCGGCGACGGCTCCGTTGG

CTACAGCATCGGCGAATTTGACACCCTGGTGCGTAAACAGCTGCCGCTGATCGTTATCAT

CATGAACAACCAGAGCTGGGGTGGTCTGCTGCACTTCCAGCAGCTGGCGGTTGGTCCG

AACCGCGTGACCGGCACCCGTCTGGAAAACGGCTCTTACCACGGCGTGGCGGCGGCGT

TCGGTGCTGATGGTTACCACGTGGATAGCGTTGAATCCTTCTCTGCGGCGCTGGCTCAGG

CTCTGGCACACAACCGTCCGGCTTGCATCAACGTTGCGGTTGCGCTGGACCCGATCCCG

CCGGAAGAACTGATCCTGATCGGTATGGACCCGTTCGCGctcgagcaccaccaccaccaccactga 

 

The protein sequence of PfBAL_T481L-A480G 

MAMITGGELVVRTLIKAGVEHLFGLHGAHIDTIFQACLDHDVPIIDTRHEAAAGHAAEGYA

RAGAKLGVALVTAGGGFTNAVTPIANAWLDRTPVLFLTGSGALRDDETNTLQAGIDQVAM

AAPITKWAHRVMATEHIPRLVMQAIRAALSAPRGPVLLDLPWDILMNQIDEDSVIIPDLVLS

AHGARPDPADLDQALALLRKAERPVIVLGSEASRTARKTALSAFVAATGVPVFADYEGLSM

LSGLPDAMRGGLVQNLYSFAKADAAPDLVLMLGARFGLNTGHGSGQLIPHSAQVIQVDPD

ACELGRLQGIALGIVADVGGTIEALAQATAQDAAWPDRGDWCAKVTDLAQERYASIAAKS

SSEHALHPFHASQVIAKHVDAGVTVVADGALTYLWLSEVMSRVKPGGFLCHGYLGSMGV

GFGTALGAQVADLEAGRRTILVTGDGSVGYSIGEFDTLVRKQLPLIVIIMNNQSWGGLLHFQ

QLAVGPNRVTGTRLENGSYHGVAAAFGADGYHVDSVESFSAALAQALAHNRPACINVAVA

LDPIPPEELILIGMDPFALEHHHHHH 

 

The DNA sequence of PfBAL_T481L-A480G-Y397A 

ATGGCAATGATCACCGGTGGTGAACTGGTTGTTCGTACCCTGATCAAAGCTGGTGTTGA

ACACCTGTTCGGCCTGCACGGTGCGCATATTGATACCATCTTCCAGGCGTGCCTGGATCA

CGATGTGCCGATCATCGATACTCGCCATGAAGCTGCGGCGGGCCACGCGGCTGAAGGTT

ACGCTCGTGCGGGTGCTAAACTGGGTGTGGCGCTGGTGACGGCGGGCGGCGGTTTTAC

CAACGCGGTGACCCCGATCGCGAACGCGTGGCTGGATCGTACCCCGGTTCTGTTCCTGA
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CCGGTAGCGGTGCCCTGCGCGATGATGAAACCAACACCTTACAGGCGGGCATTGATCAG

GTTGCGATGGCGGCGCCTATTACTAAATGGGCGCACCGCGTGATGGCTACCGAACACAT

CCCGCGTCTGGTGATGCAGGCGATCCGCGCAGCTCTGAGCGCGCCGCGCGGCCCGGTTC

TGCTGGATCTGCCGTGGGACATCCTGATGAACCAGATCGATGAAGATTCCGTGATCATTC

CAGATCTGGTTCTGTCTGCGCACGGCGCGCGTCCAGATCCGGCGGACCTGGATCAGGCG

CTGGCTCTGCTGCGCAAAGCGGAACGCCCGGTTATCGTGCTGGGTTCTGAAGCGTCCCG

TACCGCCCGTAAAACCGCGCTGTCCGCGTTCGTGGCGGCTACCGGCGTGCCGGTTTTCG

CGGACTACGAAGGTCTGTCTATGCTGAGCGGCCTGCCGGATGCAATGCGTGGCGGTCTG

GTTCAGAACCTGTACAGCTTCGCTAAAGCAGACGCCGCCCCGGATCTGGTGCTGATGCT

GGGCGCACGTTTCGGCCTGAACACCGGTCACGGTTCCGGCCAGCTGATCCCGCACTCTG

CGCAGGTGATCCAGGTTGATCCGGACGCATGTGAACTGGGCCGCTTACAGGGCATCGCT

CTGGGCATCGTGGCGGATGTTGGCGGCACCATCGAAGCACTGGCTCAGGCAACCGCTC

AGGATGCGGCGTGGCCGGATCGTGGCGATTGGTGCGCGAAAGTGACCGATCTGGCCCA

GGAACGCTACGCGTCGATCGCGGCTAAAAGCAGCTCCGAACACGCGCTGCACCCGTTC

CACGCAAGCCAGGTTATTGCAAAACACGTTGATGCTGGTGTTACCGTGGTGGCGGATGG

TGCTCTGACCGCACTGTGGCTGTCTGAAGTGATGAGCCGTGTTAAACCGGGTGGCTTCC

TGTGCCACGGCTACCTGGGCAGCATGGGCGTTGGTTTTGGCACCGCCCTGGGCGCGCAG

GTTGCAGACCTGGAAGCTGGCCGTCGTACCATCCTCGTTACCGGCGACGGCTCCGTTGG

CTACAGCATCGGCGAATTTGACACCCTGGTGCGTAAACAGCTGCCGCTGATCGTTATCAT

CATGAACAACCAGAGCTGGGGTGGTCTGCTGCACTTCCAGCAGCTGGCGGTTGGTCCG

AACCGCGTGACCGGCACCCGTCTGGAAAACGGCTCTTACCACGGCGTGGCGGCGGCGT

TCGGTGCTGATGGTTACCACGTGGATAGCGTTGAATCCTTCTCTGCGGCGCTGGCTCAGG

CTCTGGCACACAACCGTCCGGCTTGCATCAACGTTGCGGTTGCGCTGGACCCGATCCCG

CCGGAAGAACTGATCCTGATCGGTATGGACCCGTTCGCGctcgagcaccaccaccaccaccactga 

 

The protein sequence of PfBAL_T481L-A480G-Y397A 

MAMITGGELVVRTLIKAGVEHLFGLHGAHIDTIFQACLDHDVPIIDTRHEAAAGHAAEGYA

RAGAKLGVALVTAGGGFTNAVTPIANAWLDRTPVLFLTGSGALRDDETNTLQAGIDQVAM

AAPITKWAHRVMATEHIPRLVMQAIRAALSAPRGPVLLDLPWDILMNQIDEDSVIIPDLVLS

AHGARPDPADLDQALALLRKAERPVIVLGSEASRTARKTALSAFVAATGVPVFADYEGLSM

LSGLPDAMRGGLVQNLYSFAKADAAPDLVLMLGARFGLNTGHGSGQLIPHSAQVIQVDPD

ACELGRLQGIALGIVADVGGTIEALAQATAQDAAWPDRGDWCAKVTDLAQERYASIAAKS

SSEHALHPFHASQVIAKHVDAGVTVVADGALTALWLSEVMSRVKPGGFLCHGYLGSMGV

GFGTALGAQVADLEAGRRTILVTGDGSVGYSIGEFDTLVRKQLPLIVIIMNNQSWGGLLHFQ

QLAVGPNRVTGTRLENGSYHGVAAAFGADGYHVDSVESFSAALAQALAHNRPACINVAVA

LDPIPPEELILIGMDPFALEHHHHHH 

 

The DNA sequence of PfBAL_T481L-A480G-Y397A-W163C 

ATGGCAATGATCACCGGTGGTGAACTGGTTGTTCGTACCCTGATCAAAGCTGGTGTTGA

ACACCTGTTCGGCCTGCACGGTGCGCATATTGATACCATCTTCCAGGCGTGCCTGGATCA

CGATGTGCCGATCATCGATACTCGCCATGAAGCTGCGGCGGGCCACGCGGCTGAAGGTT

ACGCTCGTGCGGGTGCTAAACTGGGTGTGGCGCTGGTGACGGCGGGCGGCGGTTTTAC

CAACGCGGTGACCCCGATCGCGAACGCGTGGCTGGATCGTACCCCGGTTCTGTTCCTGA

CCGGTAGCGGTGCCCTGCGCGATGATGAAACCAACACCTTACAGGCGGGCATTGATCAG

GTTGCGATGGCGGCGCCTATTACTAAATGGGCGCACCGCGTGATGGCTACCGAACACAT
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CCCGCGTCTGGTGATGCAGGCGATCCGCGCAGCTCTGAGCGCGCCGCGCGGCCCGGTTC

TGCTGGATCTGCCGTGCGACATCCTGATGAACCAGATCGATGAAGATTCCGTGATCATTC

CAGATCTGGTTCTGTCTGCGCACGGCGCGCGTCCAGATCCGGCGGACCTGGATCAGGCG

CTGGCTCTGCTGCGCAAAGCGGAACGCCCGGTTATCGTGCTGGGTTCTGAAGCGTCCCG

TACCGCCCGTAAAACCGCGCTGTCCGCGTTCGTGGCGGCTACCGGCGTGCCGGTTTTCG

CGGACTACGAAGGTCTGTCTATGCTGAGCGGCCTGCCGGATGCAATGCGTGGCGGTCTG

GTTCAGAACCTGTACAGCTTCGCTAAAGCAGACGCCGCCCCGGATCTGGTGCTGATGCT

GGGCGCACGTTTCGGCCTGAACACCGGTCACGGTTCCGGCCAGCTGATCCCGCACTCTG

CGCAGGTGATCCAGGTTGATCCGGACGCATGTGAACTGGGCCGCTTACAGGGCATCGCT

CTGGGCATCGTGGCGGATGTTGGCGGCACCATCGAAGCACTGGCTCAGGCAACCGCTC

AGGATGCGGCGTGGCCGGATCGTGGCGATTGGTGCGCGAAAGTGACCGATCTGGCCCA

GGAACGCTACGCGTCGATCGCGGCTAAAAGCAGCTCCGAACACGCGCTGCACCCGTTC

CACGCAAGCCAGGTTATTGCAAAACACGTTGATGCTGGTGTTACCGTGGTGGCGGATGG

TGCTCTGACCGCACTGTGGCTGTCTGAAGTGATGAGCCGTGTTAAACCGGGTGGCTTCC

TGTGCCACGGCTACCTGGGCAGCATGGGCGTTGGTTTTGGCACCGCCCTGGGCGCGCAG

GTTGCAGACCTGGAAGCTGGCCGTCGTACCATCCTCGTTACCGGCGACGGCTCCGTTGG

CTACAGCATCGGCGAATTTGACACCCTGGTGCGTAAACAGCTGCCGCTGATCGTTATCAT

CATGAACAACCAGAGCTGGGGTGGTCTGCTGCACTGGCAGCAGCTGGCGGTTGGTCCG

AACCGCGTGACCGGCACCCGTCTGGAAAACGGCTCTTACCACGGCGTGGCGGCGGCGT

TCGGTGCTGATGGTTACCACGTGGATAGCGTTGAATCCTTCTCTGCGGCGCTGGCTCAGG

CTCTGGCACACAACCGTCCGGCTTGCATCAACGTTGCGGTTGCGCTGGACCCGATCCCG

CCGGAAGAACTGATCCTGATCGGTATGGACCCGTTCGCGctcgagcaccaccaccaccaccactga 

 

The protein sequence of PfBAL_T481L-A480G-Y397A-W163C 

MAMITGGELVVRTLIKAGVEHLFGLHGAHIDTIFQACLDHDVPIIDTRHEAAAGHAAEGYA

RAGAKLGVALVTAGGGFTNAVTPIANAWLDRTPVLFLTGSGALRDDETNTLQAGIDQVAM

AAPITKWAHRVMATEHIPRLVMQAIRAALSAPRGPVLLDLPCDILMNQIDEDSVIIPDLVLSA

HGARPDPADLDQALALLRKAERPVIVLGSEASRTARKTALSAFVAATGVPVFADYEGLSML

SGLPDAMRGGLVQNLYSFAKADAAPDLVLMLGARFGLNTGHGSGQLIPHSAQVIQVDPDA

CELGRLQGIALGIVADVGGTIEALAQATAQDAAWPDRGDWCAKVTDLAQERYASIAAKSSS

EHALHPFHASQVIAKHVDAGVTVVADGALTALWLSEVMSRVKPGGFLCHGYLGSMGVGF

GTALGAQVADLEAGRRTILVTGDGSVGYSIGEFDTLVRKQLPLIVIIMNNQSWGGLLHWQQ

LAVGPNRVTGTRLENGSYHGVAAAFGADGYHVDSVESFSAALAQALAHNRPACINVAVAL

DPIPPEELILIGMDPFALEHHHHHH 
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3. Directed Evolution 

3.1 Materials and General Methods for Directed Evolution 

Molecular biology reagents and chemicals were purchased from Vazyme Biotech Co., Ltd, 

Beyotime Biotech, Inc., if not specifically noted. Primers were ordered from Beijing Tsingke Biotech 

Co., Ltd. and listed in Supplementary Table 24. 

3.2 The Evolution Trajectory 

The variants library based on wild-type PfBAL built by our prior work1  was screened for 

enantioselective C(sp3)–H bond radical acylation reaction at first, and variants PfBAL_T481L, 

PfBAL_T481L-A480G were identified to be the best catalyst (Supplementary Table 1). Then, the 

crystal structure of PfBAL_T481L-A480G was simulated by Molecular Dynamics Simulation (MD) 

and used as the acceptor, Breslow intermediate radical cation formed by ThDP and 1a complex and 

the benzylic radical was used as the ligand for docking. Accordingly, sixteen amino acid residues 

within 5 Å of the ketyl radical were selected for glycine scanning (Supplementary Fig. 7). According 

to the results of glycine scanning (Supplementary Table 4), seven amino acid residues were selected 

for further mutagenesis. Four residues (H26, Q113, Y239, C414) were substituted with amino acids 

of different sizes: alanine (A), leucine (L), phenylalanine (F), Isoleucine (I), Valine (V); the other 

three residues (W163, N283, Y397) were performed by site-saturation mutagenesis using the "Tang 

and 22c-trick" method2. According to the protocol, four primers containing codons NDT, VMA, ATG 

and TGG, respectively, (NDT encodes I, N, S, G, D, V, R, H, L, F, Y, and C, VMA encodes E, A, Q, 

P, K, and L, ATG encodes M, and TGG encodes W, thereby including all 20 natural amino acids) were 

used for a given site of mutagenesis. These four primers were mixed in a ratio of 12:6:1:1. Analysis 

of the results of the reactions (Supplementary Tables 4-8), PfBAL_T481L-A480G-Y397A (41% yield, 

93% ee) and PfBAL_T481L-A480G-Y397G (43% yield, 89% ee) were identified to be the best 

catalysts, and some mutagenesis of 26 and 163 sites were also proved to have improvement on yield 

and enantioselectivity. Then we conducted iterative site-saturation mutagenesis at positions H26, and 

W163 using PfBAL_T481L-A480G-Y397G/A as template, respectively. Finally, analysis of the 

reaction outcomes of the variants (Supplementary Tables 9-11), mutant RATCH (PfBAL_T481L-

A480G-Y397A-W163C) was identified as the best catalyst for the model reaction.  
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3.3 Mutant Creation 

The primers were designed by using a two-step PCR method in which one primer containing 

mutagenic sites and one silent primer were used to generate a short DNA fragment, which was 

recovered and then employed as a megaprimer to amplify the whole plasmid3. The PCR product of 

the second step was digested by DpnI restriction enzyme, and 5 μL of the resulting mixture was 

transformed into chemically-competent E. coli BL21 (DE3) cells. The single colonies from the 

transformation plates were picked and cultured overnight at 37 ºC with kanamycin (50 μg/mL). Then 

the overnight cultures were pelleted and mini-prepped by Sangon Plasmid Miniprep Kit and further 

sequenced to confirm the mutations (Supplementary Table 24). 

 

  



53 

 

4. Typical Procedure for Photobiocatalytic Reactions 

 
All enzymatic reactions were assembled in a Vigor glove box with an O2 concentration below 3 

ppm. Taking 1a + 2a → 3a as an example, in the glove box, to a 4 mL vial containing a magnetic stir 

bar, solutions of PfBAL_T481L-A480G-Y397A-W163C (RATCH), 4-chlorobenzaldehyde 1a (40 μL 

of a 100 mM DMSO stock, 0.004 mmol), ethylbenzene 2a (40 μL of a 400 mM DMSO stock, 0.016 

mmol), HAT reagent 2 (80 μL of a 250 mM DMSO stock, 0.020 mmol) and Eosin Y (20 μL of a 6 

mM stock in MOPS buffer, 3 mol%) were added to ~ 620 µL of MOPS buffer (100 mM, containing 

2.5 mM MgSO4, 0.15 mM ThDP, pH 8.0). The total volume of the reaction mixture was 0.8 mL and 

the final concentration for DMSO was 20 v/v %. The vial was sealed with a screw cap and then sealed 

tightly with a sealing film, removed from the glove box, illuminated with 450-460 nm LEDs, and 

stirred for 14 h at room temperature with a cooling fan. 

For reaction work-up, ethyl acetate (1.0 mL) and 20.0 μL of an internal standard stock (2 v/v % 

of n-dodecane in ethyl acetate) were added and mixed thoroughly. The organic phase was separated 

and then analysed by GC, GC-MS and chiral HPLC. The product formation was confirmed by 

comparing MS spectra and the retention times in GC and HPLC with the racemic standards. GC yields 

were determined relative to the n-dodecane according to calibration curves. Enantioselectivity was 

determined by chiral HPLC. LC yields were determined using a ZORBAX SB-C18 column (2.1 x 50 

mm, 1.8 μm) against an internal standard 1-benzyl-4-chlorobenzene at 210 nm.  

All the 0.004 mmol reactions were repeated at least twice independently using different batches 

of the enzyme. Selected examples were reproduced by another person from the same group. GC yields 

were typically within 10% error among each run. Ee values were typically within 3% error among 

each run. 

Substrates (3g, 3k, 3q and 3af) were selected to be performed on a 0.1-mmol scale. Accordingly, 

200 mL Schlenk flask was used. After irradiation for 14 h, the mixture was transferred into 50 mL 

centrifuge tubes and centrifuged at 6000 rpm for 15 min, the supernatant was extracted with ethyl 

acetate five times, and the precipitate was washed with ethyl acetate five times. Then, the combined 

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

ether/ethyl acetate = 100:1) to afford isolated yield. 

Unless otherwise noted, Conditions C were applied: aldehyde 1 (0.004 mmol), ethylbenzene 2 

(0.016 mmol), HAT reagent 2 (0.020 mmol), RATCH (2 mol%), Eosin Y (3 mol%), 20 v/v % DMSO 

in 100 mM MOPS buffer (pH 8.0, containing 2.5 mM MgSO4 and 0.15 mM ThDP) were stirred for 

14 h at room temperature under N2 atmosphere with the irradiation of 450-460 nm LEDs; total volume 

of the reaction is 0.8 mL; the yield was determined by GC and based on 1; enantiomeric excess (ee) 

was determined by HPLC analysis on a chiral stationary phase. 

  

https://www.chem17.com/st427098/product_37675155.html
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5. Preparation of Racemic References 

Method A: 

 

 

 

Arylaldehyde (1 mmol), N-(acyloxy)phthalimide (2 mmol), NHC catalyst (10 mol%) and 

Cs2CO3 (20 mol%) were added to a dry Schlenk tube equipped with a stirring bar. The mixture was 

evacuated and backfilled with N2 for three times. Then, anhydrous DMSO (4 mL) was added by 

syringe under N2 atmosphere. The reaction mixture was stirred at 60 oC for 12 h. The reaction was 

quenched by adding 10 mL water and extracted with ethyl acetate for three times. The organic layers 

were combined and dried with anhydrous Na2SO4. After concentration under reduced pressure, the 

crude residue was purified by flash chromatography on silica gel (petroleum ether/ethyl acetate = 

100:1 to 20:1) to afford the racemic references. Method A was used for synthesizing racemic 

references 3q and 3r. 

 

Method B: 

 

 
 

Step 1: To a solution of LDA (6 mmol, 2 eq) in anhydrous THF (15 mL) was added phenylacetic 

acid (3 mmol, 1 eq, in 5 mL THF) at − 78 oC. The mixture was stirred at − 78 oC for 1 h. Iodomethane 

(4.5 mmol, 1.5 eq) was added in one portion and then the mixture was allowed to warm to room 

temperature and stirred overnight. The reaction mixture was acidified with HCl (1.0 N), and extracted 

with ethyl acetate three times. The organic layers were combined and dried over anhydrous Na2SO4, 

then concentrated under reduced pressure. The crude product was used directly for the next step 

without further purification. The crude mixture of the 2-phenylpropionic acid (1.0 eq), N, O-

dimethylhydroxylamine hydrochloride (1.3 eq) and DMAP (10 mol%) were added into a flask with 

CH2Cl2 (0.2 M) at 0 oC, NEt3 (1.33 eq) and EDCI (1.3 eq) were added successively. The reaction 

mixture was stirred at 0 oC for 1 h, then allowed to warm to room temperature and stirred overnight. 

The organic layer was washed with 1.0 N HCl (3×10 mL), aqueous saturated NaHCO3 (3×10 mL), 
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and brine (20 mL). The combined organic layers were dried over anhydrous Na2SO4, and concentrated 

under reduced pressure. The crude mixture was purified by flash chromatography on silica gel 

(petroleum ether/ethyl acetate = 30:1 to 10:1) to give the pure Weinreb amide. 

Step 2: The aryl bromide (1.5 eq) was dissolved in THF, nBuLi (1.5 eq) was added dropwise at 

-78 oC under a N2 atmosphere. The reaction was stirred at -78 oC for 1 h. The corresponding Weinreb 

amide (1.0 eq in THF) was added dropwise to the flask. The reaction was allowed to warm to room 

temperature and stirred overnight. The reaction was quenched with a saturated aqueous NH4Cl 

solution at room temperature and extracted with ethyl acetate. After drying with anhydrous Na2SO4, 

filtration and concentration under reduced pressure, the crude residue was purified by flash 

chromatography on silica gel (petroleum ether/ethyl acetate = 100:1 to 5:1) to afford the racemic 

references. Method B was used for synthesizing the rest of the racemic references. 
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6. Mechanistic Studies 

6.1 TEMPO Trapping Experiment 

 
 

To probe the radical intermediate in our enantioselective C(sp3)–H bond radical acylation 

reaction, a TEMPO trapping experiment was designed and performed. Radical trapping reagent 

TEMPO (5.0 eq) was added to the model reaction under Conditions C by using RATCH as a catalyst. 

The reaction mixture was analysed by GC and HRMS. We found that the formation of product 3a 

was completely inhibited and products 4, 5 and 6 were detected by HRMS which indicated the 

formation of the ketyl radical (Int. C in Fig. 2a), methyl radical (Int. D in Fig. 2a) and benzyl radical 

(Int. E in Fig. 2a).  

 

PXC-398-1 #124 RT: 0.66 AV: 1 NL: 7.64E5
T: FTMS + p ESI Full ms [50.0000-750.0000]

295.6 295.7 295.8 295.9 296.0 296.1 296.2 296.3 296.4 296.5 296.6

m/z

0

10

20

30

40

50

60

70

80

R
e
la

ti
v
e
 A

b
u
n
d
a
n
c
e

296.0712

295.9664

296.1412

 



57 

 

PXC-398-1 #346 RT: 1.86 AV: 1 NL: 5.16E6
T: FTMS + p ESI Full ms [50.0000-750.0000]
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PXC-398-1 #76 RT: 0.40 AV: 1 NL: 4.31E5
T: FTMS + p ESI Full ms [50.0000-750.0000]
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6.2 Ethene-1,1-diyldibenzene Trapping Experiment 

 
 

To probe the methyl radical intermediate in our enantioselective C(sp3)–H bond radical acylation 

reaction, an ethene-1,1-diyldibenzene trapping experiment was designed and performed. Radical 

trapping reagent ethene-1,1-diyldibenzene (5.0 eq) was added to the model reaction under the 

standard conditions by using RATCH as a catalyst. The reaction result was analysed by GC, which 

showed that product 3a formed in 3% yield. According to the comparisons with standard references, 

formations of 7, 8 and 9 were confirmed. Based on the GC calibration curves, the yields referring to 

ethene-1,1-diyldibenzene are 8%, 2%, 4%, respectively, for compounds 7-9. These results indicated 

the formation of methyl radical intermediate. 

 

GC calibration curve for 7 is displayed below.  

 
 

1,1-Diphenylpropan-1-ol (7) 

7 is a white solid (144 mg, 68% yield) and the NMR spectra of 7 match the one previously reported 

in the literature4. 
1H NMR (400 MHz, CDCl3) δ 7.44-7.37 (m, 4H), 7.35-7.26 (m, 4H), 7.25-7.17 (m, 2H), 2.32 (q, J 

= 7.3 Hz, 2H), 2.06 (s, 1H), 0.88 (t, J = 7.3 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 146.9, 128.1, 126.7, 126.1, 78.4, 34.4, 8.1. 

HRMS (ESI, m/z) calcd. for C15H17O [M+H-H2O]+ 195.1168, found: 195.1168. 
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GC calibration curve for 8 is displayed below.  

 

 

Propane-1,1-diyldibenzene (8) 

8 is a colorless liquid (178 mg, 91% yield) and the NMR spectra of 8 match the one previously 

reported in the literature5. 
1H NMR (400 MHz, CDCl3) δ 7.31-7.20 (m, 8H), 7.21-7.12 (m, 2H), 3.79 (t, J = 7.8 Hz, 1H), 2.07 

(p, J = 7.4 Hz, 3H), 0.90 (t, J = 7.3 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 145.1, 128.3, 127.9, 126.0, 53.2, 28.6, 12.8. 

MS (EI, m/z) calcd. for C15H16 [M]+ 196.1, found: 196.1. 

 

GC calibration curve for 9 is displayed below.  

 
 

 

Prop-1-ene-1,1-diyldibenzene (9) 

9 is a colorless liquid (413 mg, 85% yield) and the NMR spectra of 9 match the one previously 

reported in the literature6. 
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1H NMR (400 MHz, CDCl3) δ 7.40-7.32 (m, 2H), 7.33-7.26 (m, 1H), 7.29-7.15 (m, 7H), 6.17 (q, J 

= 7.0 Hz, 1H), 1.75 (d, J = 7.0 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 142.9, 142.4, 140.0, 130.0, 128.1, 128.0, 127.2, 126.8, 126.7, 124.1, 

15.7. 

MS (EI, m/z) calcd. for C15H14 [M]+ 194.1, found: 194.1. 
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6.3 BHT Trapping Experiment 

 

 

To probe the radical intermediate in our enantioselective C(sp3)–H bond radical acylation 

reaction, a BHT (butylated hydroxytoluene) trapping experiment was designed and performed. 

Radical trapping reagent BHT (5.0 eq) was added to the model reaction under Conditions C by using 

RATCH as a catalyst. The reaction result was analysed by GC, HRMS. We found that product 3a 

formed in 43% yield. Products 10, 11 and 12 were detected by HRMS which indicated the formation 

of the ketyl radical (Int. C in Fig. 2a), methyl radical (Int. D in Fig. 2a) and benzyl radical (Int. E in 

Fig. 2a). 
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PXC-399-1 #34 RT: 0.18 AV: 1 NL: 6.90E5
T: FTMS + p ESI Full ms [50.0000-750.0000]
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PXC-399-1 #155 RT: 0.82 AV: 1 NL: 3.53E4
T: FTMS + p ESI Full ms [50.0000-750.0000]
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6.4 Kinetic Isotope Effect Experiments 

4-(Propan-2-yl-2-d)-1,1'-biphenyl (2l-d2) was prepared as a white solid (164 mg, 89%) following 

previously reported procedure7. Almost 100% deuteration ratio was achieved according to the 1H 

NMR spectrum. 

1H NMR (400 MHz, CDCl3) δ 7.61-7.55 (m, 2H), 7.55-7.49 (m, 2H), 7.46-7.38 (m, 2H), 7.36-7.24 

(m, 3H), 1.26 (s, 3H). 
13C NMR (100 MHz, CDCl3) δ 143.3, 141.2, 138.6, 128.7, 128.3, 127.1, 127.0, 126.9, 27.8 (t, J = 

19.6 Hz), 15.4. 

MS (EI, m/z) calcd. for C14H12D2 [M]+ 184.1, found: 184.2. 

 

Parallel reactions: 

 

 

 

Five vials in parallel, were added 4-chlorobenzaldehyde 1a (0.004 mmol), 4-ethyl-1,1'-biphenyl 

(0.016 mmol), HAT reagent 2 (0.020 mmol), RATCH (2 mol%), Eosin Y (3 mol%), 20 v/v % DMSO 

in 100 mM MOPS buffer (pH 8.0, containing 2.5 mM MgSO4 and 0.15 mM ThDP); total volume of 

the reaction mixture was 0.8 mL each. The vials were stirred for 10 min, 20 min, 30 min, 40 min, 50 

min, respectively, at room temperature under N2 atmosphere with the irradiation of 450-460 nm LEDs. 

Then the mixtures were analysed by GC for the determination of yields at different time. These results 

were repeated twice, to get average yields for yield-time curves. 

Following the same steps but using 4-(propan-2-yl-2-d)-1,1'-biphenyl instead, an initial rate for 

deuterated substrate was therefore determined.  
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GC calibration curve for 3ac is displayed below. 
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Competition reactions: 

 

 

 

Ratio of the Product 

 

Run Total GC yield Ratio of 3ac-H, 

3ac-d in 1H NMR 

kH/kd 

1 14.59 % 0.72 : 0.28 2.57 

2 15.78 % 0.72 : 0.28 2.57 

 

Conditions: 4-chlorobenzaldehyde 1a (0.004 mmol), 4-ethyl-1,1'-biphenyl (0.008 mmol) and 4-

(propan-2-yl-2-d)-1,1'-biphenyl (0.008 mmol), HAT reagent 2 (0.020 mmol), RATCH (2 mol%), 

Eosin Y (3 mol%), 20 v/v % DMSO in 100 mM MOPS buffer (pH 8.0, containing 2.5 mM MgSO4 

and 0.15 mM ThDP) were stirred for 3 h at room temperature under N2 atmosphere with the 

irradiation of 450-460 nm LEDs; total volume of the reaction is 0.8 mL. Running six reactions in 

parallel. After 3 h, two for GC yield determination, while the rest of reactions mixture was combined 

and then extracted by ethyl acetate and purified by TLC. The resultant pure 3ac was subjected to 1H 

NMR. The KIE ratio was therefore determined by quantitative 1H NMR spectroscopy. 

First run: KIE = 2.57; second run: KIE = 2.57; average: KIE = 2.57. 

 

Note: we have not considered the pH effect of deuterium on the KIE. In our reaction scheme, the 

hydrogen atom transfer (HAT) pathway, occurring between the methyl radical and ethylbenzene, is 

responsible for the C-H/D cleavage. Thus, the pH effect of deuterium is expected to play minor roles 

in this radical pathway. 

 
1H NMR (400 MHz, CDCl3) spectra of pure 3ac for the two runs were showed as follows: 
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6.5 Stern-Volmer Luminescence Quenching Studies 

To identify the key species that interacts with the excited Eosin Y, Stern-Volmer luminescence 

quenching experiments were designed and conducted.  

Emission intensities were recorded on a MolecularDevice SpectraMax M3 reader. Samples for 

the quenching experiments were prepared in a 4 mL screw-top quartz cuvette under a N2 atmosphere. 

Solutions of different quenchers in degassed DMSO were prepared. Conditions: different amounts 

(0.02 mM, 0.04 mM, 0.06 mM, 0.08 mM, 0.10 mM) of quencher solution were added to a solution 

of the photocatalyst Eosin Y (0.02 mM) in MOPS buffer (100 mM, pH 8.0, containing 2.5 mM MgSO4 

and 0.15 mM ThDP). Each solution was with a total volume of 2 mL with 20 v/v % DMSO. Excitation 

of the sample was irradiated at 455 nm and emission was measured at 548 nm. As shown in 

Supplementary Fig. 8a, excited Eosin Y couldn’t be quenched by HAT reagent 2. On the other hand, 

the quenching of the excited Eosin Y by the mixture of RATCH and 1a were recorded although not 

that efficient (Supplementary Fig. 8b).  

These results exclude an oxidative quenching pathway that excited Eosin Y was single electron 

oxidized by HAT reagent 2.  
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6.6 Discussion on the Organophotoredox Catalysis 

 

According to the literature, the oxidative potential of Breslow intermediate derivative (Int. B 

derivative) is around − 0.9 V vs SCE8 which is easily single electron oxidized by Eosin Y* (E1/2 

(Eosin Y* / Eosin Y•–) = + 0.83 V vs SCE) 9 . Additionally, our spectroelectrochemical studies 

indicated the enzymatic Breslow intermediate is prone to oxidation (Supplementary Fig. 10). The 

reduction potential of HAT reagent 2 is around − 1.24 V vs SCE10 and it may be reduced by Eosin 

Y•– (E1/2 (Eosin Y•– / Eosin Y) = − 1.06 V). These means the proposed reductive quenching 

photoredox cycle is possible.  

In the alternative oxidative quenching photoredox cycle, HAT reagent 2 was single electron 

reduced by (E1/2 (Eosin Y* / Eosin Y•+) = − 1.11 V vs SCE) and then Breslow intermediate derivative 

(Int. B) was single electron oxidized by Eosin Y•+ (E1/2 (Eosin Y•+ / Eosin Y) = + 0.78 V). This 

pathway was excluded by Stern-Volmer luminescence quenching studies between Eosin Y* and HAT 

reagent 2.  

Breslow intermediate derivatives were considered as strong reductive species (Supplementary 

method section 6.7). But direct single electron transfer between HAT reagent 2 and Breslow 

intermediate Int. B was excluded by the control experiment in which no product was formed without 

Eosin Y (Supplementary Table 19).  

The analysis of redox potentials suggests a reductive quenching pathway of the 

organophotoredox catalysis.  
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6.7 UV-Visible Spectroelectrochemical Studies 

To investigate the transformation of the enzymatic Breslow intermediate formation between 1a 

and RATCH in the MOPS buffer, in situ UV-visible spectroelectrochemical techniques was employed. 

Supplementary Fig. 9a-9d shows the cyclic voltammograms of the four samples, the compositions of 

which are MOPS buffer only, MOPS buffer + 1a, MOPS buffer + RATCH, and MOPS buffer + 1a + 

RATCH, respectively, for the samples 1, 2, 3, 4. 

The experiment employed a three-electrode system comprising a reticulated vitreous carbon 

(RVC) working electrode, a platinum mesh counter electrode, and an Ag/AgCl quasi-reference 

electrode (QRE) (Supplementary Fig. 1c). The scan potential ranged from − 2.0 V → + 1.5 V → − 

2.0 V, with a minimum scan rate of 1 mV/s due to the use of a thin-layer electrochemical cell. In the 

optical transparent thin-layer electrochemical cell (with a path length of 0.2 mm), using sample 1 as 

the background, UV-Vis spectra during the electrochemical reaction process were recorded for the 

four samples (Supplementary Fig. 9e-9h). As shown in Supplementary Fig. 9h, prior to applying the 

potential, sample 4 exhibited characteristic absorption peaks of protein at 280 nm. As the potential 

was gradually decreased from + 1.5 V to − 2.0 V, a new broad absorption band at 424 nm first 

appeared and then disappeared in the sample 4, as depicted in the magnified view of Supplementary 

Fig. 9h. This band may be characteristic of the enzymatic Breslow-int.-derived ketyl radical (Int. C) 

as no comparable changes were observed in the control. 

Careful analysis of the characteristic absorption peak at 424 nm for sample 4 (Supplementary 

Fig. 10), we can see: (1) During the potential ramp from − 2.0 V to + 1.5 V, no significant sign 

observed. At + 1.5 V, the corresponding enzyme/ThDP-1a complex is supposed to be the Breslow-

int.-derived cation intermediate, which according to literature11 and calculated UV-vis absorption 

spectra (Supplementary Fig. 11), exhibits no visible light abortion band. (2) During the potential ramp 

from + 1.5 V to − 2.0 V, the absorption band at 424 nm was observed at + 1.2 V, suggesting the SET 

reduction of the Breslow-int.-derived cation intermediate to the ketyl radical. At + 0.4 V, the 

absorption band at 424 nm reached its maximum, indicating peak generation of the ketyl radical. 

Under negative potential − 2.0 V (ranging from + 1.5 V to − 2.0 V), the reverse electrochemical 

conditions likely resulted in reduction the ketyl radical back to the initial Breslow-int. intermediate 

(Int. B), leading to the disappearance of the absorption peak at 424 nm. Again, the visible-light 

absorption spectrum of the Breslow int. aligns to the literature report11 and the calculated UV-Vis 

absorption spectra.  

To further probe the ketyl radical intermediates at ~ + 0.4 V, samples-2, 3, 4 were taken during 

CV scanning at a reverse potential of − 0.1 V (ranging from + 1.5 V to − 2.0 V), followed by 

characterization using EPR (Supplementary Fig. 10b). A characteristic EPR signal was detected for 

Sample 4 (at − 0.1 V). Based on our previous report1, this signal could be assigned to be the indicator 

of the enzymatic Breslow-int.-derived ketyl radical (Int. C). Furthermore, time-dependent decay 

process of the UV-vis characteristic absorption peak at 424 nm after the cessation of applying a 

potential of + 0.396 V was depicted in Supplementary Fig. 10c-d. After 80 minutes, the intensity of 

the absorption peak gradually decreases until it nearly disappears, which is consistent with the 

quenching process of a radical intermediate. 
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6.8 Michaelis Menten Kinetics Measurement 

Steady-state kinetic studies were carried out using purified enzyme PfBAL and RATCH, respectively, 

with the concentration of 4-chlorobenzaldehyde 1a ranging from 0.5 mM to 30 mM. To determine 

the initial reaction rates, we measured the amount of 3a formed at different time points: 10 min, 15 

min, 20 min, 25 min, and 30 min for the PfBAL-catalysed reactions, and 2 min, 4 min, 6 min, 8 min, 

and 10 min for the RATCH-catalysed reactions. Then, the initial rates were calculated based on the 

3a-concentration-time curves. Rates were repeated twice. Michaelis Menten curves were thereby 

obtained based on kinetic studies. 

 

Experimental procedure: Stock solutions of 1a in DMSO with varying concentrations were 

prepared by serial dilution (1200 mM, 800 mM, 600 mM, 400 mM, 320 mM, 240 mM, 160 mM, 80 

mM, 40 mM and 20 mM; this corresponded to a final concentration of 30 mM, 20 mM, 15 mM, 10 

mM, 8 mM, 6 mM, 4 mM, 2 mM, 1 mM and 0.5 mM, respectively, when 20 μL of the stock solution 

was used for each reaction). The initial rate measurements using PfBAL or RATCH (0.05 mM) were 

performed in ~ 620 μL MOPS buffer (100 mM, 2.5 mM MgSO4, 0.15 mM ThDP, pH 8.0) and 20 μL 

Eosin Y (150 μM final concentration), 140 μL DMSO containing ethylbenzene 2a (300 mM final 

concentration) and HAT reagent 2 (400 mM final concentration); substrate 1a (20 μL, 0.5 mM to 20 

mM final concentration) in a 4 mL clear glass vial containing a stir bar, illuminated with a 450-460 

nm LEDs. Accordingly, after illumination with stirring, ethyl acetate (1.0 mL) and 20.0 μL of an 

internal standard stock (2 v/v % of n-dodecane in ethyl acetate) were added to the reaction mixture 

and mixed thoroughly. The organic phase was separated and then analysed by GC to determine the 

amount of 3a formed. 
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Initial rates under different concentrations of 1a catalysed by PfBAL: 

 

1a (mM) First test: v1 (mM/s) Second test: v2 (mM/s) 
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Michaelis Menten curves for PfBAL: 
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Initial rates under different concentrations of 1a catalysed by RATCH: 

 

1a (mM) First test: v1 (mM/s) Second test: v2 (mM/s) 
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Michaelis Menten curves for RATCH: 
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7. Computational Studies 

7.1 System Setup and Molecular Dynamics (MD) Simulations 

The structures of mutants (W163C/Y397A/A480G/T481L) were built based on SWISS-

MODEL12 homology modelling, the template was their wild-type structure (PDB code: 3D7K). 2a 

radical (Int. E) was docked using AutoDock Vina13. It is worth noting that when Int. E was docked 

into the vacated position, two different binding modes were obtained (H-forward & H-backward, see 

Fig. 4f). We assigned the protonation status of titratable residues (His, Glu, Asp) based on the pKa 

values from the PROPKA software 14  in combination with a careful visual inspection of local 

hydrogen-bonded networks. His21, His29, His40, His49, His113, His130, His137, His185, His294, 

His318, His371, His374, and His280 were protonated at the ε position, His55, His286 and His 483 

were protonated at the δ position, while all the Glu and Asp residues were deprotonated. The Amber 

ff14SB15 force field was employed for the protein residues, while the general AMBER GAFF16 was 

used for substrates. The partial atomic charges of substrates were obtained from the RESP17 at the 

B3LYP/6-31G(d) level of theory. Sodium ions were added to the protein surface to neutralize the total 

charge of the systems. Finally, the resulting system was solvated in a rectangular box of TIP3P waters 

extending up to a minimum distance of 16 Å from the protein surface. After proper setup, the whole 

system was fully minimized using combined steepest descent and conjugate gradient method. Then, 

the system was gently annealed from 0 to 300 K under NVT ensemble for 50 ps with a weak restraint 

of 25 kcal/mol/Å on protein. To achieve a uniform density after heating dynamics, 1 ns of density 

equilibration was performed under the NPT ensemble at the target temperature of 300 K and target 

pressure of 1.0 atm. Afterward, further equilibrated the system for 4 ns under the NPT ensemble to 

get the well-settled pressure and temperature. Finally, a 200 ns productive MD simulation was 

performed under the NPT ensemble. During all MD simulations, the covalent bonds containing 

hydrogen were constrained using SHAKE 18  and an integration step of 2 fs was used. All MD 

simulations were performed with GPU version of Amber 2019 package. 
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7.2 QM/MM Calculations for Enzymatic Reactions 

All QM/MM20  calculations were performed using ChemShell21  combining Turbomole22  for 

the QM region and DL_POLY23 for the MM region. The electronic embedding scheme was used to 

account for the polarizing effect of the enzyme environment on the QM region. Hydrogen link atoms 

with the charge-shift model were applied to treat the QM/MM boundary. For radical cross-coupling 

reactions, the QM region consists of the Int. C and Int. E complex (Fig. 4f). During QM/MM geometry 

optimizations, the QM region was studied with the B3LYP density functional with two levels of theory. 

For geometry optimization, the double-ζ basis set def2-SVP, collectively labeled as B1, was used. 

The energies were further corrected with the larger basis set def2-TZVP for all atoms, labeled as B2. 

Dispersion corrections computed with Grimme’s D3 method were included in all QM calculations. 
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7.3 QM Calculations for Radical Generation 

All DFT calculations were performed with the Gaussian 16, Revision A.03 software24 . All 

geometry optimizations are conducted in conjunction with the SMD25 continuum solvation model at 

the B3LYP-D3/def2-SVP level of theory. The energies were further refined with the larger basis set 

def2-TZVP for all atoms. The solvent of chlorobenzene (ε = 5.6) was used to simulate the protein 

environment effects. Harmonic frequency calculations were performed at the same level of theory as 

the optimizations to estimate the Gibbs free energies corrections. 
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7.4 Spectral Calculations 

The possible key intermediates (see Supplementary Fig. 11) were first optimized at wB97XD/6-

31+G(d) level. Then, the single-point TDDFT calculations at wB97XD/6-31+G(d) levels were 

performed to compute the UV-Vis spectrum. All TDDFT calculations were performed with Gaussian 

16, Revision A.03.  

Note: Based on our mechanistic studies, it is suggested that the photoinduced generation of the 

prochiral radical (Int. E) occurs outside the active site, with minimal influence from the protein 

environment. Therefore, we simplified the computational model by using a QM model for the 

calculations related to the formation of Int. E (Fig. 4c and 4f). Regarding the radical cross-coupling 

step (Int. E + Int. C → Int. F), this must occur within the active site. Consequently, we used a 

QM/MM model for the calculations associated with this step. 

Additionally, we used the B3LYP-D3/def2-SVP level to optimize the structure of key species (such 

as, Fig. 4f & h) in the ground state. For the excited-state properties calculations, we have applied the 

wB97XD/6-31+G(d) level to calculate the key excited-state species (see, Fig 4c & Supplementary 

Fig. 11). The function of wB97XD has been demonstrated to be practical for studying the excited 

properties according to extensive work from our group and other groups26,27. 
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8. Experimental and Characterization Data of Racemic Products 

 

 
1-(4-Chlorophenyl)-2-phenylpropan-1-one (3a)  

By using the typical procedure described in Section 4, the reaction of 4-chlorobenzaldehyde 1a (0.004 

mmol) and ethylbenzene 2a (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3a in 61% GC 

yield (average of duplicate runs), with a 94% ee. 

 

GC calibration curve for 3a is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 9.27 min, tr 

(minor) = 10.23 min). 

HPLC trace of rac-3a:  
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HPLC trace of enantioenriched-3a obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3a is a colorless oil (1.22 g, 84%). The NMR spectra of rac-3a match the one previously 

reported28. 
1H NMR (400 MHz, CDCl3) δ 7.91-7.83 (m, 2H), 7.37-7.30 (m, 2H), 7.31-7.16 (m, 5H), 4.61 (q, J 

= 6.8 Hz, 1H), 1.52 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 199.0, 141.2, 139.1, 134.7, 130.2, 129.1, 128.8, 127.7, 127.0, 48.1, 

19.4. 

MS (EI, m/z) calcd. for C15H13ClO [M]+ 244.1, found: 244.0. 

 

 
1,2-Diphenylpropan-1-one (3b)  

By using the typical procedure described in Section 4, the reaction of benzaldehyde 1b (0.004 mmol) 

and ethylbenzene 2a (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3b in 59% GC yield 

(average of duplicate runs), with a 88% ee. 
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GC calibration curve for 3b is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 9.07 min, tr 

(minor) = 9.77 min). 

HPLC trace of rac-3b:  
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HPLC trace of enantioenriched-3b obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3b is a colorless oil (862 mg, 82%). The NMR spectra of rac-3b match the one previously 

reported29. 
1H NMR (400 MHz, CDCl3) δ 7.98-7.93 (m, 2H), 7.51-7.42 (m, 1H), 7.41-7.33 (m, 2H), 7.31-7.26 

(m, 4H), 7.24-7.15 (m, 1H), 4.67 (q, J = 6.8 Hz, 1H), 1.53 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 200.3, 141.4, 136.5, 132.7, 128.9, 128.7, 128.4, 127.7, 126.9, 47.9, 

19.5. 

MS (EI, m/z) calcd. for C15H14O [M]+ 210.1, found: 210.1. 

 

 
1-(4-Fluorophenyl)-2-phenylpropan-1-one (3c)  

By using the typical procedure described in Section 4, the reaction of 4-fluorobenzaldehyde 1c (0.004 

mmol) and ethylbenzene 2a (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3c in 66% GC 

yield (average of duplicate runs), with a 94% ee. 
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GC calibration curve for 3c is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 9.21 min, tr 

(minor) = 10.21 min). 

HPLC trace of rac-3c:  
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HPLC trace of enantioenriched-3c obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3c is a colorless oil (256 mg, 78%). The NMR spectra of rac-3c match the one previously 

reported28. 
1H NMR (400 MHz, CDCl3) δ 8.01-7.92 (m, 2H), 7.33-7.22 (m, 4H), 7.24-7.16 (m, 1H), 7.08-6.98 

(m, 2H), 4.62 (q, J = 6.8 Hz, 1H), 1.52 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 198.6, 165.4 (d, J = 252.8 Hz), 141.3, 132.8, 131.4 (d, J = 9.4 Hz), 

129.0, 127.6, 127.0, 115.5 (d, J = 21.7 Hz), 48.0, 19.5. 

MS (EI, m/z) calcd. for C15H13FO [M]+ 228.1, found: 228.1. 

 

 
1-(3-Fluorophenyl)-2-phenylpropan-1-one (3d)  

By using the typical procedure described in Section 4, the reaction of 3-fluorobenzaldehyde 1d (0.004 

mmol) and ethylbenzene 2a (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3d in 51% GC 

yield (average of duplicate runs), with a 87% ee. 
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GC calibration curve for 3d is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 8.58 min, tr 

(minor) = 9.13 min). 

HPLC trace of rac-3d:  
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HPLC trace of enantioenriched-3d obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3d is a colorless oil (104 mg, 85%). The NMR spectra of rac-3d match the one previously 

reported30. 
1H NMR (400 MHz, CDCl3) δ 7.74-7.68 (m, 1H), 7.66-7.58 (m, 1H), 7.37 -7.23 (m, 5H), 7.24-7.16 

(m, 1H), 7.19-7.10 (m, 1H), 4.61 (q, J = 6.8 Hz, 1H), 1.53 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 198.9 (d, J = 2.2 Hz), 162.7 (d, J = 246.3 Hz), 141.0, 138.6 (d, J = 

6.1 Hz), 130.0 (d, J = 7.6 Hz), 129.1, 127.7, 127.0, 124.4 (d, J = 3 Hz), 119.7 (d, J = 21.2 Hz), 115.4 

(d, J = 22.2 Hz), 48.2, 19.4. 

MS (EI, m/z) calcd. for C15H13FO [M]+ 228.1, found: 228.1. 

 

 
1-(2-Fluorophenyl)-2-phenylpropan-1-one (3e)  

By using the typical procedure described in Section 4, the reaction of 2-fluorobenzaldehyde 1e (0.004 

mmol) and ethylbenzene 2a (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3e in 38% GC 

yield (average of duplicate runs), with a 70% ee. 
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GC calibration curve for 3e is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 8.83 min, tr 

(minor) = 9.26 min). 

HPLC trace of rac-3e:  

 

 

HPLC trace of enantioenriched-3e obtained in a 0.004 mmol reaction: 
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Rac-3e is a colorless oil (123 mg, 65%). The NMR spectra of rac-3e match the one previously 

reported31. 
1H NMR (400 MHz, CDCl3) δ 7.71 (td, J = 7.6, 1.9 Hz, 1H), 7.45-7.35 (m, 1H), 7.29 -7.22 (m, 4H), 

7.22-7.14 (m, 1H), 7.17-7.09 (m, 1H), 7.07-6.97 (m, 1H), 4.60 (q, J = 6.9 Hz, 1H), 1.53 (d, J = 6.9 

Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 199.7 (d, J = 4.3 Hz), 160.9 (d, J = 252.0 Hz), 140.5, 134.0 (d, J = 

9.0 Hz), 131.0 (d, J = 2.8 Hz), 128.7, 128.1, 126.9, 126.1 (d, J = 13.2 Hz), 124.4 (d, J = 3.3 Hz), 116.5 

(d, J = 23.8 Hz), 51.9 (d, J = 6.3 Hz), 18.9. 

MS (EI, m/z) calcd. for C15H13FO [M]+ 228.1, found: 228.1.  

 

 
1-(4-Bromophenyl)-2-phenylpropan-1-one (3f)  

By using the typical procedure described in Section 4, the reaction of 4-bromobenzaldehyde 1f (0.004 

mmol) and ethylbenzene 2a (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3f in 59% GC 

yield (average of duplicate runs), with a 94% ee. 

GC calibration curve for 3f is displayed below. 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 9.88 min, tr 

(minor) = 10.88 min). 
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HPLC trace of rac-3f:  

 

 

HPLC trace of enantioenriched-3f obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3f is a colorless oil (1.11 g, 77%). The NMR spectra of rac-3f match the one previously reported32. 
1H NMR (400 MHz, CDCl3) δ 7.83-7.75 (m, 2H), 7.53-7.46 (m, 2H), 7.33-7.16 (m, 5H), 4.60 (q, J 

= 6.8 Hz, 1H), 1.52 (d, J = 7.2 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 199.2, 141.1, 135.1, 131.8, 130.3, 129.1, 127.9, 127.6, 127.0, 48.1, 

19.4. 

MS (EI, m/z) calcd. for C15H13BrO [M]+ 288.0, found: 288.0. 

 

 
1-(4-Iodophenyl)-2-phenylpropan-1-one (3g)  

By using the typical procedure described in Section 4, the reaction of 4-iodobenzaldehyde 1g (0.004 

mmol) and ethylbenzene 2a (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3g in 54% GC 

yield (average of duplicate runs), with a 94% ee. 
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GC calibration curve for 3g is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 10.29 min, tr 

(minor) = 11.07 min). 

HPLC trace of rac-3g:  
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HPLC trace of enantioenriched-3g obtained in a 0.004 mmol reaction: 

 

 

 

The reaction was scaled up to 0.1 mmol, which afforded 16.1 mg 3g, corresponding to a 48% isolated 

yield with a 93% ee. 
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1H NMR (400 MHz, CDCl3) of enantioenriched-3g obtained in a 0.1 mmol reaction: 

 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 10.07 min, tr 

(minor) = 10.72 min). 

HPLC trace of rac-3g: 

 

 

 

HPLC trace of 3g obtained in a 0.1 mmol reaction: 
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Rac-3g is a white solid (424 mg, 84%). The NMR spectra of rac-3g match the one previously 

reported1. 
1H NMR (400 MHz, CDCl3) δ 7.76-7.69 (m, 2H), 7.67-7.60 (m, 2H), 7.33-7.25 (m, 2H), 7.25-7.16 

(m, 3H), 4.59 (q, J = 6.8 Hz, 1H), 1.51 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 199.5, 141.1, 137.8, 135.7, 130.2, 129.1, 127.6, 127.0, 100.7, 48.0, 

19.4. 

MS (EI, m/z) calcd. for C15H13IO [M]+ 336.0, found: 336.0. 

 

 
2-Phenyl-1-(p-tolyl)propan-1-one (3h)  

By using the typical procedure described in Section 4, the reaction of 4-methylbenzaldehyde 1h 

(0.004 mmol) and ethylbenzene 2a (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3h in 48% 

GC yield (average of duplicate runs), with a 95% ee. 
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GC calibration curve for 3h is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 9.28 min, tr 

(minor) = 10.44 min). 

HPLC trace of rac-3h:  

 

 

HPLC trace of enantioenriched-3h obtained in a 0.004 mmol reaction: 
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Rac-3h is a colorless oil (195 mg, 87%). The NMR spectra of rac-3h match the one previously 

reported28. 
1H NMR (400 MHz, CDCl3) δ 7.88-7.82 (m, 2H), 7.30-7.24 (m, 4H), 7.21-7.12 (m, 3H), 4.66 (q, J 

= 6.8 Hz, 1H), 2.32 (s, 3H), 1.52 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 199.9, 143.5, 141.7, 133.9, 129.1, 128.9, 128.8, 127.7, 126.7, 47.7, 

21.5, 19.4. 

MS (EI, m/z) calcd. for C16H16O [M]+ 224.1, found: 224.1. 

 

 
1-(4-Methoxyphenyl)-2-phenylpropan-1-one (3i)  

By using the typical procedure described in Section 4, the reaction of 4-methoxybenzaldehyde 1i 

(0.004 mmol) and ethylbenzene 2a (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3i in 40% 

GC yield (average of duplicate runs), with a 96% ee. 

 

GC calibration curve for 3i is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 14.99 min, tr 

(minor) = 16.61 min). 
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HPLC trace of rac-3i:  

 

       

HPLC trace of enantioenriched-3i obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3i is a colorless oil (178 mg, 78%). The NMR spectra of rac-3i match the one previously 

reported28. 
1H NMR (400 MHz, CDCl3) δ 7.98-7.90 (m, 2H), 7.31-7.25 (m, 4H), 7.23-7.14 (m, 1H), 6.89-6.81 

(m, 2H), 4.64 (q, J = 6.9 Hz, 1H), 3.80 (s, 3H), 1.51 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 198.8, 163.2, 141.9, 131.0, 129.4, 128.9, 127.7, 126.7, 113.6, 55.4, 

47.5, 19.5. 

MS (EI, m/z) calcd. for C16H16O2 [M]+ 240.1, found: 240.1. 

 

 
1-(3-Methoxyphenyl)-2-phenylpropan-1-one (3j)  

By using the typical procedure described in Section 4, the reaction of 3-methoxybenzaldehyde 1j 

(0.004 mmol) and ethylbenzene 2a (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3j in 51% 
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GC yield (average of duplicate runs), with a 78% ee. 

 

GC calibration curve for 3j is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 10.75 min, tr 

(minor) = 12.93 min). 

HPLC trace of rac-3j:  
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HPLC trace of enantioenriched-3j obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3j is a colorless oil (164 mg, 68%). The NMR spectra of rac-3j match the one previously 

reported33. 
1H NMR (400 MHz, CDCl3) δ 7.56-7.49 (m, 1H), 7.51-7.45 (m , 1H), 7.31 -7.24 (m, 5H), 7.23-7.15 

(m, 1H), 7.04-6.97 (m, 1H), 4.66 (q, J = 6.8 Hz, 1H), 3.78 (s, 3H), 1.53 (d, J = 6.9 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 200.1, 159.7, 141.5, 137.8, 129.4, 128.9, 127.7, 126.9, 121.3, 119.2, 

113.1, 55.3, 48.0, 19.5. 

MS (EI, m/z) calcd. for C16H16O2 [M]+ 240.1, found: 240.1. 

 

 
1-(4-(Methylthio)phenyl)-2-phenylpropan-1-one (3k)  

By using the typical procedure described in Section 4, the reaction of 4-(methylthio)benzaldehyde 1k 

(0.004 mmol) and ethylbenzene 2a (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3k in 47% 

GC yield (average of duplicate runs), with a 97% ee. 
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GC calibration curve for 3k is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 15.25 min, tr 

(minor) = 16.18 min). 

HPLC trace of rac-3k:  

 

 

HPLC trace of enantioenriched-3k obtained in a 0.004 mmol reaction: 

 

y = 0.3502x

R² = 0.9997
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The reaction was scaled up to 0.1 mmol, which afforded 11.0 mg 3k, corresponding to a 43% isolated 

yield with a 94% ee.  

 
1H NMR (400 MHz, CDCl3) of enantioenriched-3k obtained in a 0.1 mmol reaction: 

 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 14.93 min, tr 

(minor) = 15.76 min). 

HPLC trace of rac-3k: 
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HPLC trace of 3k obtained in a 0.1 mmol reaction: 

 

 

Rac-3k is a white solid (101 mg, 66%). The NMR spectra of rac-3k match the one previously 

reported34. 
1H NMR (400 MHz, CDCl3) δ 7.90-7.82 (m, 2H), 7.32-7.23 (m, 4H), 7.23-7.14 (m, 3H), 4.62 (q, J 

= 6.8 Hz, 1H), 2.46 (s, 3H), 1.52 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 199.2, 145.5, 141.6, 132.7, 129.2, 129.0, 127.7, 126.8, 124.9, 47.7, 

19.5, 14.7. 

MS (EI, m/z) calcd. for C16H16OS [M]+ 256.1, found: 256.1. 

 

 

2-Phenyl-1-(4-(trifluoromethyl)phenyl)propan-1-one (3l)  

By using the typical procedure described in Section 4, the reaction of 4-
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(trifluoromethyl)benzaldehyde 1l (0.004 mmol) and ethylbenzene 2a (0.016 mmol) catalysed by 

RATCH (2 mol%) afforded 3l in 47% GC yield (average of duplicate runs), with a 83% ee. 

 

GC calibration curve for 3l is displayed below. 

 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 7.78 min, tr 

(minor) = 8.27 min). 

HPLC trace of rac-3l:  
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HPLC trace of enantioenriched-3l obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3l is a colorless oil (248 mg, 81%). The NMR spectra of rac-3l match the one previously 

reported35. 
1H NMR (400 MHz, CDCl3) δ 8.02 (d, J = 8.1 Hz, 2H), 7.62 (d, J = 8.2 Hz, 2H), 7.34-7.17 (m, 5H), 

4.65 (q, J = 6.8 Hz, 1H), 1.55 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 199.2, 140.8, 139.2, 134.0 (q, J = 32.4 Hz), 129.2, 129.0, 127.7, 

127.2, 125.5 (q, J = 3.7 Hz), 123.5 (q, J = 270.9 Hz), 48.5, 19.3. 

MS (EI, m/z) calcd. for C16H13F3O [M]+ 278.1, found: 278.1.  

 

 
2-Phenyl-1-(3-(trifluoromethyl)phenyl)propan-1-one (3m)  

By using the typical procedure described in Section 4, the reaction of 3-

(trifluoromethyl)benzaldehyde 1m (0.004 mmol) and ethylbenzene 2a (0.016 mmol) catalysed by 

RATCH (2 mol%) afforded 3m in 65% GC yield (average of duplicate runs), with a 71% ee. 
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GC calibration curve for 3m is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 7. 69 min, tr 

(minor) = 8.19 min). 

HPLC trace of rac-3m: 

 

 

HPLC trace of enantioenriched-3m obtained in a 0.004 mmol reaction: 

 

y = 0.346x
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Rac-3m is a colorless oil (170 mg, 61%). The NMR spectra of rac-3m match the one previously 

reported36. 
1H NMR (400 MHz, CDCl3) δ 8.22 (s, 1H), 8.09 (d, J = 7.9 Hz, 1H), 7.70 (d, J = 7.8 Hz, 1H), 7.49 

(t, J = 7.8 Hz, 1H), 7.34-7.23 (m, 4H), 7.25-7.16 (m, 1H), 4.66 (q, J = 6.8 Hz, 1H), 1.55 (d, J = 6.8 

Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 198.8, 140.7, 136.9, 131.9 (q, J = 0.6 Hz), 131.1 (q, J = 32.5 Hz), 

129.2, 129.11 (q, J = 3.7 Hz), 129.09, 127.7, 127.2, 125.6 (q, J = 3.9 Hz), 123.6 (q, J = 270.8 Hz), 

48.3, 19.3. 

MS (EI, m/z) calcd. for C16H13F3O [M]+ 278.1, found: 278.1. 

 

 

2-Phenyl-1-(4-(trifluoromethoxy)phenyl)propan-1-one (3n)  

By using the typical procedure described in Section 4, the reaction of 4-

(trifluoromethoxy)benzaldehyde 1n (0.004 mmol) and ethylbenzene 2a (0.016 mmol) catalysed by 

RATCH (2 mol%) afforded 3n in 48% GC yield (average of duplicate runs), with a 90% ee. 

 

GC calibration curve for 3n is displayed below. 

 
 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 7.38 min, tr 

(minor) = 7.70 min). 

  

y = 0.3703x

R² = 0.9995

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0 0.5 1 1.5 2 2.5 3

P
ro

d
u

ct
 Y

ie
ld

（
re

fe
r 

to
 0

.0
0
4
 m

m
o
l 

re
ac

ti
o
n
)

GC Area Ratio (product/internal standard)



104 

 

HPLC trace of rac-3n:  

 

 

HPLC trace of enantioenriched-3n obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3n is a colorless oil (217 mg, 86%). The NMR spectra of rac-3n match the one previously 

reported1. 
1H NMR (400 MHz, CDCl3) δ 8.03-7.95 (m, 2H), 7.34-7.23 (m, 4H), 7.25-7.16 (m, 3H), 4.62 (q, J 

= 6.8 Hz, 1H), 1.53 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 198.6, 152.3, 141.1, 134.6, 130.8, 129.1, 127.7, 127.1, 120.19, 

120.22 (q, J = 257.2 Hz), 48.2, 19.4. 

MS (EI, m/z) calcd. for C16H13F3O2 [M]+ 294.1, found: 294.1. 

 

 
1-([1,1'-Biphenyl]-4-yl)-2-phenylpropan-1-one (3o)  

By using the typical procedure described in Section 4, the reaction of [1,1'-biphenyl]-4-carbaldehyde 

1o (0.004 mmol) and ethylbenzene 2a (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3o in 

38% GC yield (average of duplicate runs), with a 97% ee. 
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GC calibration curve for 3o is displayed below. 

 
 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 24.34 min, tr 

(minor) = 22.13 min). 

HPLC trace of rac-3o:  
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HPLC trace of enantioenriched-3o obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3o is a white solid (316 mg, 84%). The NMR spectra of rac-3o match the one previously 

reported29. 
1H NMR (400 MHz, CDCl3) δ 8.05-7.99 (m, 2H), 7.63-7.54 (m, 4H), 7.48-7.40 (m, 2H), 7.41-7.32 

(m, 1H), 7.35-7.26 (m, 4H), 7.26-7.17 (m, 1H), 4.71 (q, J = 6.8 Hz, 1H), 1.55 (d, J = 6.9 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 199.8, 145.4, 141.5, 139.8, 135.1, 129.4, 129.0, 128.9, 128.1, 127.8, 

127.2, 127.1, 126.9, 47.9, 19.5. 

MS (EI, m/z) calcd. for C21H18O [M]+ 286.1, found: 286.1. 

 

 
1-(Naphthalen-2-yl)-2-phenylpropan-1-one (3p)  

By using the typical procedure described in Section 4, the reaction of 2-naphthaldehyde 1p (0.004 

mmol) and ethylbenzene 2a (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3p in 30% GC 

yield (average of duplicate runs), with a 85% ee. 
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GC calibration curve for 3p is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 10.61 min, tr 

(minor) = 12.40 min). 

HPLC trace of rac-3p:  

 

 

  

y = 0.2908x

R² = 0.9998

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0 0.5 1 1.5 2 2.5 3

P
ro

d
u

ct
 Y

ie
ld

（
re

fe
r 

to
 0

.0
0

4
 m

m
o

l 
re

ac
ti

o
n

)

GC Area Ratio (product/internal standard)



108 

 

HPLC trace of enantioenriched-3p obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3p is a white solid (195 mg, 75%). The NMR spectra of rac-3p match the one previously 

reported28. 
1H NMR (400 MHz, CDCl3) δ 8.47 (s, 1H), 8.00 (dd, J = 8.6, 1.8 Hz, 1H), 7.88 (d, J = 8.0 Hz, 1H), 

7.80 (dd, J = 8.5, 2.0 Hz, 2H), 7.57-7.44 (m, 2H), 7.37-7.31 (m, 2H), 7.32-7.24 (m, 2H), 7.22-7.13 

(m, 1H), 4.84 (q, J = 6.8 Hz, 1H), 1.59 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 200.2, 141.5, 135.3, 133.8, 132.4, 130.4, 129.6, 129.0, 128.3, 128.3, 

127.7, 127.6, 126.9, 126.6, 124.5, 47.9, 19.5. 

MS (EI, m/z) calcd. for C19H16O [M]+ 260.1, found: 260.1. 

 

 
2-Phenyl-1-(4-(pyridin-2-yl)phenyl)propan-1-one (3q)  

By using the typical procedure described in Section 4, the reaction of 4-(pyridin-2-yl)benzaldehyde 

1q (0.004 mmol) and ethylbenzene 2a (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3q in 

58% GC yield (average of duplicate runs), with a 95% ee. 
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GC calibration curve for 3q is displayed below. 

 
 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol =85:15, flow rate 1.0 mL/min, 30 C, tr (major) = 13.59 min, tr 

(minor) = 8.30 min). 

HPLC trace of rac-3q:  

 

 

HPLC trace of enantioenriched-3q obtained in a 0.004 mmol reaction: 

 

y = 0.2854x
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The reaction was scaled up to 0.1 mmol, which afforded 15.5 mg 3q, corresponding to a 54% isolated 

yield with a 96% ee. 

 
1H NMR (400 MHz, CDCl3) of enantioenriched-3q obtained in a 0.1 mmol reaction: 

 
 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol =85:15, flow rate 1.0 mL/min, 30 C, tr (major) = 14.16 min, tr 

(minor) = 8.43 min). 

HPLC trace of rac-3q:  
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HPLC trace of 3q obtained in a 0.1 mmol reaction: 

 

 

 

Rac-3q is a white solid (82 mg, 29%). 
1H NMR (400 MHz, CDCl3) δ 8.72-8.66 (m, 1H), 8.08-8.02 (m, 2H), 8.03-7.97 (m, 2H), 7.79-7.68 

(m, 2H), 7.32-7.27 (m, 4H), 7.28-7.22 (m, 1H), 7.23-7.15 (m, 1H), 4.72 (q, J = 6.8 Hz, 1H), 1.56 (d, 

J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 199.9, 156.1, 149.8, 143.2, 141.4, 136.8, 136.5, 129.3, 129.0, 127.8, 

126.91, 126.89, 122.8, 120.9, 48.1, 19.4. 

HRMS (ESI, m/z) calcd. for C20H18NO [M+H]+ 288.1383, found: 288.1380. 

 

 
2-Phenyl-1-(4-(pyrimidin-2-yl)phenyl)propan-1-one (3r)  

By using the typical procedure described in Section 4, the reaction of 4-(pyrimidin-2-yl)benzaldehyde 

1r (0.004 mmol) and ethylbenzene 2a (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3r in 

58% GC yield (average of duplicate runs), with a 92% ee. 

 

GC calibration curve for 3r is displayed below. 
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Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 26.21 min, tr 

(minor) = 23.11 min). 
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HPLC trace of rac-3r:  

 

 
HPLC trace of enantioenriched-3r obtained in a 0.004 mmol reaction: 

 

 
 

Rac-3r is a white solid (150 mg, 52%).  
1H NMR (400 MHz, CDCl3) δ 8.80 (d, J = 4.8 Hz, 2H), 8.48-8.41 (m, 2H), 8.09-8.02 (m, 2H), 7.32 

-7.26 (m, 4H), 7.23-7.17 (m, 2H), 4.73 (q, J = 6.8 Hz, 1H), 1.56 (d, J = 6.9 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 200.1, 163.7, 157.3, 141.3, 138.0, 129.0, 128.98, 128.2, 127.8, 126.9, 

119.6, 48.2, 19.4. 

HRMS (ESI, m/z) calcd. for C19H17N2O [M+H]+ 289.1335, found: 289.1332. 

 

 
1-(4-Chlorophenyl)-2-phenylbutan-1-one (3s)  

By using the typical procedure described in Section 4, the reaction of 4-chlorobenzaldehyde 1a (0.004 

mmol) and propylbenzene 2b (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3s in 23% GC 

yield (average of duplicate runs), with a 92% ee. 

 

GC calibration curve for 3s is displayed below. 
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Enantiomeric excess was established by HPLC analysis using a Chiralcel OJ-H column (HPLC: OJ-

H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 14.44 min, tr 

(minor) = 16.42 min). 

HPLC trace of rac-3s:  

 

 

HPLC trace of enantioenriched-3s obtained in a 0.004 mmol reaction: 

 

y = 0.3491x
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Rac-3s is a colorless oil (514 mg, 62%). The NMR spectra of rac-3s match the one previously 

reported28. 
1H NMR (400 MHz, CDCl3) δ 7.92-7.85 (m, 2H), 7.37-7.28 (m, 2H), 7.27-7.25 (m, 3H), 7.20-7.16 

(m, 1H), 4.36 (t, J = 7.2 Hz, 1H), 2.26-2.11 (m, 1H), 1.92-1.78 (m, 1H), 0.90 (t, J = 7.3 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 198.7, 139.3, 139.1, 135.2, 130.0, 128.9, 128.7, 128.1, 127.1, 55.6, 

27.0, 12.2. 

MS (EI, m/z) calcd. for C16H15ClO [M]+ 258.1, found: 258.1. 

 

 

1-(4-Chlorophenyl)-2-(4-fluorophenyl)propan-1-one (3t)  

By using the typical procedure described in Section 4, the reaction of 4-chlorobenzaldehyde 1a (0.004 

mmol) and 1-ethyl-4-fluorobenzene 2c (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3t in 

58% GC yield (average of duplicate runs), with a 93% ee. 

 

GC calibration curve for 3t is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 10.58 min, tr 

(minor) = 14.41 min). 
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HPLC trace of rac-3t:  

 

 

HPLC trace of enantioenriched-3t obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3t is a colorless oil (264 mg, 60%).  
1H NMR (400 MHz, CDCl3) δ 7.90-7.82 (m, 2H), 7.39-7.32 (m, 2H), 7.28-7.17 (m, 2H), 7.03-6.93 

(m, 2H), 4.61 (q, J = 6.8 Hz, 1H), 1.51 (d, J = 6.9 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 198.9, 161.8 (d, J = 244.2 Hz), 139.3, 136.8 (d, J = 3.2 Hz), 134.5, 

130.1, 129.2 (d, J = 8.1 Hz), 128.8, 116.0 (d, J = 21.3 Hz), 47.1, 19.5. 

HRMS (ESI, m/z) calcd. for C15H13ClFO [M+H]+ 263.0633, found: 263.0631. 

 

 
1-(4-Chlorophenyl)-2-(3-fluorophenyl)propan-1-one (3u)  

By using the typical procedure described in Section 4, the reaction of 4-chlorobenzaldehyde 1a (0.004 

mmol) and 1-ethyl-3-fluorobenzene 2d (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3u in 

59% GC yield (average of duplicate runs), with a 93% ee. 

GC calibration curve for 3u is displayed below. 
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Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 10.51 min, tr 

(minor) = 11.91 min). 

HPLC trace of rac-3u:  
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HPLC trace of enantioenriched-3u obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3u is a colorless oil (168 mg, 64%).  
1H NMR (400 MHz, CDCl3) δ 7.90-7.83 (m, 2H), 7.38-7.31 (m, 2H), 7.30-7.20 (m, 1H), 7.07-7.00 

(m, 1H), 7.01-6.94 (m, 1H), 6.94-6.85 (m, 1H), 4.62 (q, J = 6.8 Hz, 1H), 1.52 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 198.4, 163.0 (d, J = 245.4 Hz), 143.5 (d, J = 7.2 Hz), 139.4, 134.5, 

130.5 (d, J = 8.1 Hz), 130.1, 128.8, 123.4 (d, J = 2.9 Hz), 114.6 (d, J = 21.5 Hz), 114.0 (d, J = 21.1 

Hz), 47.5 (d, J = 1.7 Hz), 19.2. 

HRMS (ESI, m/z) calcd. for C15H13ClFO [M+H]+ 263.0633, found: 263.0630. 

 

 
1-(4-Chlorophenyl)-2-(2-fluorophenyl)propan-1-one (3v)  

By using the typical procedure described in Section 4, the reaction of 4-chlorobenzaldehyde 1a (0.004 

mmol) and 1-ethyl-2-fluorobenzene 2e (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3v in 

43% GC yield (average of duplicate runs), with a 95% ee. 
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GC calibration curve for 3v is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 8.32 min, tr 

(minor) = 9.30 min). 

HPLC trace of rac-3v:  
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HPLC trace of enantioenriched-3v obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3v is a colorless oil (121 mg, 77%).  
1H NMR (400 MHz, CDCl3) δ 7.92-7.85 (m, 2H), 7.39-7.32 (m, 2H), 7.24-7.12 (m, 2H), 7.10-7.01 

(m, 2H), 4.96 (q, J = 6.8 Hz, 1H), 1.51 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 198.6, 159.6 (d, J = 243.4 Hz), 139.4, 134.3, 129.9, 128.9,128.8 (d, 

J = 8.3 Hz), 128.7 (d, J = 3.8 Hz), 128.0 (d, J = 15.3 Hz), 124.7 (d, J = 3.5 Hz), 115.7 (d, J = 22.4 

Hz), 39.6 (d, J = 2.3 Hz), 17.9. 

HRMS (ESI, m/z) calcd. for C15H13ClFO [M+H]+ 263.0633, found: 263.0631. 

 

 

1,2-Bis(4-chlorophenyl)propan-1-one (3w)  

By using the typical procedure described in Section 4, the reaction of 4-chlorobenzaldehyde 1a (0.004 

mmol) and 1-chloro-4-ethylbenzene 2f (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3w in 

54% GC yield (average of duplicate runs), with a 94% ee. 
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GC calibration curve for 3w is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 11.22 min, tr 

(minor) = 12.82 min). 

HPLC trace of rac-3w:  
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HPLC trace of enantioenriched-3w obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3w is a pale-yellow oil (154 mg, 68%). The NMR spectra of rac-3w match the one previously 

reported37. 
1H NMR (400 MHz, CDCl3) δ 7.89-7.81 (m, 2H), 7.40-7.32 (m, 2H), 7.30-7.23 (m, 2H), 7.22-7.16 

(m, 2H), 4.60 (q, J = 6.8 Hz, 1H), 1.51 (d, J = 6.9 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 198.7, 139.6, 139.4, 134.5, 133.0, 130.1, 129.2, 129.0, 128.9, 47.3, 

19.3. 

MS (EI, m/z) calcd. for C15H12Cl2O [M]+ 278.0, found: 278.0. 

 

 

2-(4-Bromophenyl)-1-(4-chlorophenyl)propan-1-one (3x)  

By using the typical procedure described in Section 4, the reaction of 4-chlorobenzaldehyde 1a (0.004 

mmol) and 1-bromo-4-ethylbenzene 2g (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3x in 

54% GC yield (average of duplicate runs), with a 93% ee. 
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GC calibration curve for 3x is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 11.69 min, tr 

(minor) = 13.37 min). 

HPLC trace of rac-3x:  
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HPLC trace of enantioenriched-3x obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3x is a pale-yellow oil (1.12 g, 77%).  
1H NMR (400 MHz, CDCl3) δ 7.89-7.81 (m, 2H), 7.46-7.38 (m, 2H), 7.40-7.32 (m, 2H), 7.17-7.09 

(m, 2H), 4.58 (q, J = 6.8 Hz, 1H), 1.50 (d, J = 6.9 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 198.6, 140.1, 139.4, 134.5, 132.2, 130.1, 129.4, 128.9, 121.1, 47.3, 

19.3. 

HRMS (ESI, m/z) calcd. for C15H13BrClO [M+H]+ 322.9833, found: 322.9831. 

 

 

1-(4-Chlorophenyl)-2-(p-tolyl)propan-1-one (3y)  

By using the typical procedure described in Section 4, the reaction of 4-chlorobenzaldehyde 1a (0.004 

mmol) and 1-ethyl-4-methylbenzene 2h (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3y in 

52% GC yield (average of duplicate runs), with a 91% ee. 
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GC calibration curve for 3y is displayed below. 

 

Enantiomeric excess was established by HPLC analysis using a Chiralcel OJ-H column (HPLC: OJ-

H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 15.49 min, tr 

(minor) = 18.22 min). 

HPLC trace of rac-3y:  

 

 

HPLC trace of enantioenriched-3y obtained in a 0.004 mmol reaction: 
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Rac-3y is a colorless oil (201 mg, 78%). The NMR spectra of rac-3y match the one previously 

reported38. 
1H NMR (400 MHz, CDCl3) δ 7.90-7.84 (m, 2H), 7.36-7.28 (m, 2H), 7.11 (q, J = 8.0 Hz, 4H), 4.57 

(q, J = 6.8 Hz, 1H), 2.27 (s, 3H), 1.50 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 199.1, 139.0, 138.1, 136.7, 134.8, 130.1, 129.8, 128.7, 127.5, 47.6, 

21.0, 19.4. 

MS (EI, m/z) calcd. for C16H15ClO [M]+ 258.1, found: 258.1. 

 

 
1-(4-Chlorophenyl)-2-(m-tolyl)propan-1-one (3z)  

By using the typical procedure described in Section 4, the reaction of 4-chlorobenzaldehyde 1a (0.004 

mmol) and 1-ethyl-3-methylbenzene 2i (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3z in 

58% GC yield (average of duplicate runs), with a 91% ee. 

GC calibration curve for 3z is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralcel OJ-H column (HPLC: OJ-

H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 13.43 min, tr 

(minor) = 15.40 min). 
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HPLC trace of rac-3z:  

 

 

HPLC trace of enantioenriched-3z obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3z is a colorless oil (890 mg, 86%).  
1H NMR (400 MHz, CDCl3) δ 7.91-7.84 (m, 2H), 7.37-7.30 (m, 2H), 7.22-7.14 (m, 1H), 7.07-6.99 

(m, 3H), 4.57 (q, J = 6.8 Hz, 1H), 2.30 (s, 3H), 1.50 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 199.1, 141.1, 139.1, 138.8, 134.8, 130.2, 128.9, 128.7, 128.2, 127.8, 

124.8, 48.0, 21.4, 19.4. 

HRMS (ESI, m/z) calcd. for C16H16ClO [M+H]+ 259.0884, found: 259.0881. 

 

 

1-(4-Chlorophenyl)-2-(4-methoxyphenyl)propan-1-one (3aa)  

By using the typical procedure described in Section 4, the reaction of 4-chlorobenzaldehyde 1a (0.004 

mmol) and 1-ethyl-4-methoxybenzene 2j (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3aa 
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in 60% GC yield (average of duplicate runs), with a 87% ee. 

 

GC calibration curve for 3aa is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AD-3 column (HPLC: 

AD-3, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 18.82 min, tr 

(minor) = 22.57 min). 

HPLC trace of rac-3aa:  

 

 

  

y = 0.3689x

R² = 0.9998

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0 0.5 1 1.5 2 2.5 3

P
ro

d
u

ct
 Y

ie
ld

（
re

fe
r 

to
 0

.0
0

4
 m

m
o

l 
re

ac
ti

o
n

)

GC Area Ratio (product/internal standard)



129 

 

HPLC trace of enantioenriched-3aa obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3aa is a colorless oil (198 mg, 72%). The NMR spectra of rac-3aa match the one previously 

reported39. 
1H NMR (400 MHz, CDCl3) δ 7.91-7.83 (m, 2H), 7.37-7.30 (m, 2H), 7.20-7.12 (m, 2H), 6.86-6.79 

(m, 2H), 4.56 (q, J = 6.8 Hz, 1H), 3.75 (s, 3H), 1.49 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 199.2, 158.6, 139.0, 134.8, 133.1, 130.2, 128.74, 128.69, 114.5, 55.2, 

47.2, 19.4. 

MS (EI, m/z) calcd. for C16H15ClO2 [M]+ 274.1, found: 274.1. 

 

 
1-(4-Chlorophenyl)-2-(naphthalen-2-yl)propan-1-one (3ab)  

By using the typical procedure described in Section 4, the reaction of 4-chlorobenzaldehyde 1a (0.004 

mmol) and ethylbenzene 2k (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3ab in 26% GC 

yield (average of duplicate runs), with a 85% ee. 
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GC calibration curve for 3ab is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 11.75 min, tr 

(minor) = 13.57 min). 

HPLC trace of rac-3ab:  

 

 

HPLC trace of enantioenriched-3ab obtained in a 0.004 mmol reaction: 
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Rac-3ab is a white solid (259 mg, 59%). The NMR spectra of rac-3ab match the one previously 

reported40. 
1H NMR (400 MHz, CDCl3) δ 7.94-7.87 (m, 2H), 7.82-7.73 (m, 3H), 7.68 (d, J = 1.8 Hz, 1H), 7.47-

7.40 (m, 2H), 7.38 (dd, J = 8.5, 1.9 Hz, 1H), 7.35-7.28 (m, 2H), 4.77 (q, J = 6.8 Hz, 1H), 1.60 (d, J = 

6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 199.0, 139.2, 138.7, 134.7, 133.7, 132.4, 130.2, 129.0, 128.8, 127.7, 

127.6, 126.4, 126.3, 125.9, 125.7, 48.2, 19.4. 

MS (EI, m/z) calcd. for C19H15ClO [M]+ 294.1, found: 294.1. 

 

 

2-([1,1'-Biphenyl]-4-yl)-1-(4-chlorophenyl)propan-1-one (3ac)  

By using the typical procedure described in Section 4, the reaction of 4-chlorobenzaldehyde 1a (0.004 

mmol) and 4-ethyl-1,1'-biphenyl 2l (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3ac in 23% 

GC yield (average of duplicate runs), with a 80% ee. 

 

GC calibration curve for 3ac is displayed below. 

 
 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 11.31 min, tr 

(minor) = 12.61 min). 
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HPLC trace of rac-3ac:  

 

 

HPLC trace of enantioenriched-3ac obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3ac is a white solid (564 mg, 88%).  
1H NMR (400 MHz, CDCl3) δ 7.94-7.86 (m, 2H), 7.56-7.48 (m, 4H), 7.44-7.27 (m, 7H), 4.65 (q, J 

= 6.8 Hz, 1H), 1.56 (d, J = 6.9 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 199.0, 140.5, 140.1, 140.0, 139.2, 134.7, 130.2, 128.8, 128.7, 128.1, 

127.8, 127.3, 127.0, 47.6, 19.4. 

HRMS (ESI, m/z) calcd. for C21H18ClO [M+H]+ 321.1041, found: 321.1041. 

 

 
1-(4-Chlorophenyl)-2-(3,5-difluorophenyl)propan-1-one (3ad)  

By using the typical procedure described in Section 4, the reaction of 4-chlorobenzaldehyde 1a (0.004 

mmol) and 1-ethyl-3,5-difluorobenzene 2m (0.016 mmol) catalysed by RATCH (2 mol%) afforded 
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3ad in 45% GC yield (average of duplicate runs), with a 89% ee. 

 

GC calibration curve for 3ad is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralcel OJ-3 column (HPLC: OJ-

3, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 14.69 min, tr 

(minor) = 18.00 min). 

HPLC trace of rac-3ad:  
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HPLC trace of enantioenriched-3ad obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3ad is a pale-yellow oil (223 mg, 69%).  
1H NMR (400 MHz, CDCl3) δ 7.90-7.83 (m, 2H), 7.43-7.35 (m, 2H), 6.84-6.75 (m, 2H), 6.71-6.61 

(m, 1H), 4.60 (q, J = 6.8 Hz, 1H), 1.52 (d, J = 6.9 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 197.7, 163.3 (dd , J = 248.0, 12.9 Hz), 144.7 (t , J = 8.8 Hz), 139.7, 

134.2, 130.0, 129.0, 110.7 (dd , J = 18.4 Hz, 7.1 Hz), 102.7 (t , J = 25.1 Hz), 47.3 (t , J = 1.9 Hz), 

19.1. 

HRMS (ESI, m/z) calcd. for C15H12ClF2O [M+H]+ 281.0539, found: 281.0539. 

 

 
1-(4-Chlorophenyl)-2-(4-ethylphenyl)propan-1-one (3ae)  

By using the typical procedure described in Section 4, the reaction of 4-chlorobenzaldehyde 1a (0.004 

mmol) and 1,4-diethylbenzene 2n (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3ae in 59% 

GC yield (average of duplicate runs), with a 83% ee. 
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GC calibration curve for 3ae is displayed below. 

 
 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 8.40 min, tr 

(minor) = 8.82 min). 

HPLC trace of rac-3ae:  
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HPLC trace of enantioenriched-3ae obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3ae is a colorless oil (105 mg, 48%). 
1H NMR (400 MHz, CDCl3) δ 7.91-7.84 (m, 2H), 7.36-7.29 (m, 2H), 7.19-7.09 (m, 4H), 4.58 (q, J 

= 6.8 Hz, 1H), 2.58 (q, J = 7.6 Hz, 2H), 1.50 (d, J = 6.8 Hz, 3H), 1.19 (t, J = 7.6 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 199.1, 142.9, 139.0, 138.3, 134.8, 130.2, 128.7, 128.5, 127.5, 47.6, 

28.3, 19.4, 15.3. 

HRMS (ESI, m/z) calcd. for C17H18ClO [M+H]+ 273.1041, found: 273.1037. 

 

 
1-(4-Chlorophenyl)-2-(thiophen-3-yl)propan-1-one (3af)  

By using the typical procedure described in Section 4, the reaction of 4-chlorobenzaldehyde 1a (0.004 

mmol) and 3-ethylthiophene 2o (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3af in 74% 

GC yield (average of duplicate runs), with a 85% ee. 
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GC calibration curve for 3af is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralcel OJ-H column (HPLC: OJ-

H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 22.23 min, tr 

(minor) = 27.89 min). 

HPLC trace of rac-3af:  
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HPLC trace of enantioenriched-3af obtained in a 0.004 mmol reaction: 

 

 

 

The reaction was scaled up to 0.1 mmol, which afforded 18.0 mg 3af in 72% isolated yield with a 82% 

ee. 

 
1H NMR (400 MHz, CDCl3) of enantioenriched-3af obtained in a 0.1 mmol reaction: 
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Enantiomeric excess was established by HPLC analysis using a Chiralcel OJ-H column (HPLC: OJ-

H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 22.12 min, tr 

(minor) = 27.32 min). 

HPLC trace of rac-3af: 

 

 

HPLC trace of 3af obtained in a 0.1 mmol reaction: 

 

 

 

Rac-3af is a white solid (168 mg, 78%).  
1H NMR (400 MHz, CDCl3) δ 7.93-7.85 (m, 2H), 7.41-7.34 (m, 2H), 7.29-7.23 (m, 1H), 7.06 (dd, J 

= 3.0, 1.3 Hz, 1H), 6.98 (dd, J = 4.9, 1.3 Hz, 1H), 4.76 (q, J = 6.9 Hz, 1H), 1.53 (d, J = 6.8 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 198.8, 141.1, 139.3, 134.6, 130.1, 128.8, 126.9, 126.3, 121.5, 43.0, 

18.8. 

HRMS (ESI, m/z) calcd. for C13H12ClOS [M+H]+ 251.0292, found: 251.0291. 
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1-(4-Chlorophenyl)-2-(2,3-dihydro-1H-inden-1-yl)propan-1-one (3ag)  

By using the typical procedure described in Section 4, the reaction of 4-chlorobenzaldehyde 1a (0.004 

mmol) and 2,3-dihydro-1H-indene 2p (0.016 mmol) catalysed by RAT2 (2 mol%) afforded 3ag in 

49% GC yield (average of duplicate runs), with a 34% ee. 

 

GC calibration curve for 3ag is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr (major) = 12.10 min, tr 

(minor) = 14.73 min). 
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HPLC trace of rac-3ag:  

 

 

HPLC trace of enantioenriched-3ag obtained in a 0.004 mmol reaction: 

 

 

 

Rac-3ag is a white solid (956 mg, 73%). The NMR spectra of rac-3ag match the one previously 

reported41. 
1H NMR (400 MHz, CDCl3) δ 8.02-7.94 (m, 2H), 7.51-7.44 (m, 2H), 7.28-7.24 (m, 1H), 7.23-7.15 

(m, 1H), 7.14-7.06 (m, 1H), 7.03 (d, J = 7.6 Hz, 1H), 4.97 (t, J = 7.5 Hz, 1H), 3.21-3.09 (m, 1H), 

3.06-2.94 (m, 1H), 2.55-2.37 (m, 2H). 
13C NMR (100 MHz, CDCl3) δ 199.1, 144.5, 141.1, 139.6, 135.3, 130.3, 129.0, 127.4, 126.3, 124.88, 

124.86, 52.5, 31.9, 29.5. 

MS (EI, m/z) calcd. for C16H13ClO [M]+ 256.0, found: 256.0. 

 

 
1-(4-Chlorophenyl)-2-(2,3-dihydrobenzofuran-3-yl)propan-1-one (3ah)  

By using the typical procedure described in Section 4, the reaction of 4-chlorobenzaldehyde 1a (0.004 
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mmol) and 2,3-dihydrobenzofuran 2q (0.016 mmol) catalysed by RATCH (2 mol%) afforded 3ah in 

43% GC yield (average of duplicate runs), with a 0% ee. 

 

GC calibration curve for 3ah is displayed below. 

 

 

Enantiomeric excess was established by HPLC analysis using a Chiralpak AS-H column (HPLC: 

AS-H, 254 nm, n-hexane/isopropanol = 95:5, flow rate 0.5 mL/min, 30 C, tr1 = 21.02 min, tr2 = 27.63 

min). 

HPLC trace of rac-3ah:  
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HPLC trace of enantioenriched-3ah obtained in a 0.004 mmol reaction: 

 

 

 

 

Rac-3ah is a pale-red solid (529 mg, 66%). 
1H NMR (400 MHz, CDCl3) δ 8.02-7.95 (m, 2H), 7.56-7.49 (m, 2H), 7.20-7.12 (m, 1H), 6.95 (d, J 

= 7.5 Hz, 1H), 6.86 (d, J = 8.0 Hz, 1H), 6.81-6.73 (m, 1H), 5.22 (dd, J = 2.3, 1.6 Hz, 1H), 5.10 (dd, 

J = 9.0, 6.4 Hz, 1H), 4.8 (t, J = 9.2 Hz, 1H). 
13C NMR (100 MHz, CDCl3) δ 195.1, 160.1, 140.3, 134.4, 130.4, 129.5, 129.3, 125.0, 124.6, 120.5, 

110.3, 72.4, 49.5. 

HRMS (ESI, m/z) calcd. for C15H12ClO2 [M+H]+ 259.0520, found: 259.0519. 
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9. NMR Spectra of Racemic Standards 

 

 
3a 

1H NMR (400 MHz, CDCl3) 
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3a 

13C NMR (100 MHz, CDCl3) 
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3b 
1H NMR (400 MHz, CDCl3) 
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3b 
13C NMR (100 MHz, CDCl3) 
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3c 

1H NMR (400 MHz, CDCl3) 
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3c 

13C NMR (100 MHz, CDCl3) 
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3d 

1H NMR (400 MHz, CDCl3) 
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3d 

13C NMR (100 MHz, CDCl3) 
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3e 

1H NMR (400 MHz, CDCl3) 

 



153 

 

 

 
3e 

13C NMR (100 MHz, CDCl3) 
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3f 
1H NMR (400 MHz, 

CDCl3) 

 

 
3f 

1H NMR (400 MHz, CDCl3) 
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3f 

13C NMR (100 MHz, CDCl3) 
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3g 

1H NMR (400 MHz, CDCl3) 
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3g 

13C NMR (100 MHz, CDCl3) 
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3h 

1H NMR (400 MHz, CDCl3) 
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3h 

13C NMR (100 MHz, CDCl3) 
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3i 

1H NMR (400 MHz, CDCl3) 
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3i 

13C NMR (100 MHz, CDCl3) 
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3j 

1H NMR (400 MHz, CDCl3) 
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3j 

13C NMR (100 MHz, CDCl3) 
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3k 

1H NMR (400 MHz, CDCl3) 
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3k 

13C NMR (100 MHz, CDCl3) 
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3l 
1H NMR (400 MHz, CDCl3) 
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3l 
13C NMR (100 MHz, CDCl3) 
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3m 

1H NMR (400 MHz, CDCl3) 
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3m 

13C NMR (100 MHz, CDCl3) 
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3n 
1H NMR (400 MHz, CDCl3) 
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3n 
13C NMR (100 MHz, CDCl3) 
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3o 

1H NMR (400 MHz, CDCl3) 
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3o 

13C NMR (100 MHz, CDCl3) 
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3p 

1H NMR (400 MHz, CDCl3) 
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3p 

13C NMR (100 MHz, CDCl3) 
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3q 

1H NMR (400 MHz, CDCl3) 
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3q 

13C NMR (100 MHz, CDCl3) 
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3r 

1H NMR (400 MHz, CDCl3) 
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3r 

13C NMR (100 MHz, CDCl3) 
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3s 

1H NMR (400 MHz, CDCl3) 
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3s 

13C NMR (100 MHz, CDCl3) 
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3t 
1H NMR (400 MHz, CDCl3) 
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3t 
13C NMR (100 MHz, CDCl3) 
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3u 

1H NMR (400 MHz, CDCl3) 

 



185 

 

 

 
3u 

13C NMR (100 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 
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3v 

13C NMR (100 MHz, CDCl3) 
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3w 
1H NMR (400 MHz, CDCl3) 
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3w 
13C NMR (100 MHz, CDCl3) 
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3x 
1H NMR (400 MHz, CDCl3) 
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3x 
13C NMR (100 MHz, CDCl3) 
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3y 
1H NMR (400 MHz, CDCl3) 
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3y 
13C NMR (100 MHz, CDCl3) 
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3z 

1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 
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3aa 
13C NMR (100 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 
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3ae 

13C NMR (100 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 
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2l-d2 

1H NMR (400 MHz, CDCl3) 
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2l-d2 

13C NMR (100 MHz, CDCl3) 
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