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1. General Information 

All reactions and manipulations that were sensitive to moisture or air were 

performed in a nitrogen-filled glovebox or using standard Schlenk techniques, unless 

otherwise noted. Solvents were dried with standard procedures, degassed with N2 and 

transferred by syringe. NMR spectra were recorded on Bruker ADVANCE III (400 

MHz) spectrometers for 1H NMR and 13C NMR. CDCl3 was the solvent used for the 

NMR analysis, with tetramethylsilane as the internal standard. Chemical shifts were 

reported upfield to TMS (0.00 ppm) for 1H NMR and relative to CDCl3 (77.3 ppm) 

for 13C NMR. Optical rotation was determined using a Perkin Elmer 343 polarimeter. 

HPLC analysis was conducted on an Agilent 1260 Series instrument. GC analysis was 

carried out on Angilent 1200 Series instrument using chiral capillary columns. 

Column Chromatography was performed with silica gel Merck 60 (300-400 mesh). 

Thin layer chromatography (TLC) was performed on EM reagents 0.25 mm silica 

60-F plates. All new products were further characterized by HRMS. A positive ion 

mass spectrum of sample was acquired on a Thermo LTQ-FT mass spectrometer with 

an electrospray ionization source. 

 

2. Procedures for the preparation of (S,R)- Bn-Yanphos 

 

(S)-[1,1'-binaphthalene]-2,2'-diyl bis(trifluoromethanesulfonate) （2） 
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A single necked flask charged with a solution of (S)-BINOL (1) (14.3 g, 50 

mmol) and Et3N (15.2 g, 20.9 mL, 150 mmol) in CH2Cl2 (125 mL) was cooled to 

-78 °C, and Tf2O (31.0 g, 18.5 mL, 110 mmol) was added dropwise. Then the 

resulting mixture was warmed to 0 °C for 2 h. After removal of the solvent under 

vacuum, the resulting thick residue was filtrated through a short silica gel column and 

flushed with petroleum ether/ethyl acetate (5:1, v/v). The filtrate was concentrated 

under reduce pressure, and the product 2 was obtained as a white solid (27.5 g, >99% 

yield) and used for the next step without further purification.[1]  1H NMR (400 MHz，

CDCl3) δ/ppm = 7.27(d, J = 8.5 Hz, 2H), 7.42(ddd, J = 1.1 Hz, 6.8 Hz, 8.2 Hz, 2H), 

7.59(ddd, J = 1.0 Hz , 7.0 Hz, 8.1 Hz, 2H), 7.63(d, J = 9.1 Hz, 2H), 8.02(d, J = 8.2 Hz, 

2H), 8.15(d, J = 9.1 Hz, 2H); 13C NMR(100 MHz，CDCl3) δ：118.3, 119.4, 123.6, 

126.8, 127.4, 128.1, 132.1, 132.5, 133.2, 145.5. 

(S)-2'-(diphenylphosphoryl)-[1,1'-binaphthalen]-2-yl trifluoromethanesulfonate 

(3) 

To a schlenk flask charged with 2 (1.10 g, 2.0 mmol), diphenylphosphine oxide 

(0.81 g, 4 mmol), Pd(OAc)2 (22.4 mg, 0.1 mmol) and dppb (42.7 mg, 0.1 mmol) in 

DMSO (8.8 mL) was added DIEA (1.03 g, 1.4 mL, 8.0 mmol) under argon. The 

resulting mixture was stirred at 100 °C for 12 h. Then the mixture was cooled to room 

temperature, diluted with EtOAc (50 mL), washed with water (20 mL x 3), brine (20 

mL), successively. The organic phase was dried over anhydrous Na2SO4, filtered, 

concentrated, and the crude residue was further purified by flash chromatography on 

silica gel (petroleum ether/ethyl acetate = 1:1, v/v) to afford the desired product 3 as a 

white solid (1.08 g, 90% yield).[2]  1H NMR (400 MHz, CDCl3): δ 7.48–7.59 (m, 6H), 

7.67–7.72 (m, 4H), 8.07 (d, 1H). 13C NMR (100 MHz, CDCl3): δ: 129.0 (d, JC,P = 13.5 

Hz), 130.8 (d, JC,P = 11.5 Hz), 131.5 (d, JC,P = 101.6 Hz), 132.7 (d, JC,P = 2.9 Hz). 31P 

NMR (162 MHz, CDCl3): δ 21.5. 

(S)-2'-(diphenylphosphino)-[1,1'-binaphthalen]-2-yl trifluoromethanesulfonate 

(4) 

To a dried sealed tube charged with 3 (0.48 g, 0.81 mmol) in dry toluene (20 

mL), Et3N (0.57 g, 0.79 mL, 5.67 mmol) and HSiCl3 (0.54 g, 0.41 mL, 4.05 mmol) 
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were added successively under argon at 0 °C. The resulting mixture was stirring at 

100 °C for 12 h. After cooled to 0 °C, diluted by Et2O (10 mL), quenched with several 

drops of saturated Na2CO3, the mixture was filtered by a short celite column, and 

washed with Et2O (10 mL x 3). The filtrate was dried over anhydrous Na2SO4, filtered, 

concentrated, and the residue was purified by flash chromatography on silica gel 

(petroleum ether/ethyl acetate = 20:1, v/v) to afford the desired product 4 as a white 

solid (0.394 g, 83% yield).[3]  lH NMR (400 MHz，CDCl3) δ：6.96-8.11 (m, 22H); 31P 

NMR(162 MHz, CDCl3) δ：-13.3. 

(S)-(2'-(benzylamino)-[1,1'-binaphthalen]-2-yl)diphenylphosphine oxide (5) 

Phosphine 4 (150 mg, 0.20 mmol) was added to a solution of benzyl azide (33 

mg, 0.24 mmol) in toluene/THF 1:1 (0.1 M). The reaction was stirred at 115 °C. After 

17 h the reaction mixture was concentrated in vacuo yielding the phosphonium salt. 

The remaining phosphonium salt was stirred for 2 h at 65 °C in a mixture of THF (2 

mL), EtOH (2 mL) and aqueous 0.1 M NaOH (2 mL). After cooling the mixture, Et2O 

was added and the organic phase was washed with H2O (25 mL) and brine (25 mL). 

The organic layer was dried (Na2SO4) and concentrated in vacuo. Purification by 

column chromatography (Et2O: pentane = 4:1→15:1) afforded 5 (0.11 g, 0.20 mmol, 

99%) as a yellow foam. [4] 1H NMR (400 MHz): δ 8.02 (d, J = 8.5 Hz, 1H), 7.96 (d, J 

= 8.0 Hz, 1H), 7.90 (dd, J = 9.0 Hz, 1H), 7.73 (d, J = 11.0 Hz, 1H), 7.72 (d, J= 11.5 

Hz, 1H), 7.58 (t, J = 6.5 Hz, 1H), 7.42-7.50 (m, 3H), 7.25-7.36 (m, 10H), 7.22 (m, 

1H), 7.03-7.08 (m, 2H), 6.97 (t, J = 6.5 Hz, 1H), 6.78-6.88 (m, 2H), 6.86 (d, J = 9.0 

Hz, 1H), 6.60 (d, J = 8.5 Hz, 1H), 4.42 (s, 2H), 4.19 (br. s, 1H). 13C NMR (100 MHz, 

nonaromatic only): δ 48.2. 31P NMR (162 MHz): δ 28.4. IR (cm-1): 3342, 1624, 1526, 

1468. HRMS: calcd for C39H31NOP [M+H]+: 560.2143, found: 560.2139. 

(S)-N-benzyl-2'-(diphenylphosphino)-[1,1'-binaphthalen]-2-amine (6) 

To a dried sealed tube charged with 5 (0.45 g, 0.81 mmol) in dry toluene (20 

mL), Et3N (0.57 g, 0.79 mL, 5.67 mmol) and HSiCl3 (0.55 g, 0.41 mL, 4.05 mmol) 

were added successively under argon at 0 °C. The resulting mixture was stirring at 

100 °C for 12 h. After cooled to 0 °C, diluted by Et2O (10 mL), quenched with several 

drops of saturated Na2CO3, the mixture was filtered by a short celite column, and 
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washed with Et2O (10 mL x 3). The filtrate was dried over anhydrous Na2SO4, filtered, 

concentrated, and the residue was purified by flash chromatography on silica gel 

(petroleum ether/ethyl acetate = 20:1, v/v) to afford the desired product 6 as a yellow 

foam. (0.39 g, 83% yield). lH NMR (400 MHz，CDCl3) δ 7.90-7.88 (m, 2H), 7.82 (d, 

J = 8.9 Hz, 1H), 7.71 (d, J = 8.9 Hz, 1H), 7.65-7.53 (m, 2H), 7.51-7.49 (m, 2H), 

7.47-7.03 (m, 17H), 7.00-6.97 (m, 1H), 6.62 (d, J = 8.4 Hz, 1H), 4.18 (dd, J = 6.1 Hz, 

1H), 4.01 (dd, J = 5.8 Hz, 1H), 3.70 (br. s, 1H). 31P NMR (162 MHz): δ -13.9. 

(11bR)-N-benzyl-N-((S)-2'-(diphenylphosphino)-[1,1'-binaphthalen]-2-yl)dinapht

ho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin-4-amine (Yanphos) 

To a solution of 6 (0.27 g, 0.5 mmol) in THF (5 mL) at -78°C was added dropwise 

n-BuLi (0.65 mmol, 0.26mL of 2.5 M hexane solution). The reaction mixture was 

stirred for 4h to give a deep red solution, and 7 (262 mg, 0.75 mmol) in THF (5 mL) 

was added dropwise. After addition, the cooling bath was removed and the mixture 

was stirred at room temperature overnight. The volatiles were evaporated under 

reduced pressure. To the residue was added CH2Cl2(10 mL), and the mixture was 

filtered to remove the salt. The filtration was concentrated and subjected to 

chromatography on silica gel (eluted with hexane/EtOAc 10:1) to afford pure ligand 

(S,R)- Bn-Yanphos (145 mg) in 60% yield.[5] 1H NMR (400 MHz, CDCl3) δ 8.17 (d, J 

= 8.5 Hz, 1 H), 8.15 (d, J= 8.0 Hz, 1 H), 7.97 (d, J = 8.0 Hz, 1 H), 7.92 (d, J = 8.0 Hz, 

1 H), 7.74–7.60 (m, 5 H), 7.43–7.01 (m, 23 H), 6.87–6.83 (m, 2 H), 6.79–6.75 (m, 2 

H), 6.45–6.42 (m, 1 H), 6.24 (d, J = 8.5 Hz, 1 H), 5.93 (d, J = 8.5 Hz, 1 H), 3.82 (d, J 

=14.5 Hz, 1 H), 3.21 (d, J =14.5 Hz, 1 H); 13C NMR (100 MHz, CDCl3) δ 150.1, 

150.0, 149.8, 142., 141.9, 138.7, 128.2, 127.9, 137.8, 135.6, 135.4, 133.9, 133.5, 

133.4, 132.0, 131.8, 131.7, 131.6, 130.7, 130.5, 130.3, 129.8, 129.8, 128.8, 128.7, 

128.6, 128.5, 128.4, 128.4, 128.3, 128.2, 128.1, 128.0, 127.9, 127.8, 127.7, 127.4, 

127.2, 127.2, 127.0, 126.8, 126.7, 126.1, 126.0, 125.3, 124.8, 124.6, 122.7, 122.5, 

122.1, 51.3 ppm; 31P NMR (162 MHz, CDCl3) δ：138.41 (d, J = 78.6 Hz), 11.86 ppm 

(d, J = 78.6 Hz). 
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3. Procedures for the preparation of substrates 

General procedure 1 for the synthesis of styrenes via Wittig olefination of aldehydes 

 

Synthesis of 2-methyl-5-vinylfurane (8c)  

Methyl triphenyl phosphonium bromide (3.53 g, 9.894 mmol) was dissolved in dry 

THF (78.5 mL) under nitrogen atmosphere. At 23°C n-BuLi (3.95 mL, 9.894 mmol, 

2.5 M in hexane) was added dropwise and the mixture was stirred for 15 min. 

Afterwards a solution of 5-methylfuran-2-carbaldehyde (1.03 g, 9.423 mmol) in dry 

THF (5 mL) was added. The reaction mixture was stirred at 23°C for 2 h, before it 

was quenched by addition of saturated aqueous ammonium chloride solution (50 mL) 

and extracted with methylene chloride (3x 30 mL). The combined organic layers were 

dried over sodium sulfate and the solvent was removed. The oily residue was purified 

by flash-chromatography through silica gel. 2-methyl-5-vinylfurane 8c was obtained 

as a colorless oil (356 mg, 35%). The analytical data were  in complete agreement 

with the previously published data.[6]1H-NMR (400 MHz, CDCl3): δ 6.42 (dd, J = 

17.5, 11.3 Hz, 1H), 6.12 (d, J = 3.2 Hz, 1H), 5.94 (ddd, J = 2.9 Hz, 1.9 Hz, 0.9 Hz, 

1H), 5.56 (dd, J = 17.5 Hz, 1.3 Hz, 1H), 5.05 (dd, J = 11.3 Hz, 1.3 Hz, 1H), 2.29 (s, 

3H). 

 Following the general procedure 1, 8d, 8i were obtained as a colorless oil.  

 

General procedure 2 for the synthesis of 1-(Toluene-4-sulfonyl)-1H- 

pyrrole-2-carbaldehyde (8a) 

 

 

Synthesis of 1-(Toluene-4-sulfonyl)-1H-pyrrole-2-carbaldehyde  

 A solution of pyrrole-2-carbaldehyde (1.0 g, 11 mmol, 1 equiv.) in THF (10 mL) 
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was added over 10 min to a suspension of NaH (0.30 g, 13 mmol, 1.2 equiv.) in THF 

(60 mL) at 23 °C under argon. After 1 h, tosyl chloride (2.2 g, 12 mmol, 1.1 equiv.) 

was added. After stirring for 13 h at 23 °C, the reaction mixture was quenched with 

sat. NH4Cl (10 mL), diluted with water (200 mL) and extracted with Et2O (3x100 mL). 

The combined organic layer were washed with brine (50 mL), dried over Na2SO4 and 

the solvent was removed under reduced pressure. The crude  product was purified by 

column chromatography (AcOEt/hexane 1:10) to give desired product (2.5 g, 9.9 

mmol, 94%) as a colorless solid. 1H NMR (CDCl3, 400 MHz) δ/ppm 9.96 (s, 1H, 

aldehyde H), 7.79 (d, J = 8.4 Hz, 2H, phenyl H), 7.61 (m, 1H, pyrrole H), 7.31 (d, J = 

8.1 Hz, 2H, phenyl H), 7.14 (m, 1H, pyrrole H), 6.40 (m, 1H, pyrrole H), 2.40 (s, 3H, 

CH3). 

 

Synthesis of 1-(Toluene-4-sulfonyl)-2-vinyl-1H-pyrrole (8a) 

n-BuLi (1.6M in hexane, 5.5 mL, 8.8 mmol, 1.1 equiv.) was added to a  

suspension of methyltriphenylphosphonium bromide (3.4 g, 9.5 mmol, 1.2 equiv.) in 

THF (70 mL) at 0 °C under argon. After stirring for 2 h, the reaction mixture was 

cooled to -78 °C and a solution of 1-(Toluene-4-sulfonyl)-1H-pyrrole-2-carbaldehyde 

(2.0 g, 8.0 mmol, 1.0 equiv.) in THF (10 mL) was added dropwise. The reaction was 

warm up to 23°C over 12 h, quenched with water (150 mL) and extracted with Et2O 

(3x100 mL).  The combined organic layer were washed with water (50 mL) and 

brine (50 mL), dried over Na2SO4 and the solvent was removed under reduced 

pressure. The crude product was purified by column chromatography (AcOEt/hexane 

1:15)  to give 8a (1.8 g, 7.3 mmol, 91%) as a colorless solid. 1H NMR (CDCl3, 400 

MHz): δ 7.69 (d, J = 8.4 Hz, 2H, phenyl H), 7.31-7.28 (m, 1H, pyrrole H), 7.27 (d, J = 

8.1 Hz, 2H, phenyl H), 7.10 (dd, J = 17.4 Hz, 11.2 Hz, 1H, vinyl H), 6.44 (m, 1H, 

pyrrole H), 6.24 (m, 1H, pyrrole H), 5.48 (dd, J = 17.4 Hz, 1.2 Hz, 1H, vinyl H), 5.15 

(dd, J = 11.2 Hz, 1.5 Hz, 1H, vinyl H), 2.39 (s, 3H, CH3);  

 

General procedure 3 for the synthesis of 2-Vinyl-pyrrole-1-carboxylic acid tert-butyl 

ester (8b) 



S8 
 

 

2-Formyl-pyrrole-1-carboxylic acid tert-butyl ester 

A solution of pyrrole-2-carbaldehyde (1.0 g, 11 mmol, 1.0 equiv) in THF (10 mL) 

was added over 10 min to a suspension of NaH (0.30 g, 13 mmol, 1.2 equiv.) in THF 

(60 mL) at 23 °C under argon. After 1 h, Boc anhydride (2.5 g, 12 mmol, 1.1 equiv) 

was added. After stirring for 13 h at 23 °C, the reaction mixture was quenched with 

sat. NH4Cl (10 mL), diluted with water (200 mL) and extracted with Et2O (3x100 mL). 

The combined organic layer were washed with brine (50 mL), dried over Na2SO4 and 

the solvent was removed under reduced pressure. The crude product was  purified by 

column chromatography (AcOEt/hexane 1:30) to give 2-Formyl-pyrrole-1-carboxylic 

acid tert-butyl ester (2.0 g, 10 mmol, 97%) as an oil. 1H NMR (CDCl3, 400 MHz): δ 

10.29 (s, 1H, aldehyde H), 7.41 (m, 1H, pyrrole H), 7.14 (m, 1H, pyrrole H), 6.24 (m, 

1H, pyrrole H), 1.61 (s, 9H, CH3). 

 

2-Vinyl-pyrrole-1-carboxylic acid tert-butyl ester (8b)  

n-BuLi (1.6M in hexane, 5.5 mL, 8.8 mmol, 1.1 equiv.) was added to a suspension  

of methyltriphenylphosphonium bromide (3.4 g, 9.5 mmol, 1.2 equiv.) in THF (70 mL) 

at 0 °C under argon. After stirring for 2 h, the reaction mixture was cooled to -78 °C 

and a solution of 91 (1.6 g, 8.0 mmol, 1.0 equiv) in THF (10 mL) was added dropwise. 

The reaction was warm up to 23 °C over 12 h, quenched with water (150 mL)  and 

extracted with Et2O (3x100 mL). The combined organic layer were washed with water 

(50 mL) and brine (50 mL), dried over Na2SO4 and the solvent was removed under 

reduced pressure. The crude product was purified by column chromatography 

(AcOEt/hexane 1:30) to give 8b (1.22 g, 6.33 mmol, 79%) as a yellow oil. 1H NMR 

(CDCl3, 400 MHz): δ 7.25 (m, 1H, pyrrole H), 7.23 (dd, J = 17.4 Hz, 11.2 Hz, 1H, 

vinyl H), 6.43 (m, 1H, pyrrole H), 6.14 (m, 1H, pyrrole H), 5.53 (dd, J = 17.4 Hz, 1.6 

Hz, 1H, vinyl H), 5.12 (dd, J = 11.2 Hz, 1.6 Hz, 1H, vinyl H), 1.61 (s, 9H, CH3). 

Following  the general procedure 2, 8e was obtained as a colorless oil  (1.04 g, 
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3.5 mmol, 85%). 1H NMR (CDCl3, 400 MHz) δ 7.94 (d, 2H), 7.74 (d, J = 8.7 Hz, 2H, 

phenyl H), 7.40 (d, 2H), 7.33 (dd, 1H, indole H), 6.87 (dd, 1H), 6.66 (1H, indole H), 

6.63 (dd, 1H, vinyl H), 5.80 (d, J = 17.7 Hz, 1H, vinyl H), 5.35 (d, J = 11.2 Hz, 1H, 

vinyl H), 2.31 (s, 3H, CH3) and 8g was obtained as a colorless oil (0.98 g, 3.3 mmol, 

85%). 1H NMR (CDCl3, 400 MHz) δ 8.01 (m, J = 8.1 Hz, 1H, indole H), 7.82-7.73 

(m, 1H, indole H), 7.78 (d, J = 8.7 Hz, 2H, phenyl H), 7.62 (s, 1H, indole H), 

7.37-7.24 (m, 2H, indole H), 7.20 (d, J = 7.8 Hz, 2H, phenyl H), 6.77 (m, J = 17.7, 

11.2 Hz, 1H, vinyl H), 5.80 (m, J = 18.0 Hz, 1H, vinyl H), 5.35 (m, J = 11.2 Hz, 1H, 

vinyl H), 2.31 (s, 3H, CH3). 

Following the general procedure 3, 8f was obtained as a yellow oil (0.84g, 3.5 

mmol, 80%). 1H NMR (CDCl3, 400 MHz): δ 8.11 (d, J = 7.9 Hz, 1H, indole H), 7.93 

(d, J = 7.6 Hz, 1H, indole H), 7.33 (s, 1H, indole H), 6.87 (1H, indole H), 6.66 (1H, 

indole H), 6.63 (vinyl H), 5.84 (d, J = 17.8 Hz, 1H, vinyl H), 5.35 (d, J = 11.3 Hz, 1H, 

vinyl H), 1.70 (s, 9H, CH3); and 8h was obtained as a yellow oil (0.72 g, 3.0 mmol, 

80%). 1H NMR (CDCl3, 400 MHz) δ: 8.21 (d, J = 7.9 Hz, 1H, indole H), 7.81 (d, J = 

7.6 Hz, 1H, indole H), 7.65 (s, 1H, indole H), 7.39-7.25 (m, 2H, indole H), 6.83 (dd, J 

= 17.8 Hz, 11.3 Hz, 1H, vinyl H), 5.84 (d, J = 17.8 Hz, 1H, vinyl H), 5.35 (d, J = 11.3 

Hz, 1H, vinyl H), 1.70 (s, 9H, CH3). 

 

Synthesis of N-vinylindole (8j)  

N-vinylindole was obtained by the N-alkylation of indole. Under the nitrogen 

atmosphere, indole (5.0 g, 38 mmol) was added to anintensely stirred mixture of 

1,2-dichloroethane (100 g, 1.0 mol), tetrabutylammonium bromide (0.25 g, 0.8 mmol), 

KOH (14 g,250 mmol), and K2CO3 (11 g, 80 mmol) at room temperature. The stirring 

was continued at 50 °C for 72 h. After cooling, the inorganic material was filtered off, 

and the organic solvent was removed by evaporation. A mixture of the condensate, 

which corresponds to crude 3-chloroethylindole (5.0 g, 26 mmol), KOH (2.2 g, 240 

mmol), and hydroquinone (30 mg, 0.27 mmol), was placed in toluene (100 mL) and 

refluxed for 3 h. After the toluene solution was evaporated under reduced pressure, 

the organic material was extracted from the reaction mixture by means of methylene 
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chloride (30 mL) with water (50 mL). The extract was then dried over anhydrous 

MgSO4 and filtered, and the solvent was evaporated to give a dark red liquid. The 

crude product was purification by silica gel chromatography eluted with 

n-hexane/ethyl acetate 5/1 (volume ratio) to give N-vinylindole as a pale yellow liquid 

(2.8 g, yield 73%).  

 

Synthesis of allyl-1H-indole (8k)  

Allyl-1H-indole (8k): A mixture of indole (0.59 g, 5.0 mmol), allyl chloride (0.38 g, 

5.0 mmol), NaOH (0.40 g, 10.0 mmol) in DMSO (10 mL) was vigorously stirred at 

room temperature under nitrogen atmosphere for 2.5 h. The reaction mixture was 

diluted with EtOAc (40 mL) and washed with H2O (2×30 mL). The aqueous phase 

was extracted with EtOAc (2×30 mL), and the combined organic phase was dried 

over Na2SO4. After filtration and evaporation of the solvents in vacuo, the crude 

product was purified by column chromatography on silica gel (petroleum 

ether/EtOAc= 30/1) to give  8k (0.78 g, 99%) as a brown oil. 1H-NMR (400 MHz, 

CDCl3): δ 7.67 (dd, J = 8.0 Hz, 4.0 Hz, 1H), 7.35 (dd, J = 8.0 Hz, 3.0 Hz, 1H), 

7.25-7.22 (m, 1H), 7.16-7.12 (m, 2H), 6.55 (s, 1H), 6.06-5.98 (m, 1H), 5.24-5.21 (m, 

1H), 5.13-5.09 (m, 1H), 4.76-4.75 (m, 2H).  

4. General procedure for asymmetric hydroformylation 

In a glovebox filled with nitrogen, to a 5 ml vial equipped with a magnetic bar was 

added ligand (S,R)- Bn-Yanphos (0.005 mmol) and Rh(acac)(CO)2 (0.0025 mmol in 

0.20 mL solvent). After stirring for 10 min, substrate (0.5 mmol) and additional 

solvent was charged to bring the total volume of the reaction mixture to 1.0 mL. The 

vial was transferred into an autoclave and taken out of the glovebox. Carbon 

monoxide (10 bar) and hydrogen (10 bar) were charged in sequence. The reaction 

mixture was stirred at 70 °C (oil bath) for 24 h. The reaction was cooled and the 

pressure was carefully released in a well-ventilated hood. The conversion and b/l were 
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determined by 1H NMR spectroscopy from the crude reaction mixture. The 

enantiomeric excesses of 9a-9k were determined by HPLC.  

5.  General procedure for reduction of aldehydes 

 

The crude mixture of 9 was treated with NaBH4 (40 mg) in MeOH (2 mL) at 0°C. 

After stirring at 0°C for 2h, the reaction mixture was quenched with saturated aqueous 

H2O (5 mL) and extracted 2 times with ethyl acetate (5 mL). The combined organic 

layers were washed with brine and dried over Na2SO4, the solvents were removed 

under reduced pressure, and the residue was purified by flash chromatography on 

silica gel (petroleum ether/ethyl acetate = 10:1, v/v) to afford the desired alcohols 11. 

 

6. Characterizations of compounds 

 (S)-2-(1-tosyl-1H-pyrrol-2-yl)propan-1-ol (11a) 

 White solid, 114 mg, 82% yield; 94% ee; [α]25D = 14.3 (c = 0.3, 

CHCl3). 
1H NMR (400 MHz, CDCl3) δ 7.66 (d, 2H), 7.33 (d, 2H), 6.29 (s, 1H), 6.15 

(s, 1H), 3.67-3.63 (m, 1H), 3.59-3.55 (m, 1H), 3.49-3.40 (m, 1H) 2.43 (s, 3H), 1.15 (d, 

3H). Enantiomeric excess was determined by HPLC analysis: Daicel Chiralcel AD-H, 

hexane/i-PrOH = 95:5, flow rate = 1.0 mL/min, λ = 220 nm, tmajor = 32.2 min, tminor = 

40.2 min; 

 

(S)-tert-butyl 2-(1-hydroxypropan-2-yl)-1H-pyrrole-1-carboxylate (11b) 
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 White solid, 90 mg, 80% yield, 91% ee, [α]25
D = 3.3 (c = 0.3, CHCl3). 

1H NMR (400 MHz, CDCl3) δ 7.24 (q, 1H), 6.16-6.11 (m, 2H), 3.82-3.67(m, 3H), 

1.62 (s, 9H), 1.31 (d, 3H); 13C NMR (100 MHz, CDCl3) δ: 149.7, 137.8, 121.6, 110.2, 

110.1, 83.7, 67.7, 34.7, 28.0, 17.2. Enantiomeric excess was determined by HPLC 

analysis: Daicel Chiralcel AD-H, hexane/i-PrOH = 90:10, flow rate = 1.0 mL/min, λ = 

220 nm, tmajor = 5.1 min, tminor = 5.5 min; HRMS calculated [M+H]+ for C12H20NO3: 

226.1437, found: 226.1435. 

 

(R)-2-(5-methylfuran-2-yl)propan-1-ol (11c) 

 White solid, 54 mg, 78% yield, 94% ee, [α]25
D = -3.3 (c = 0.3, 

CHCl3).
 1H NMR (400 MHz, CDCl3) δ 5.99 (s, 1H), 5.91 (s, 1H), 3.74 (d, 2H), 

3.06-2.97 (m, 1H), 2.29 (s, 3H), 1.28 (d, 3H). Enantiomeric excess was determined by 

HPLC analysis: Daicel Chiralcel AS-H, hexane/i-PrOH = 95:5, flow rate = 1.0 

mL/min, λ = 220 nm, tmajor = 7.2 min, tminor = 7.6 min. 

 

(R)-2-(3-methylthiophen-2-yl)propan-1-ol (11d) 

I White solid, 64 mg, 82% yield, 94% ee, [α]25
D = -3.3 (c = 0.3, 

CHCl3).
 1H NMR (400 MHz, CDCl3) δ 7.15 (d, 1H), 6.85 (d, 1H), 3.72-3.65 (m, 2H), 

3.41-3.33 (m, 1H), 2.24 (s, 3H), 1.34 (d, 3H); 13C NMR (100 MHz, CDCl3) δ: 140.6, 

133.6, 130.1, 121.9, 68.9, 36.1, 18.9, 13.8. Enantiomeric excess was determined by 

HPLC analysis: Daicel Chiralcel AS-H, hexane/i-PrOH = 95:5, flow rate = 1.0 

mL/min, λ = 220 nm, tmajor = 7.2 min, tminor = 8.2 min. HRMS calculated [M+H]+ for 

C9H13OS: 157.0681, found: 157.0680. 

 

 

 

(S)-2-(1-tosyl-1H-indol-2-yl)propan-1-ol (11e) 
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 White solid, 130 mg, 79% yield, 95% ee, [α]25
D = -98.7 (c = 0.3, 

CHCl3). 
1H NMR (400 MHz, CDCl3) δ 8.23 (d, 1H), 7.63 (d, 2H), 7.47 (d, 1H), 

7.33-7.19 (m, 4H), 6.55 (s, 1H), 3.92-3.84 (m, 2H), 3.81-3.77 (q, 1H), 2.35 (s, 3H), 

1.39 (d, 3H); 13C NMR (100 MHz, CDCl3) δ: 144.8, 144.1, 137.4, 135.8, 129.8, 129.7, 

126.1, 124.3, 123.7, 120.3, 115.3, 108.8, 67.7, 35.5, 21.6, 17.5. Enantiomeric excess 

was determined by HPLC analysis: Daicel Chiralcel AD-H, hexane/i-PrOH = 80:20, 

flow rate = 1.0 mL/min, λ = 220 nm, tmajor = 13.8 min, tminor = 29.3 min; HRMS 

calculated [M+H]+ for C18H20NO3S: 330.1158, found: 330.1152. 

 

(S)-tert-butyl 2-(1-hydroxypropan-2-yl)-1H-indole-1-carboxylate (11f) 

 White solid, 110 mg, 80% yield, 95% ee, [α]25
D = 1.0 (c = 0.3, 

CHCl3). 
1H NMR (400 MHz, CDCl3) δ 8.06 (d, 1H), 7.52 (d, 1H), 7.28-7.21 (m, 2H), 

6.53 (s, 1H), 4.01-3.84 (m, 2H), 3.82 (q, 1H), 1.73 (s, 9H), 1.41 (d, 3H).Enantiomeric 

excess was determined by HPLC analysis: Daicel Chiralcel IB-H, hexane/i-PrOH = 

95:5, flow rate = 1.0 mL/min, λ = 220 nm, tminor = 6.9 min, tmajor = 7.3 min. 

 

(S)-2-(1-tosyl-1H-indol-3-yl)propan-1-ol (11g) 

 White solid, 123 mg, 75% yield, 93% ee, [α]25
D = 14.7 (c = 0.3, 

CHCl3).
 1H NMR (400 MHz, CDCl3) δ 8.03 (d, 1H), 7.80 (d, 2H), 7.58 (d, 1H), 7.43 

(s, 1H), 7.37 (t, 1H), 7.25 (m, 3H), 3.83-3.76 (m, 2H), 3.18-3.26 (m, 1H), 2.35 (s, 3H), 

1.41 (d, 3H); 13C NMR (100 MHz, CDCl3) δ: 144.9, 135.4, 135.1, 130.3, 129.8, 126.8, 

124.9, 124.8, 123.1, 122.7, 119.7, 113.8, 67.2, 33.5, 21.6, 16.7. Enantiomeric excess 

was determined by HPLC analysis: Daicel Chiralcel IB -H, hexane/i-PrOH = 95:5, 

flow rate = 1.0 mL/min, λ = 220 nm, tmajor = 22.7 min, tminor = 25.3 min; HRMS 

calculated [M+H]+ for C18H20NO3S: 330.1158, found: 330.1152. 
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(S)-tert-butyl 3-(1-hydroxypropan-2-yl)-1H-indole-1-carboxylate (11h) 

 White solid, 105 mg, 76% yield, 96% ee, [α]25
D = 1.0 (c = 0.3, 

CHCl3). 
1H NMR (400 MHz, CDCl3) δ 8.16 (s, 1H), 7.63 (d, 1H), 7.47 (s, 1H), 

7.38-7.34 (t, 1H), 7.27-7.25 (m, 1H), 3.91-3.79 (m, 2H), 3.28 (m, 1H), 1.71 (s, 9H), 

1.43 (d, 3H); 13C NMR (100 MHz, CDCl3) δ: 149.7, 136.6, 129.9, 124.6, 124.5, 122.6, 

122.4, 119.2, 115.4, 83.6, 67.3, 33.5, 28.2, 16.8. Enantiomeric excess was determined 

by HPLC analysis: Daicel Chiralcel IB-H, hexane/i-PrOH = 95:5, flow rate = 1.0 

mL/min, λ = 220 nm, tmajor = 7.4 min, tminor = 8.2 min; HRMS calculated [M+H]+ for 

C16H22NO3:267.1594, found: 267.1591. 

 

(R)-2-(benzo[b]thiophen-2-yl)propan-1-ol (11i) 

 White solid, 78 mg, 82% yield, 92% ee. [α]25
D = -4.0 (c = 0.3, 

CHCl3).
 1H NMR (400 MHz, CDCl3) δ 7.84 (d, 1H), 7.75 (d, 1H), 7.38-7.32 (m, 2H), 

7.16 (s, 1H), 3.82 (m, 2H), 3.37 (m, 1H), 1.46 (d, 3H). Enantiomeric excess was 

determined by HPLC analysis: Daicel Chiralcel AS-H, hexane/i-PrOH = 95:5, flow 

rate = 1.0 mL/min, λ = 220 nm, tminor = 11.5 min, tmajor = 12.4 min. 

 

(R)-2-(1H-indol-1-yl)propan-1-ol (11j) 

 White solid, 76 mg, 87% yield, 95% ee, [α]25
D = 47.0 (c = 0.3, 

CHCl3). 
1H NMR (400 MHz, CDCl3) δ: 7.69 (d, 1H), 7.46 (d, 1H), 7.27-7.23 (m, 2H), 

7.17 (t, 1H), 6.60 (d, 1H), 4.74 (m, 1H), 3.92 (t, 2H), 1.60 (d, 3H); 13C NMR (100 

MHz, CDCl3) δ: 136.1, 128.5, 124.2, 121.6, 121.6, 121.1, 119.6, 109.5, 102.1, 66.5, 

53.1, 16.9. Enantiomeric excess was determined by HPLC analysis: Daicel Chiralcel 

AS-H, hexane/i-PrOH = 95:5, flow rate = 1.0 mL/min, λ = 220 nm, tmajor = 13.0 min, 



S15 
 

tminor = 15.3 min; HRMS calculated [M+H]+ for C11H14NO:176.1069, found: 

176.1067. 

 

(S)-3-(1H-indol-1-yl)-2-methylpropan-1-ol (11k) 

 White solid, 63 mg, 67% yield, 90% ee, [α]25
D = 2.0 (c = 0.3, 

CHCl3).
 1H NMR (400 MHz, CDCl3) δ 7.68 (d, 1H), 7.43 (d, 1H), 7.26 (t, 1H), 

7.15-7.11 (m, 2H), 6.54 (d, 1H), 4.31 (q, 1H), 4.06 (q, 1H), 3.54 (d, 2H), 2.34 (m, 1H), 

1.01 (d, 3H); 13C NMR (100 MHz, CDCl3) δ: 136.2, 128.6, 128.4, 121.4, 120.9, 119.2, 

109.5, 101.1, 65.0, 48.9, 36.7, 14.9.  Enantiomeric excess was determined by HPLC 

analysis: Daicel Chiralcel OD-H, hexane/i-PrOH = 95:5, flow rate = 1.0 mL/min, λ = 

220 nm, tminor = 26.6 min, tmajor = 32.9 min; HRMS calculated [M+H]+ for 

C12H16NO:190.1226, found: 190.1223. 

7. Procedures for the preparation of (S)- α-Methyl-3-indolylacetic acid  

 

In a glovebox filled with nitrogen, to a 5 ml vial equipped with a magnetic bar 

was added ligand (S,R)- Bn-Yanphos (0.01 mmol in 1 mL solvent) and Rh(acac)(CO)2 

(0.005 mmol in 0.25 mL solvent) After stirring for 10 min, substrate 8h (1 mmol) and 

additional solvent was charged to bring the total volume of the reaction mixture to 2 

mL. The vial was transferred into an autoclave and taken out of the glovebox. Carbon 
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monoxide (10 bar) and hydrogen (10 bar) were charged in sequence. The reaction 

mixture was stirred at 70 °C (oil bath) for 12 h. The reaction was cooled and the 

pressure was carefully released in a well-ventilated hood. The reaction mixture was 

transferred into a 20 mL Schlenk tube, then t-BuOH (10 mL), 2-methyl-2-butene (2.0 

M in THF, 5.5 mL, 11 mmol), and NaH2PO4 (276 mg, 1.77 mmol) in H2O (2.0 mL) 

were added. The mixture was cooled to 0°C, then NaOClO (994 mg, 11.0 mmol) in 2 

mL of H2O was added. After being stirred for 30 min at room temperature. The 

reaction mixture was poured into saturated aq NH4Cl (5 mL), and whole was 

extracted with EtOAc (5 mL).The combined organic layers were washed with brine (5 

mL) and dried over anhydrous Na2SO4. Filtration and evaporation in vacuo furnished 

the crude product, the crude product was used directly in next step. 

 

The crude product was transferred into a 50 mL bottom flask, then EtOAc (10 mL), 

silica gel (300 mg) were added, evaporation in vacuo, then the reaction mixture was 

stirred at 70 °C in vacuo (oil bath) for 4 h. The crude product was purified by column 

chromatography (silica gel, 1:1 hexane/EtOAc) to provide 12 (0.11 g, 77%) as a dark 

yellow oil: {[α]25
D = +37.0 (c = 0.1, CHCl3) for 99% ee} was the same as that 

reported in the literature {lit.7 [α]25
D = +41.5 (c = 0.13, CH2Cl2) for >99% ee}.1H 

NMR (400 MHz, CDCl3) : 1.63 (d, J = 7.3 Hz, 3H, CH3CHAr), 4.05 (q, J = 7.3 Hz, 

1H, CH3CHAr), 7.13 (dd, J = 7.3 Hz, 8.0 Hz, 1H, Ar), 7.15 (s, 1H, Ar), 7.20 (dd, J = 

7.3 Hz, 7.3 Hz, 1H, Ar), 7.36 (d, J = 8.0 Hz, 1H, Ar), 7.69 (d, J = 7.6 Hz, 1H, Ar), 

8.07 (br s, 1H, NH). Enantiomeric excess was determined by HPLC analysis: Daicel 

Chiralcel IC, hexane/i-PrOH = 90:10, flow rate = 0.5 mL/min, λ = 220 nm, 40℃，tmajor 

= 18.3 min, tminor = 26.7 min 
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10. HPLC spectra for ee determination 

 Enantiomeric excess was determined by HPLC analysis: Daicel 

Chiralcel AD-H, hexane/iPrOH = 95:5, flow rate = 1.0 mL/min, λ = 220 nm, tmajor = 

32.2 min, tminor = 40.2 min 
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 Enantiomeric excess was determined by HPLC analysis: Daicel 

Chiralcel AD-H, hexane/iPrOH = 90:10, flow rate = 1.0 mL/min, λ = 220 nm, tmajor = 

5.1 min, tminor = 5.5 min 
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 Enantiomeric excess was determined by HPLC analysis: Daicel 

Chiralcel AS-H, hexane/iPrOH = 95:5, flow rate = 1.0 mL/min, λ = 220 nm, tmajor = 

7.2 min, tminor = 7.6 min 
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 Enantiomeric excess was determined by HPLC analysis: Daicel 

Chiralcel AS-H, hexane/iPrOH = 95:5, flow rate = 1.0 mL/min, λ = 220 nm, tmajor = 

7.2 min, tminor = 8.2 min 
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 Enantiomeric excess was determined by HPLC analysis: Daicel 

Chiralcel AD-H, hexane/iPrOH = 80:20, flow rate = 1.0 mL/min, λ = 220 nm, tmajor = 

13.8 min, tminor = 29.3 min 
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 Enantiomeric excess was determined by HPLC analysis: Daicel 

Chiralcel IB-H, hexane/iPrOH = 95:5, flow rate = 1.0 mL/min, λ = 220 nm, tminor = 

6.9 min, tmajor = 7.3 min 
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 Enantiomeric excess was determined by HPLC analysis: Daicel 

Chiralcel IB -H, hexane/iPrOH = 95:5, flow rate = 1.0 mL/min, λ = 220 nm, tmajor = 

22.7 min, tminor = 25.3 min 
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 Enantiomeric excess was determined by HPLC analysis: Daicel 

Chiralcel IB-H, hexane/iPrOH = 95:5, flow rate = 1.0 mL/min, λ = 220 nm, tmajor = 

7.4 min, tminor = 8.2 min 
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 Enantiomeric excess was determined by HPLC analysis: Daicel 

Chiralcel AS-H, hexane/iPrOH = 95:5, flow rate = 1.0 mL/min, λ = 220 nm, tminor = 

11.5 min, tmajor = 12.4 min 
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  Enantiomeric excess was determined by HPLC analysis: Daicel 

Chiralcel AS-H, hexane/iPrOH = 95:5, flow rate = 1.0 mL/min, λ = 220 nm, tmajor = 

13.0 min, tminor=15.3min  
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 Enantiomeric excess was determined by HPLC analysis: Daicel 

Chiralcel OD-H, hexane/iPrOH = 95:5, flow rate = 1.0 mL/min, λ = 220 nm, tminor = 

26.6 min, tmajor = 32.9 min 
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Enantiomeric excess was determined by HPLC analysis: Daicel 

Chiralcel IC, hexane/i-PrOH = 90:10, flow rate = 0.5 mL/min, λ = 220 nm, 40℃，tmajor 

= 18.3 min, tminor = 26.7 min 
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