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1. General Information 

 

All solvents and chemicals were from Sigma-Aldrich, Acros and Alfa Aesar and used directly 

without further purification. Analytical thin layer chromatography was performed on 0.25 mm silica 

gel 60-F254. Visualization was carried out with UV light. Preparative TLC was performed on 1.0 

mm silica gel (Analtech). Columns for flash chromatography (FC) contained silica gel (32–63μ, 

Dynamic Adsorbents, Inc.). The melting points were measured with Tektronix X4 microscopic 

melting point apparatus and thermometer are uncorrected. 1H NMR spectra were recorded on Bruker 

AV-400 instrument (400 MHz). Chemical shifts were quoted in parts per million (ppm) referenced 

to 0.00 ppm for tetramethylsilane. The following abbreviations (or combinations thereof) were used 

to explain multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sext = sextet, 

sept = septet, m = multiplet, br = broad. Coupling constants, J, were reported in Hertz unit (Hz). 13C 

NMR spectra were recorded on Bruker AV-400 instrument (100 MHz), and were fully decoupled by 

broad band proton decoupling. Chemical shifts were reported in ppm referenced to the center line 

of a triplet peak at 77.0 ppm of chloroform-d and the center line of a septet peak at 40.0 ppm of d6-

DMSO. High-resolution mass spectra (HRMS) were recorded on an Agilent Mass spectrometer 

using ESI-TOF (electrospray ionization-time of flight). Enantiomeric excesses (ee) of asymmetric 

arylation products were determined by chiral High Performance Liquid Chromatography (HPLC). 

HPLC analysis was performed with Shimadzu CTO-10 AS and Agilent 1260DAD instruments. 

Acetylferrocene and 1,1′-diacetylferrocene are commercially available, and other ferrocenyl ketones 

were prepared from the substituted ferrocenes via a Friedel-Crafts reaction according to the previous 

procedure.1  
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2. Optimization for ortho-C–H Arylation of Ferrocenyl Ketones 

 

2.1. Screening of Transient Directing Group 

Table S1. Screening of Transient Directing Groupa  

 

aReaction conditions: 1a (0.2 mmol), 2a (0.6 mmol), Pd(OAc)2 (10 mol %), TDG (60 mol %), 

AgOAc (0.4 mmol), HOAc (0.4 mmol), HFIP (1.0 mL), 130 oC, 24 h, air. bDetermined by HPLC 

analysis. cDetermined by 1H NMR analysis with CH2Br2 as an internal standard. n.r.: no reaction. 

n.d.: not detected. 
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2.2. Screening of Oxidant 

Table S2. Screening of oxidanta  

 

aReaction conditions: 1a (0.2 mmol), 2a (0.6 mmol), Pd(OAc)2 (10 mol %), L-tert-leucine (60 

mol %), oxidant (x mmol), HOAc (0.4 mmol), HFIP (1.0 mL), 130 oC, 24 h, air. bDetermined by 

HPLC analysis. cDetermined by 1H NMR analysis with CH2Br2 as an internal standard. n.r.: no 

reaction. n.d.: not detected.  
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2.3. Screening of Carboxylic Acid 

Table S3. Screening of Carboxylic Acida   

 

aReaction conditions: 1a (0.2 mmol), 2a (0.6 mmol), Pd(OAc)2 (10 mol %), L-tert-leucine (60 

mol %), Ag2CO3 (0.1 mmol), acid (x equiv), HFIP (1.0 mL), 130 oC, 24 h, air. bDetermined by 

HPLC analysis. cDetermined by 1H NMR analysis with CH2Br2 as an internal standard. n.r.: no 

reaction. n.d.: not detected. 
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2.4. Screening of Additive 

Table S4. Screening of Additivea 

 

aReaction conditions: 1a (0.2 mmol), 2a (0.6 mmol), Pd(OAc)2 (10 mol %), L-tert-leucine (60 

mol %), Ag2CO3 (0.1 mmol), PivOH (2.0 equiv), additive (x equiv), HFIP (1.0 mL), 130 oC, 24 h, 

air. bDetermined by HPLC analysis. cDetermined by 1H NMR analysis with CH2Br2 as an internal 

standard. d36 h. eIsolated yield. n.r.: no reaction. n.d.: not detected.  
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2.5 Loading of Transient Directing Group 

 

Table S5. Loading of Transient Directing Groupa 

 
aReaction conditions: 1a (0.2 mmol), 2a (0.6 mmol), Pd(OAc)2 (10 mol %), L-tert-leucine (x mol %), 

Ag2CO3 (0.1 mmol), PivOH (2.0 equiv), NaHCO3 (0.5 equiv), HFIP (1.0 mL), 130 oC, 36 h, air. 

bDetermined by HPLC analysis. cDetermined by 1H NMR analysis with CH2Br2 as an internal 

standard.  
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3. General Procedure for Enantioselective ortho-C–H Arylation of Ferrocenyl 

Ketones with Aryl Iodides 

 

Typical procedure for Pd-catalyzed C–H arylation of ferrocenyl ketones: To a 20 mL reaction 

tube was added Pd(OAc)2 (4.5 mg, 0.02 mmol), L-tert-Leucine (15.75 mg, 0.12 mmol), Ag2CO3  

(27.6 mg, 0.1 mmol), NaHCO3 (8.4 mg, 0.1 mmol), trimethylacetic acid (40.8 mg, 0.4 mmol), 

ferrocenyl ketone (0.2 mmol), aryl iodide (0.6 mmol), and hexafluoroisopropanol (1.0 mL). The 

tube was then sealed and the mixture was stirred at room temperature for 5 min before being heated 

to 130 oC for 36 h. The reaction mixture was cooled to room temperature, filtrated via celite, and 

concentrated under reduced pressure. The resulting residue was purified by silica gel column 

chromatography (eluent: hexane/ethyl acetate) to provide the desired arylation products.  

Isolated yields were reported in the text and characterization data for new compounds listed as 

following:  

 

 

1-Acetyl-2-(4-nitrophenyl)ferrocene (3a) 

Red oil. Rf = 0.22, (6:1, hexane: ethyl acetate). []D
28 = –122.8 (c 1.0 in chloroform)  

1H-NMR (400 MHz, CDCl3) δ = 8.168.14 (m, 2H), 7.737.71 (m, 2H), 4.904.88 (m, 1H), 

4.784.75 (m, 1H), 4.684.66 (m, 1H), 4.24 (s, 5H), 2.45 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ = 

201.7, 146.4, 145.6, 130.7, 122.6, 87.6, 76.5, 76.1, 73.1, 71.7, 71.5, 29.0.  

HR-MS (ESI) m/z calcd for C18H16FeNO3
+ [M+H+] 350.0474, found 350.0477.  

95% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

85:15, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 36 bar, tR= 13.91 min 

for minor isomer and tR= 15.54 min for major isomer. 
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1-Acetyl-2,5-di-(4-nitrophenyl)ferrocene (3adi) 

Red oil. Rf = 0.20, (6:1, hexane: ethyl acetate).  

1H-NMR (400 MHz, CDCl3) δ = 8.20 (d, J = 8.8 Hz, 4H), 7.64 (d, J = 8.4 Hz, 4H), 4.86 (s, 2H), 

4.26 (s, 5H), 2.24 (s, 5H). 13C-NMR (100 MHz, CDCl3) δ = 203.7, 146.8, 144.9, 129.8, 123.4, 87.4, 

86.5, 73.3, 71.0, 33.1. 

HR-MS (ESI) m/z calcd for C24H19FeN2O5
+ [M+H+] 471.0638, found 471.0640.  

 

 

1-Acetyl-2-(4-methoxylcarbonylphenyl)ferrocene (3b) 

Red oil. Rf = 0.23, (6:1, hexane: ethyl acetate). []D
28 = –140.7 (c 1.0 in chloroform) 

1H-NMR (400 MHz, CDCl3) δ = 7.98 (d, J = 8.4 Hz, 2H), 7.62 (d, J = 8.0 Hz, 2H), 4.86 (s, 1H), 

4.71 (s, 1H), 4.60 (s, 1H), 4.23 (s, 5H), 3.92 (s, 3H), 2.38 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ = 

201.7, 167.0, 142.8, 130.1, 128.8, 128.5, 89.6, 75.9, 72.0, 71.5, 71.0, 52.0, 29.3.  

HR-MS (ESI) m/z calcd for C20H19FeO3
+ [M+H+] 363.0678, found 363.0682. 

97% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

85:15, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 38 bar, tR= 14.05 min 

for minor isomer and tR= 17.69 min for major isomer. 

 

 

1-Acetyl-2-(4-N,N-diethylcarboxamidephenyl)ferrocene (3c) 

Red oil. Rf = 0.39, (1:1, hexane: ethyl acetate). []D
28 = –97.5 (c 1.0 in chloroform).  



S11 
 

1H-NMR (400 MHz, CDCl3) δ = 7.57 (d, J = 8.4 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 4.864.84 (m, 

1H) , 4.674.65 (m, 1H) , 4.594.56 (m, 1H), 4.23 (s, 5H), 3.56 (s, 2H), 3.34 (s, 2H), 2.37 (s, 3H), 

1.25 (s, 3H), 1.16 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ = 202.1, 171.2, 138.4, 135.7, 130.1, 125.7, 

90.2, 75.7, 71.7, 71.3, 70.7, 43.3, 39.2, 29.3, 14.2, 12.9.  

HR-MS (ESI) m/z calcd for C23H26FeNO2
+ [M+H+] 404.1307, found 404.1305.  

95% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

50:50, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 36 bar, tR= 5.48 min 

for minor isomer and tR= 8.12 min for major isomer. 

 

 

1-Acetyl-2-(4-fluorophenyl)ferrocene (3d) 

Red oil. Rf = 0.42, (6:1, hexane: ethyl acetate). []D
28 = –120.7 (c 1.0 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 7.53 (s, 2H), 7.00 (s, 2H), 4.82 (s, 1H), 4.62 (s, 1H), 4.56 (s, 1H), 

4.23 (s, 5H), 2.35 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ = 202.1, 161.9 (d, JC-F = 245 Hz), 132.9, 

131.8 (d, JC-F = 7 Hz), 114.4 (d, JC-F = 21 Hz), 90.3, 75.5, 71.4, 71.2, 70.5, 29.3.  

HR-MS (ESI) m/z calcd for C18H16FFeO+ [M+H+] 323.0529, found 323.0533.  

92% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

88:12, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 38 bar, tR= 7.79 min 

for minor isomer and tR= 9.10 min for major isomer. 

 

 

1-Acetyl-2-(4-chlorophenyl)ferrocene (3e) 

Red oil. Rf = 0.45, (6:1, hexane: ethyl acetate). []D
28 = –340.8 (c 1.0 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 7.47 (d, J = 8.0 Hz, 2H), 7.25 (d, J = 8.4 Hz, 2H), 4.80 (s, 1H), 

4.61 (s, 1H) , 4.54 (s, 1H), 4.19 (s, 5H), 2.34 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ = 201.9, 135.7, 

132.7, 131.4, 127.6, 89.8, 76.8, 75.5, 71.7, 71.3, 70.7, 29.3.  
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HR-MS (ESI) m/z calcd for C18H16ClFeO+ [M+H+] 339.0234, found 339.0234.  

96% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

88:12, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 38 bar, tR= 8.13 min 

for minor isomer and tR= 9.26 min for major isomer. 

 

 

1-Acetyl-2-(4-bromophenyl)ferrocene (3f) 

Red oil. Rf = 0.46, (6:1, hexane: ethyl acetate). []D
28 = –285.4 (c 1.0 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 7.43 (s, 4H), 4.844.82 (m, 1H), 4.664.63 (m, 1H), 4.594.55 

(m, 1H), 4.22 (s, 5H), 2.37 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ = 201.9, 136.2, 131.8, 130.6, 

120.8, 89.8, 75.5, 71.8, 71.3, 70.7, 29.3.  

HR-MS (ESI) m/z calcd for C18H16BrFeO+ [M+H+] 382.9728, found 382.9730.  

96% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

88:12, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 38 bar, tR= 8.56 min 

for minor isomer and tR= 9.80 min for major isomer. 

 

 

1-Acetyl-2-(4-trifluoromethylphenyl)ferrocene (3g)  

Red oil. Rf = 0.43, (6:1, hexane: ethyl acetate). []D
28 = –193.2 (c 1.0 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 7.68 (d, J = 7.6 Hz, 2H), 7.56 (d, J = 8.0 Hz, 2H), 4.86 (s, 1H), 

4.70 (s, 1H), 4.61 (s, 1H), 4.24 (s, 5H), 2.40 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ = 201.7, 141.4, 

130.4, 128.8 (q, JC-F = 32 Hz), 127.0 (q, JC-F = 270 Hz), 124.3 (q, JC-F = 1.5 Hz), 89.1, 75.8, 72.2, 

71.4, 71.0, 29.2.  

HR-MS (ESI) m/z calcd for C19H16F3FeO+ [M+H+] 373.0497, found 373.0498. 

95% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

32:1, flow rate = 0.495 mL/min, wavelength = 254 nm UV detector, pressure = 35 bar, tR= 22.50 



S13 
 

min for minor isomer and tR= 23.52 min for major isomer. 

 

 

1-Acetyl-2-(4-methoxyphenyl)ferrocene (3h) 

Red oil. Rf = 0.32, (6:1, hexane: ethyl acetate). []D
28 = –60.8 (c 1.0 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 7.48 (d, J = 8.4 Hz, 2H), 6.87 (d, J = 8.0 Hz, 2H), 4.81 (s, 1H), 

4.60 (s, 1H), 4.53 (sm, 1H), 4.22 (s, 5H), 3.84 (s, 3H), 2.33 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ 

= 202.2, 158.7, 131.3, 129.0, 113.1, 91.5, 75.3, 71.1, 70.8, 70.3, 55.3, 29.4.  

HR-MS (ESI) m/z calcd for C19H19FeO2
+ [M+H+] 335.0729, found 335.0733.  

94% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

85:15, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 35 bar, tR= 9.30 min 

for minor isomer and tR= 11.59 min for major isomer. 

 

 

1-Acetyl-2-(4-tert-butylphenyl)ferrocene (3i) 

Red oil. Rf = 0.56, (6:1, hexane: ethyl acetate). []D
28 = –130.8 (c 1.0 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 7.47 (d, J = 8.0 Hz, 2H), 7.34 (d, J = 8.4 Hz, 2H), 4.844.81 (m, 

1H), 4.654.62 (m, 1H), 4.554.52 (m, 1H), 4.23 (s, 5H), 2.33 (s, 3H), 1.35 (s, 9H). 13C-NMR (100 

MHz, CDCl3) δ = 202.3, 149.9, 133.8, 129.9, 124.6, 91.6, 75.7, 71.1, 70.9, 70.4, 34.5, 31.3, 29.5.  

HR-MS (ESI) m/z calcd for C22H25FeO+ [M+H+] 361.1249, found 361.1253.  

94% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

98:2, flow rate = 0.5 mL/min, wavelength = 254 nm UV detector, pressure = 38 bar, tR= 27.18 min 

for minor isomer and tR= 22.01 min for major isomer. 
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1-Acetyl-2-(3-nitrophenyl)ferrocene (3j) 

Red oil. Rf = 0.25, (6:1, hexane: ethyl acetate). []D
28 = –189.8 (c 1.0 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 8.468.44 (m, 1H), 8.12 (dd, J1 = 8.0 Hz, J2 = 1.2 Hz, 1H), 7.90 

(d, J = 7.6 Hz, 1H), 7.45 (t, J = 8.0 Hz, 1H), 4.884.85 (m, 1H), 4.774.74 (m, 1H), 4.664.63 (m, 

1H), 4.26 (s, 5H), 2.44 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ = 201.8, 147.5, 139.6, 136.3, 128.1, 

124.8. 121.7, 88.1, 76.3, 75.8, 72.7, 71.6, 71.2, 29.0.  

HR-MS (ESI) m/z calcd for C18H16FeNO3
+ [M+H+] 350.0474, found 350.0479.  

94% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

85:15, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 33 bar, tR= 11.11 min 

for minor isomer and tR= 13.13 min for major isomer. 

 

 

1-Acetyl-2-(3-methoxycabonylphenyl)ferrocene (3k) 

Red oil. Rf = 0.25, (6:1, hexane: ethyl acetate). []D
28 = –85.4 (c 1.0 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 8.24 (s, 1H), 7.95 (d, J = 7.6 Hz, 1H), 7.76 (d, J = 7.6 Hz, 1H), 

7.39 (t, J = 7.6 Hz, 1H), 4.85 (s, 1H), 4.70 (s, 1H), 4.59 (s, 1H), 4.25 (s, 5H), 3.93 (s, 3H), 2.36 (s, 

3H). 13C-NMR (100 MHz, CDCl3) δ = 201.9, 167.1, 137.7, 134.8, 131.2, 129.5, 128.1, 127.6, 90.2, 

76.8, 75.8, 71.7, 71.4, 70.8, 52.2, 29.2.  

HR-MS (ESI) m/z calcd for C20H19FeO3
+ [M+H+] 363.0678, found 363.0680.  

98% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

85:15, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 38 bar, tR= 10.09 min 

for minor isomer and tR= 12.89 min for major isomer. 
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1-Acetyl-2-(3-fluoro-4-nitrophenyl)ferrocene (3l) 

Red oil. Rf = 0.15, (6:1, hexane: ethyl acetate). []D
28 = –235.6 (c 1.0 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 7.99 (t, J = 8.0 Hz, 1H), 7.557.45 (m, 2H), 4.924.89 (m, 1H), 

4.794.75 (m, 1H), 4.714.67 (m, 1H), 4.25 (s, 5H), 2.47 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ = 

201.6, 154.8 (d, JC-F = 262 Hz), 147.7 (d, JC-F = 9 Hz), 126.0 (d, JC-F = 4 Hz), 125.0 (d, JC-F = 2 Hz), 

119.6, 119.4, 86.2, 76.4, 76.1, 73.6, 71.8, 71.8, 29.0.  

HR-MS (ESI) m/z calcd for C18H15FFeNNO3
+ [M+H+] 368.0380, found 368.0381.  

95% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

82:18, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 33 bar, tR= 11.39 min 

for minor isomer and tR= 13.25 min for major isomer. 

 

 

1-Acetyl-2-(4-methyl-3-methoxycarbonylphenyl)ferrocene (3m) 

Red oil. Rf = 0.31, (6:1, hexane: ethyl acetate). []D
28 = –146.0 (c 1.0 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 8.11 (d, J = 1.6 Hz, 1H), 7.61 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 

7.20 (d, J = 8.0 Hz, 1H), 4.854.81 (m, 1H), 4.684.65 (m, 1H) , 4.584.55 (m, 1H), 4.24 (s, 5H), 

3.90 (s, 3H), 2.60 (s, 3H), 2.35 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ = 202.0, 167.9, 139.0, 134.7, 

133.8, 132.2, 131.0, 128.7, 90.2, 75.6, 71.4, 71.3, 71.2, 70.6, 51.9, 29.3, 21.5.  

HR-MS (ESI) m/z calcd for C21H21FeO3
+ [M+H+] 377.0835, found 377.0836.  

96% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

85:15, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 33 bar, tR= 9.39 min 

for minor isomer and tR= 11.33 min for major isomer. 
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1-Acetyl-2-(4-methyl-3-nitrophenyl)ferrocene (3n) 

Red oil. Rf = 0.25, (6:1, hexane: ethyl acetate). []D
28 = –76.6 (c 1.0 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 8.21 (d, J = 1.6 Hz, 1H), 7.70 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 

7.287.24 (m, 1H), 4.854.81 (m, 1H), 4.734.70 (m, 1H), 4.634.60 (m, 1H), 4.24 (s, 5H), 2.60 

(s, 3H), 2.43 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ = 201.8, 148.4, 136.8, 134.8, 132.0, 131.7, 

125.9, 88.0, 76.4, 75.5, 72.5, 71.5, 71.1, 29.0, 20.3.  

HR-MS (ESI) m/z calcd for C19H18FeNO3
+ [M+H+] 364.0631, found 364.0635.  

96% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

85:15, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 35 bar, tR= 9.69 min 

for minor isomer and tR= 11.69 min for major isomer. 

 

 

1-Acetyl-2-(5-methyl-3-nitrophenyl)ferrocene (3o) 

Red oil. Rf = 0.36, (6:1, hexane: ethyl acetate). []D
28 = –181.4 (c 1.0 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 8.26 (s, 1H), 7.94 (s, 1H), 7.67 (s, 1H), 4.864.84 (m, 1H), 

4.734.71 (m, 1H), 4.644.61 (m, 1H), 4.26 (s, 5H), 2.47 (s, 3H), 2.43 (s, 3H). 13C-NMR (100 MHz, 

CDCl3) δ = 201.8, 147.6, 139.2, 138.5, 137.0, 122.3, 122.2, 88.4, 76.3, 75.8, 72.5, 71.5, 71.1, 29.0, 

21.3.  

HR-MS (ESI) m/z calcd for C19H18FeNO3
+ [M+H+] 364.0631, found 364.0634.  

98% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

85:15, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 30 bar, tR= 8.42 min 

for minor isomer and tR= 11.11 min for major isomer. 
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1-Acetyl-2-(3,5-difluorophenyl)ferrocene (3p) 

Red oil. Rf = 0.48, (6:1, hexane: ethyl acetate). []D
28 = –213.4 (c 1.0 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 7.10 (d, J = 6.8 Hz, 2H), 6.73 (t, J = 8.0 Hz, 1H), 4.84 (s, 1H), 

4.67 (s, 1H), 4.59 (s, 1H), 4.24 (s, 5H), 2.41 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ = 201.6, 162.2 

(d, JC-F = 245 Hz), 162.0 (d, JC-F = 245 Hz), 141.2 (t, JC-F = 10 Hz), 113.1 (d, JC-F = 26 Hz), 113.1 

(d, JC-F = 12 Hz), 102.3 (t, JC-F = 25 Hz), 88.6, 75.7, 72.2, 71.5, 70.9, 29.2.  

HR-MS (ESI) m/z calcd for C18H15F2FeO+ [M+H+] 341.0435, found 341.0439.  

97% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

91:9, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 38 bar, tR= 6.45 min 

for minor isomer and tR= 7.00 min for major isomer. 

 

 

1-Acetyl-2-(3,5-(ditrifluoromethyl)phenyl)ferrocene (3q) 

Red oil. Rf = 0.53, (6:1, hexane: ethyl acetate). []D
28 = –187.6 (c 1.0 in chloroform).  

H-NMR (400 MHz, CDCl3) δ = 8.03 (s, 2H), 7.76 (s, 1H), 4.894.86 (m, 1H), 4.774.74 (m, 1H), 

4.684.64 (m, 1H), 4.25 (s, 5H), 2.45 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ = 201.7, 140.1, 130.5 

(q, JC-F = 33 Hz), 130.3 (q, JC-F = 4 Hz), 123.4 (q, JC-F = 271 Hz), 120.4 (quint, JC-F = 4 Hz), 87.4, 

76.1, 75.9, 73.0, 71.6, 71.4, 28.8.  

HR-MS (ESI) m/z calcd for C20H15F6FeO+ [M+H+] 441.0371, found 441.0375. 

96% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

96:4, flow rate = 0.5 mL/min, wavelength = 254 nm UV detector, pressure = 38 bar, tR= 9.15 min 

for minor isomer and tR= 10.16 min for major isomer. 
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1-Acetyl-2-(2-chloro-5-pyridinyl)ferrocene (3r) 

Red oil. Rf = 0.15, (6:1, hexane: ethyl acetate). []D
28 = –105.2 (c 1.0 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 8.57 (s, 1H), 7.917.86 (m, 1H), 7.267.23 (m, 1H), 4.864.84 

(m, 1H), 4.724.68 (m, 1H), 4.654.62 (m, 1H), 4.23 (s, 5H), 2.43 (s, 3H). 13C-NMR (100 MHz, 

CDCl3) δ = 201.9, 150.0, 149.5, 140.5, 132.5, 122.7, 85.1, 76.2, 75.4, 72.8, 71.5, 71.3, 28.9.  

HR-MS (ESI) m/z calcd for C17H15ClFeNO+ [M+H+] 340.0186, found 340.0189.  

97% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

82:18, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 37 bar, tR= 13.22 min 

for minor isomer and tR= 11.12 min for major isomer. 

 

 

1-Acetyl-2-(2-bromo-4-pyridinyl)ferrocene (3s) 

Red oil. Rf = 0.12, (6:1, hexane: ethyl acetate). []D
28 = –112.4 (c 1.0 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 8.26 (d, J = 5.2 Hz, 1H), 7.67 (s, 1H), 7.45 (d, J = 5.2 Hz, 1H), 

4.88 (s, 1H), 4.76 (s, 1H), 4.66 (s, 1H), 4.24 (s, 5H), 2.46 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ = 

201.5, 149.9, 148.8, 141.6, 128.6, 124.2, 85.1, 75.8, 73.5, 71.8, 71.7, 29.0.  

HR-MS (ESI) m/z calcd for C17H15BrFeNO+ [M+H+] 383.9681, found 383.9685.  

93% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

82:18, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 38 bar, tR= 10.99 min 

for minor isomer and tR= 14.14 min for major isomer. 

 

 

1-Acetyl-2-(2,6-dichloro-4-pyridinyl)ferrocene (3t) 
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Red oil. Rf = 0.34, (6:1, hexane: ethyl acetate). []D
28 = –238.4 (c 1.0 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 7.46 (s, 2H), 4.924.88 (m, 1H), 4.794.76 (m, 1H), 4.714.67 

(m, 1H), 4.26 (s, 5H), 2.47 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ = 201.5, 152.9, 149.5, 123.7, 

83.9, 76.3, 76.0, 73.9, 72.0, 71.9, 28.9.  

HR-MS (ESI) m/z calcd for C17H14Cl2FeNO+ [M+H+] 373.9796, found 373.9800.  

97% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

85:15, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 38 bar, tR= 7.82 min 

for minor isomer and tR= 9.06 min for major isomer. 

 

 

1-Acetyl-2-(1-tosyl-1H-indole-5-yl)ferrocene (3u) 

Red oil. Rf = 0.41, (2:1, hexane: ethyl acetate). []D
28 = –88.7 (c 1.0 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 7.90 (d, J = 8.8 Hz, 1H), 7.81 (d, J = 8.0 Hz, 2H), 7.70 (d, J = 1.2 

Hz, 1H), 7.57 (d, J = 3.6 Hz, 1H), 7.51 (d, J1 = 8.8 Hz, J2 = 1.6 Hz, 1H), 7.25 (d, J = 8.4 Hz, 2H), 

6.65 (d, J = 3.6 Hz, 1H), 4.844.81 (m, 1H) , 4.654.62 (m, 1H) , 4.564.54 (m, 1H), 4.23 (s, 5H), 

2.36 (s, 3H), 2.32 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ = 202.3, 145.0, 135.3, 133.8, 132.0, 130.2, 

129.9, 127.2, 126.9, 126.6, 122.7, 112.4, 108.9, 91.6, 77.1, 75.8, 71.2, 71.2, 70.5, 29.4, 21.6.  

HR-MS (ESI) m/z calcd for C27H24FeNO3S+ [M+H+] 498.0821, found 498.0821. 

95% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

75:25, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 30 bar, tR= 20.38 min 

for minor isomer and tR= 26.55 min for major isomer. 

 

 

1′-Bromo-1-acetyl-2-(4-nitrophenyl)ferrocene (4a) 

Red oil. Rf = 0.35, (6:1, hexane: ethyl acetate). []D
28 = –213.6 (c 0.5 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 8.188.13 (m, 2H), 7.777.71 (m, 2H), 4.88 (s, 1H), 4.754.72 
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(m, 1H), 4.44 (s, 2H), 4.14 (s, 2H), 2.48 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ = 201.1, 146.6, 

144.5, 130.9, 127.7, 88.7, 78.3, 78.1, 76.1, 74.0, 73.7, 73.1, 71.3, 71.1, 29.4.  

HR-MS (ESI) m/z calcd for C18H15BrFeNO3
+ [M+H+] 427.9579, found 427.9580. 

92% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

90:10, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 31 bar, tR= 17.64 min 

for minor isomer and tR= 19.84 min for major isomer. 

 

 

1′-bromo-1-acetyl-2-(3,5-difluorophenyl)ferrocene (4b) 

Red oil. Rf = 0.43, (6:1, hexane: ethyl acetate). []D
28 = –178.4 (c 0.5 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 7.167.09 (m, 2H), 6.776.71 (m, 1H), 4.854.82 (m, 1H), 

4.684.63 (m, 2H), 4.484.43 (m, 2H), 4.174.13 (m, 2H), 2.44 (s, 3H). 13C-NMR (100 MHz, 

CDCl3) δ = 201.1, 162.3 (d, JC-F = 245 Hz), 162.1 (d, JC-F = 246 Hz), 140.2 (t, JC-F = 10 Hz), 113.3 

(d, JC-F = 25 Hz), 113.3 (d, JC-F = 11 Hz), 102.6 (t, JC-F = 25 Hz), 89.6, 78.2, 78.2, 77.9, 75.3, 73.6, 

73.4, 72.9, 71.2, 71.1, 29.5.  

HR-MS (ESI) m/z calcd for C18H14BrF2FeO+ [M+H+] 418.9540, found 418.9544. 

92% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

95:5, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 33 bar, tR= 7.54 min 

for minor isomer and tR= 8.38 min for major isomer. 

 

 

1′-Formyl-1-acetyl-2-(4-nitrophenyl)ferrocene (4c)  

Red oil. Rf = 0.55, (2:1, hexane: ethyl acetate). []D
28 = –140.4 (c 0.5 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 10.13 (s, 1H), 8.24 (d, J = 8.8 Hz, 2H), 7.70 (d, J = 8.8 Hz, 2H), 

5.105.06 (m, 1H), 4.944.90 (m, 1H), 4.864.80 (m, 3H), 4.584.50 (m, 2H), 2.25 (s, 3H). 13C-

NMR (100 MHz, CDCl3) δ = 200.6, 191.8, 147.1, 142.6, 130.2, 123.6, 89.5, 81.6, 75.2, 75.1, 74.0, 
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72.8, 72.7, 72.3, 27.7.  

HR-MS (ESI) m/z calcd for C19H16FeNO4
+ [M+H+] 378.0423, found 378.0428. 

97.5% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol 

= 60:40, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 38 bar, tR= 9.61 

min for minor isomer and tR= 10.57 min for major isomer. 

 

 

1′-Methoxycarbonyl-1-acetyl-2-(4-nitrophenyl)ferrocene (4d) 

Red oil. Rf = 0.48, (2:1, hexane: ethyl acetate). []D
28 = –252.8 (c 0.5 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 8.188.14 (m, 2H), 7.757.71 (m, 2H), 4.904.80 (m, 3H), 

4.744.71 (m, 1H), 4.704.68 (m, 1H), 4.444.38 (m, 2H), 3.79 (s, 3H), 2.42 (s, 3H). 13C-NMR 

(100 MHz, CDCl3) δ = 201.0, 170.0, 146.7, 144.0, 130.9, 122.7, 88.8, 77.5, 76.7, 74.8, 74.5, 74.4, 

74.0, 73.5, 72.8, 72.5, 51.9, 29.2.  

HR-MS (ESI) m/z calcd for C20H18FeNO5
+ [M+H+] 408.0529, found 408.0531. 

92% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

60:40, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 38 bar, tR= 7.24 min 

for minor isomer and tR= 9.10 min for major isomer. 

 

 

1,1′-Diacetyl-2-(4-nitrophenyl)ferrocene (4e)  

Red oil. Rf = 0.34, (2:1, hexane: ethyl acetate). []D
28 = –160.5 (c 0.5 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 8.17 (d, J = 8.4 Hz, 2H), 7.69 (d, J = 8.4 Hz, 2H), 4.88 (s, 1H), 

4.83 (s, 1H), 4.79 (s, 1H), 4.73 (s, 1H), 4.67 (s, 1H), 4.50 (s, 2H), 2.41 (s, 3H), 2.25 (s, 3H). 13C-

NMR (100 MHz, CDCl3) δ = 200.9, 200.7, 146.8, 143.6, 130.7, 122.8, 89.0, 81.3, 77.5, 75.7, 74.4, 

72.7, 72.5, 72.3, 29.3, 27.7.  
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HR-MS (ESI) m/z calcd for C20H18FeNO4
+ [M+H+] 392.0580, found 392.0580. 

92% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

70:30, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 38 bar, tR= 9.87 min 

for minor isomer and tR= 10.98 min for major isomer. 

 

 

1-Butyryl-2-(4-nitrophenyl)ferrocene (4f) 

Red oil. Rf = 0.52, (6:1, hexane: ethyl acetate). []D
28 = –133.2 (c 0.5 in chloroform).  

1H-NMR (400 MHz, CDCl3) δ = 8.15 (d, J = 8.8 Hz, 2H), 7.72 (d, J = 8.8 Hz, 2H), 4.914.88 (m, 

1H), 4.764.73 (m, 1H), 4.674.64 (m, 1H), 4.24 (s, 5H), 2.852.65 (m, 2H), 1.801.70 (m, 2H), 

1.01 (t, J = 7.2 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ = 204.2, 146.4, 145.7, 130.8, 122.5, 87.7, 

76.5, 75.7, 72.5, 71.6, 71.4, 42.7, 17.7, 14.0.  

HR-MS (ESI) m/z calcd for C20H20FeNO3
+ [M+H+] 378.0787, found 378.0792. 

92% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-propanol = 

95:5, flow rate = 1.0 mL/min, wavelength = 254 nm UV detector, pressure = 42 bar, tR= 17.03 min 

for minor isomer and tR= 20.19 min for major isomer. 
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4. X-ray Diffraction Analysis of Compound (Rp)-3b 

 

 (Compound (Rp)-3b) 

The single crystals of this compound suitable for X-ray diffraction analysis was obtained by 

slow diffusion of hexane into a dichloromethane solution of compound (Rp)-3b. According to 

crystallographic data, the absolute configuration of compound 3b was assigned to be R. The crystal 

structure information for this compound has been deposited at the Cambridge Crystallographic Data 

Centre. CCDC 1573176 contains the crystallographic data for compound (Rp)-3b and can be 

obtained free of charge via http://www.ccdc.cam.ac.uk.  

 

 

Fig. 1S The crystal structure of compound (Rp)-3b.  

Crystal data for compound (Rp)-3b: C20H18FeO3, orthorhombic P212121, Hall symbol: P 2ac 2ab, 

Mo Kα radiation: λ = 0.71073 Å, a = 10.0132 (a) Å, b = 10.02044 Å, c = 16.0394 Å; α = β = γ = 90 

º, θ = 2.1–31.1º, μ = 0.95 mm-1, V = 1609.34 (6) Å, T = 133 K, Z = 4, F(000) = 752.  

 

 

 

 

 

 

 

 

 



S24 
 

5. Mechanistic Studies  

5.1 Deuteration Experiments 

Synthesis of (Rp)-[D]-1a 

 

Reaction conditions: (a) 1. tert-BuLi, THF; 2. CH3OD, 95% yield; (b) Ac2O, 90 oC, 2h, 87% yield; 

(c) LiOH, THF/H2O, rt, 78% yield; (d) MnO2, CH2Cl2, rt, 94% yield.  

 

To a stirred solution of (R)-13 (1.4 g, 5.45 mmol) in THF (30 mL) under nitrogen atmosphere at 

–78 oC, tert-BuLi (4.6 mL, 1.3 M, 6.0 mmol) was added. The reaction mixture was allowed to warm 

to room temperature and stirred for 2 h. After that, the CH3OD (360 mg, 10.9 mmol) was added. 

The reaction mixture was further stirred for 30 min and then diluted with meanthol (5 mL). The 

solution was concentrated on rotary evaporator. The residue was purified by silica gel column 

chromatography (eluent: hexane/ethyl acetate/Et3N = 12/7/0.1) to give (R)-14 as a red oil (1.34 g, 

95%), Rf = 0.35, (12 : 7 : 0.1, hexane : ethyl acetate : Et3N). 1H-NMR (400 MHz, CDCl3) δ = 

4.154.08 (m, 8H), 3.623.55 (m, 1H), 2.07 (s, 6H), 1.44 (d, J = 6.8 Hz, 3H). 13C-NMR (100 MHz, 

CDCl3) δ = 87.2, 87.1, 69.3, 68.5, 67.3, 67.2, 67.2, 67.1, 66.8, 58.6, 58.6, 40.7, 16.1. 

 

A solution of (R)-14 (645 mg, 2.5 mmol) in acetic anhydride (5.0 mL) was heated to 90 oC for 2 

h under nitrogen atmosphere (monitored by TLC). After the starting material disappeared, the 

reaction was diluted with toluene (30 mL) and concentrated under reduced pressure. The operation 

was repeated 3 times. The remaining red oil [(R)-15, 594 mg, 87%], was directly used in the next 

step without further purification.  

To a solution of (R)-15 (200 mg, 0.73 mmol) in THF (15 mL), LiOH [175 mg, 7.3 mmol, 

dissolved in water (5 mL)] were added. The reaciton mixture was stirred at room temperature for 

24 h. The resulting mixture was diluted with CH2Cl2 (20 mL) and washed with water (20 mL). The 

organic layers were dried over Na2SO4, filtered and concentrated under reduced pressure. The 
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resulting residue was purified by silica gel column chromatography (eluent: hexane/ethyl acetate = 

8/1) to provide (R)-16 (132 mg, 78%) as a yellow solid, Rf = 0.25, (10 : 1, hexane : ethyl acetate). 

m.p. 7476 oC. 1H-NMR (400 MHz, CDCl3) δ = 4.604.50 (m, 1H), 4.234.15 (m, 8H), 1.88 (d, J 

= 4.4 Hz, 1H), 1.44 (d, J = 6.4 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ = 94.8, 94.7, 68.2, 67.9, 

67.8, 67.8, 66.1, 66.0, 65.5, 23.7. 

 

To a solution of (R)-16 (300 mg, 1.3 mmol) in CH2Cl2 (20 mL), active MnO2 (1.13g, 13 mmol) 

was added. The reaciton mixture was stirred at room temperature for 1 h. The solution was diluted 

with CH2Cl2 (20 mL) and filtered via a plug of celite and concentrated under reduced pressure. The 

remaining orange oil was purified by silica gel column chromatography (eluent: hexane/ethyl 

acetate = 8/1) to give (Rp)-[D]-1a as orange solid (253 mg, 85%) as an orange solid, Rf = 0.28, (10 : 

1, hexane : ethyl acetate). m.p. 7879 oC. 1H-NMR (400 MHz, CDCl3) δ = 4.77 (s, 1.5H), 4.50 (s, 

2H), 4.20 (s, 5H), 2.39 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ = 202.1, 79.3, 79.2, 72.3, 72.2, 69.8, 

69.6, 27.4.  

 

KIE Experiment 

 

To a 20 mL reaction tube was added Pd(OAc)2 (4.5 mg, 0.02 mmol), L-tert-Leucine (15.75 mg, 

0.12 mmol), Ag2CO3 (27.6 mg, 0.1 mmol), NaHCO3 (8.4 mg, 0.1 mmol), trimethylacetic acid (40.8 

mg, 0.4 mmol), (Rp)-[D]-1a (50% D, 45.6 mg, 0.2 mmol), 4-nitro-1-iodobenzene(149.4 mg, 0.6 

mmol) and hexafluoroisopropanol (1.0 mL). The tube was then sealed and the mixture was stirred 

at room temperature for 5 min before being heated to 130 oC for 12 h. The reaction mixture was 

cooled to room temperature, filtrated via celite, and concentrated under reduced pressure. The 

resulting residue was purified by silica gel column chromatography (eluent: 8/1, hexane/ethyl 

acetate) to recovery deuterated substrate (30.6 mg, 0.1336 mmol) and then its isotopic distribution 

was analyzed by 1H NMR spectra. After calculation, the conversion of the reaction was 33% and 

the isotopic distribution of the recovering (Rp)-[D]-1a was 54% D. The kinetic isotope effect of this 
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reaction was determined to be kH/kD ≈ 1.37. 

 

 

 

 

5.2 Preparation of the Intermediate Cyclopalladated Complex  

 

Synthesis of Palladacycle Dimer 6 

 

Acetylferrocene 1a (456 mg, 2.0 mmol) and aminooxyacetic acid hemihydrochloride (437 mg, 

4.0 mmol) were weighed into an oven dried 100 mL round bottom flask. Then, pyridine(5 mL) was 

added and the mixture was stirred at 60 oC for 2 h. Upon completion, most pyridine was evaporated 

under reduced pressure. The resulting mixture was diluted with EtOAc (60 mL) and washed with 

water (100 mL) and diluted HCl aqueous solution (100 mL, ca. 0.01 M). The organic phase was 

dried with anhydrous Na2SO4 and the solvent was removed under vacuum. The remaining red oil 
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(542 mg, 90%) was directly used in the next step without further purification.  

The abovementioned red oil (270 mg, 0.9 mmol), Pd(OAc)2 (243 mg, 1.08 mmol) and HFIP (10.0 

mL) were weighed into a reaction vial (50 mL). The reaction mixture was stirred at 80 oC for 12 h. 

After that, the reaction mixture was cooled to room temperature and PPh3 (283 mg, 1.08 mmol) was 

added. The reaction was stirred for another 1 h at 80 oC. Upon completion, the reaction mixture was 

cooled to room temperature and diluted with EtOAc (30 mL). Then the solution was filtered via a 

plug of celite and concentrated under reduced pressure. The remaining red oil was purified by silica 

gel column chromatography (eluent: EtOAc/MeOH = 35/1) to give 6 as red solid (510 mg, 85%). 

Rf = 0.21, (35 : 1, EtOAc : MeOH). 1H-NMR (400 MHz, CDCl3) δ = 7.737.66 (m, 6H), 7.507.40 

(m, 9H), 4.584.45 (m, 2H), 4.36 (d, J = 2.4 Hz, 1H), 4.09 (t, J = 2.4 Hz, 1H), 3.96 (s, 5H), 3.18 (d, 

J = 2.0 Hz, 1H), 2.24 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ = 171.6, 170.4, 134.7, 134.6, 130.9, 

130.9, 130.3, 129.8, 128.8, 128.5, 128.4, 95.4, 95.3, 84.9, 75.9, 75.8, 75.7, 70.5, 68.4, 65.9, 65.5, 

30.5, 19.1, 13.7, 12.0. 31P-NMR δ = 31.78.  

 

The Crystal Structure of Palladacycle Dimer 6 

The single crystals of this compound suitable for X-ray diffraction analysis was obtained by 

slow diffusion of hexane into a chloroform solution of compound 6. The crystal structure 

information for this compound has been deposited at the Cambridge Crystallographic Data Centre. 

CCDC 1586952 contains the crystallographic data for compound 6 and can be obtained free of 

charge via http://www.ccdc.cam.ac.uk.  
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Fig. 2S The crystal structure of palladacycle dimer 6. All hydrogen atoms were omitted for clarity. 

Crystal data for compound 6: C32H28FeNO3PPd·3(CHCl3), red block, triclinic P-1, Mo Kα radiation: 

λ = 0.71073 Å, a = 11.649 (2) Å, b = 12.431 (3) Å, c = 15.066 (3) Å; α = 98.08 (3)º, β = 104.26 (3)º, 

γ = 105.36 (3)º, θ = 1.9–27.9º, μ = 1.50 mm-1, V = 1988.8 (8) Å3, T = 113 K, Z = 2, F(000) = 1024.  

 

 

5.3 Effect of Carboxylic Acid on Enantioselectivity in the C–H Arylation 

 

Table S6 Effect of Carboxylic Acid on Enantioselectivity in the C–H Arylation. 

shelxl%20_chemical_formula_moiety
shelxl%20_chemical_formula_moiety
shelxl%20_chemical_formula_moiety
shelxl%20_chemical_formula_moiety
shelxl%20_chemical_formula_moiety
shelxl%20_chemical_formula_moiety
shelxl%20_chemical_formula_moiety
shelxl%20_chemical_formula_moiety
shelxl%20_chemical_formula_moiety
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aReaction conditions: 1a (0.2 mmol), 2a (0.6 mmol), Pd(OAc)2 (10 mol %), L-tert-leucine (60 

mol %), Ag2CO3 (0.1 mmol), acid (2.0 equiv), HFIP (1.0 mL), 130 oC, 36 h, air. bDetermined by 

HPLC analysis. 

 

 

 

 

 

6. Synthesis of Novel Chiral Ferrocene Ligands 

6.1. Synthesis of new chiral mono-phosphine ferrocene ligands 

 



S30 
 

To a solution of (Rp)-3p (97 % ee, 600 mg, 1.76 mmol) in ether (30 mL) under nitrogen atmosphere 

at 0 oC, LiAlH4 (134 mg, 3.53 mmol) was added. The reaction mixture was stirred at room 

temperature for 4 h. After that, the solution was quenched with water (30 mL) at 0 oC and diluted 

with ether (20 mL). The organic layer was separated and the aqueous layer extracted with ether (2 

x 20 mL). The combined organic layers were dried over Na2SO4, filtered and concentrated under 

reduced pressure. The resulting residue was purified by silica gel column chromatography (eluent: 

hexane/ethyl acetate = 12/1) to provide the two diastereoisomers (R, RP)-7 (235 mg, 39%) and (S, 

RP)-7 (355 mg, 59%), respectively. 

 

(R, RP)-7: orange oil, Rf = 0.42, (6:1, hexane: ethyl acetate). 1H-NMR (400 MHz, CDCl3) δ = 7.02 

(d, J = 6.8 Hz, 2H), 6.70 (t, J = 9.2 Hz, 1H), 4.824.75 (m, 1H), 4.484.43 (m, 2H), 4.344.30 (m, 

1H), 4.21 (s, 5H), 2.12 (s, 1H), 1.37 (t, J = 6.0 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ = 162.7 (d, 

JC-F = 246 Hz), 162.6 (d, JC-F = 246 Hz), 142.2 (t, JC-F = 10 Hz), 111.9 (d, JC-F = 26 Hz), 111.9 (d, 

JC-F = 12 Hz), 101.9 (t, JC-F = 25 Hz), 94.5, 84.7, 69.8, 69.6, 67.5, 66.2, 63.6, 24.5. HR-MS (ESI) 

m/z calcd for C18H17F2FeO+ [M+H+] 343.0591, found 343.0595.  

 

(S, RP)-7: orange oil, Rf = 0.38, (6:1, hexane: ethyl acetate). 1H-NMR (400 MHz, CDCl3) δ = 

7.347.26 (m, 2H), 6.736.65 (m, 1H), 5.004.93 (m, 1H), 4.534.50 (m, 1H), 4.454.41 (m, 1H), 

4.354.31 (m, 1H), 4.10 (s, 5H), 1.71 (d, J = 6.8 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ = 162.8 

(d, JC-F = 246 Hz), 162.6 (d, JC-F = 246 Hz), 142.5 (t, JC-F = 10 Hz), 111.8 (d, JC-F = 26 Hz), 111.8 

(d, JC-F = 12 Hz), 101.7 (t, JC-F = 26 Hz), 88.8, 84.8, 70.9, 70.4, 67.8, 66.8, 64.7, 22.9. HR-MS (ESI) 

m/z calcd for C18H17F2FeO+ [M+H+] 343.0591, found 343.0596.  

 

To a solution of (R, RP)-7 (235 mg, 0.69 mmol) in triethylamine (15 mL), acetic anhydride (352 mg, 

3.45 mmol) and DMAP (8.43 mg, 0.069 mmol) were added. The reaciton mixture was stirred at 

room temperature for 12 h. The solution was quenched with water (20 mL) and then diluted with 

ethyl acetate (35 mL). The organic layer was separated and the aqueous layer extracted with ethyl 

acetate (2 x 20 mL). The combined organic layers were dried over Na2SO4, filtered and concentrated 

under reduced pressure. The remaining orange oil, [(R, RP)-8, 252 mg, 95%], was directly used in 

the next step without further purification. In a similar manner, (S, RP)-8 (371mg, 93%) was prepared 
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from (S, RP)-7.  

 

(R, RP)-L1: (R, RP)-8 (252 mg, 0.65 mmol) was suspended in 10 mL of anhydrous and degassed 

acetic acid under an argon atmosphere. After addition of diphenylphosphine (145 mg, 0.78 mmol), 

the reaction mixture was stirred at 125 oC for 2 h. After that, aqueous sodium bicarbonate was added 

into the reaction solution at 0 oC and diluted with CH2Cl2. The organic layer was separated and the 

aqueous layer extracted with CH2Cl2 (2 x 20 mL). The combined organic layers were dried over 

Na2SO4, filtered and concentrated under reduced pressure. The remaining red oil was 

chromatographed on neutral alumina (eluent: hexane/ethyl acetate = 100/1) to give (R, RP)-L1 as 

orange oil (282 mg, 85%). Similarly, (S, RP)-L1 (434 mg, 88%) was also prepared from (S, RP)-8.  

 

(R, RP)-L1: orange oil, Rf = 0.25, (100 : 1, hexane : ethyl acetate). []D
28 = +22.6 (c 1.0 in 

chloroform). 1H-NMR (400 MHz, CDCl3) δ = 7.517.45 (m, 2H), 7.407.35 (m, 3H), 7.127.06 

(m, 1H), 6.916.86 (m, 2H), 6.716.66 (m, 2H), 6.636.50 (m, 3H), 4.374.34 (m, 1H), 4.334.31 

(m, 1H), 4.184.15 (m, 1H), 4.13 (s, 5H), 3.563.50 (m, 1H), 1.701.63 (m, 3H). 13C-NMR (100 

MHz, CDCl3) δ = 162.0 (dd, JC-F = 245, 14 Hz), 142.4 (t, JC-F = 9.9 Hz), 136.2 (t, JC-F = 16.8 Hz), 

133.8 (d, JC-P = 19.8 Hz), 133.7 (d, JC-P = 19.6 Hz), 133.2 (d, JC-P = 19 Hz), 133.1 (d, JC-P = 18.3 

Hz), 129.1, 129.0, 128.5, 128.4, 128.3, 128.1, 128.0, 127.4, 127.3, 116.3 (d, JC-P = 21.7 Hz), 112.5 

(d, JC-P = 21.2 Hz), 112.2 (d, JC-P = 11.9 Hz), 112.1 (d, JC-F = 24.9 Hz), 101.0 (t, JC-F = 25.7 Hz), 

92.3 (d, JC-P = 16 Hz), 85.7, 77.2, 69.8, 69.7, 67.5, 67.4, 67.3, 67.1, 66.4, 28.5 (d, JC-P = 13 Hz), 

20.1 (d, JC-P = 22.4 Hz). 31P-NMR δ = 7.68. HR-MS (ESI) m/z calcd for C30H26F2FeP+ [M+H+] 

511.1084, found 511.1085.  

 

(S, RP)-L1: orange oil, Rf = 0.23, (100 : 1, hexane : ethyl acetate). []D
28 = –13.8 (c 1.0 in 

chloroform). 1H-NMR (400 MHz, CDCl3) δ = 7.667.60 (m, 2H), 7.447.37 (m, 5H), 7.337.28 

(m, 5H), 6.72 (t, J = 8.4 Hz, 1H), 4.264.23 (m, 1H), 4.07 (s, 6H), 3.793.76 (m, 1H), 3.543.47 

(m, 1H), 1.151.11 (m, 3H). 13C-NMR (100 MHz, CDCl3) δ = 162.2 (dd, JC-F = 246, 14 Hz), 143.2 

(t, JC-F = 10 Hz), 138.2 (d, JC-P = 15 Hz), 136.7 (d, JC-P = 17 Hz), 134.3 (d, JC-P = 20 Hz), 133.6 (d, 

JC-P = 19 Hz), 129.1, 128.7, 128.4, 128.3, 128.2, 128.1, 113.3 (d, JC-P = 5 Hz), 113.2 (d, JC-F = 6 Hz), 

113.1 (d, JC-P = 5 Hz), 101.7 (t, JC-F = 25 Hz), 90.9 (d, JC-P = 17 Hz), 85.8, 77.2, 70.5, 70.4, 70.3, 
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70.2, 70.0, 69.9, 69.8, 66.5, 31.5 (d, JC-P = 14 Hz), 20.2 (d, JC-P = 13 Hz). 31P-NMR δ = -1.58. HR-

MS (ESI) m/z calcd for C30H26F2FeP+ [M+H+] 511.1084, found 511.1082.  

 

 

(R, RP)-8 (500 mg, 1.30 mmol) was dissolved in 10 mL of MeOH. After addition of dimethylamine 

(1.5 mL, 40% in water), the reaction mixture was stirred at room temperature for 24 h. Then, the 

water (15 mL) and ethyl acetate (40 mL) were added to the solution. The organic layer was separated, 

dried over Na2SO4, filtered and concentrated under reduced pressure. The residue was purified by 

silica gel column chromatography (eluent: hexane/ethyl acetate/Et3N = 7/12/0.1) to give (R, RP)-9 

(427 mg, 89%) as a red oil, Rf = 0.23, (7:12:0.1, Hexane: Ethyl Acetate: Et3N). []D
28 = –27.0 (c 1.0 

in chloroform). 1H-NMR (400 MHz, CDCl3) δ = 7.387.31 (m, 2H), 6.716.64 (m, 1H), 4.484.45 

(m, 1H), 4.324.28 (m, 2H), 4.07 (s, 5H), 3.883.82 (m, 1H), 2.05 (s, 6H), 1.50 (d, J = 6.8 Hz, 3H). 

13C-NMR (100 MHz, CDCl3) δ = 162.6 (d, JC-F = 244 Hz), 162.5 (d, JC-F = 244 Hz), 143.7 (t, JC-F 

= 10 Hz), 112.2 (d, JC-F = 25 Hz), 112.2 (d, JC-F = 11 Hz), 101.2 (t, JC-F = 26 Hz), 88.2, 85.0, 70.3, 

69.6, 68.3, 67.1, 55.5, 39.9, 12.9. HR-MS (ESI) m/z calcd for C20H22F2FeN+ [M+H+] 370.1064, 

found 370.1061.  

 

 

6.2. Absolute Configuration Assignment on Carbon Stereogenic Center 
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To a solution of (S)-1-methyl-3,3-diphenyltetrahydro-1H,3H-pyrrolo[1,2-c][1,3,2]oxazaborole2  

(729 mg, 2.63 mmol) in THF (10 mL) was added 1 M BH3-THF solution (2.63 mL, 2.63 mmol) and 

the mixture was stirred at room temperature for 30 min under an argon atmosphere. Then, 1 M BH3-

THF solution (11.9 mL, 11.9 mmol) and 1a (3 g, 13.2 mmol, dissolved in THF (20 mL)) were added 

dropwise. The reaction mixture was stirred until 1a was disappeared on a TLC. The reaction was 

quenched with MeOH and concentrated under reduced pressure. The residue was purified by silica 

gel column chromatography (eluent: hexane/ethyl acetate = 10/1) to give (R)-17 (2.92 g, 96% yield, 

98 % ee).3  

To a solution of (R)-17 (2.92 g, 12.7 mmol) in triethylamine (60 mL), acetic anhydride (6.48 g, 

63.5 mmol) and DMAP (155 mg, 1.27 mmol) were added. The reaction mixture was stirred at room 

temperature for 12 h. The solution was quenched with water (40 mL) and diluted with ethyl acetate 

(80 mL). The organic layer was separated and the aqueous layer extracted with ethyl acetate (2 x 40 

mL). The combined organic layers were dried over Na2SO4, filtered and concentrated under reduced 

pressure. The remaining orange oil (R)-18 (3.28 g, 95%), was directly used in the next step without 

further purification. 

The crude ester (R)-18 (3.28 g, 12.0 mmol) was dissolved in 30 mL of MeOH. After addition of 

dimethylamine (15 mL, 40 % in water), the reaction mixture was stirred at room temperature for 24 

h. Then, the water (50 mL) and ethyl acetate (80 mL) were added to the solution. The organic layer 

was separated, dried over Na2SO4, filtered and concentrated under reduced pressure. The residue 

was purified by silica gel column chromatography (eluent: hexane/ethyl acetate/Et3N = 12/7/0.1) to 

give (R)-13 as red oil (2.79 g, 90%). The physical data for this compound are identical with the 

previous literature.4  

   To a solution of (R)-13 (2.79 g, 10.85 mmol ) in dry THF (40 mL) was added dropwise sec-

BuLi (10 mL, 1.3 M, 13.0 mmol) at 0 oC under an argon atmosphere. After stirring the reaction 

mixture for 1 h, a solution of zinc chloride (13.6 mL, 13.6 mmol, 1M in THF) was added and the 

solution was stirred for an additional hour. After addition of Pd(PPh3)2Cl2 (381 mg, 0.54 mmol) and 

a solution of 1,3-difluoro-5-idobenzene (5.21 g, 21.7 mmol) in THF (10 mL) the reaction mixture 

was refluxed for three days. The solvent was removed under reduced pressure and the residue 

redissolved in CH2Cl2. Water (30 mL) and a sodium hydroxide solution (5 M) were added and the 

organic layer separated. The aqueous layer was extracted with CH2Cl2 (2 x 30 mL), and the 
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combined organic layers were washed with water (2 x 20 mL) and dried over Na2SO4. After removal 

of the solvent the residue was purified by silica gel column chromatography (eluent: Hexane/Ethyl 

Acetate/Et3N = 12/7/0.1) to give (R, RP)-9 as red oil (1.4 g, 35%). The physical data for this 

compound are identical with compound derived from C–H arylation product 3p.  

   A solution of (R, RP)-9 (500 mg, 1.35 mmol) in acetic anhydride (5.0 mL) was heated to 100 oC 

for 2 h (monitored by TLC). After the starting material disappeared, the solution was quenched with 

water (20 mL) and diluted with ethyl acetate (20 mL). The organic layer was separated and the 

aqueous layer extracted with ethyl acetate (2 x 15 mL). The combined organic layers were dried 

over Na2SO4, filtered and concentrated under reduced pressure. The residue was purified by silica 

gel column chromatography (eluent: Hexane/Ethyl Acetate = 50:1) to give (R, RP)-8 (482 mg, 93%). 

The physical data for this compound are identical with compound derived from C–H arylation 

product 3p.  

 

 

 

 

7. Asymmetric Catalysis Using Chiral Ferrocene Mono-Phosphine Ligand 

 

  To a flame-dried round-bottom flask, Pd(CH3CN)2Cl2 (2.6 mg, 0.01 mmol, 5 mol%), (R, Rp)-L1 

or (S, Rp)-L1 (10.2 mg, 0.02 mmol, 10 mol%) and 2 mL 1,4-dioxane were introduced under an argon 

atmosphere and stirred for 1 hour at room temperature. Azabenzonorbornadiene 11 (63.2 mg, 0.22 

mmol), methyl 2-iodobenzoate 10 (64.4 mg, 0.2 mmol), Zn (131.0 mg, 2 mmol) and ZnCl2 (13.6 

mg, 0.1 mmol) were then introduced and the resultant mixture heated at 100 oC for 20 h. The reaction 

mixture was then diluted with CH2Cl2, filtered through celite, and washed with CH2Cl2 several times. 

The combined organic solution was condensed in a rotary evaporator. The residue was purified by 

silica gel flash column chromatography (petroleum ether/ethyl acetate = 2:1, v/v) to afford the 

desired product 125 as a white solid in 65 % yield (47% ee) and 72% yield (81% ee), respectively.  
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White solid. Rf = 0.33, (2:1, hexane: ethyl acetate), m.p. 177178 oC. []D
25 = -2.4 (c 0.5 in 

chloroform) (81% ee).5  

H-NMR (400 MHz, CDCl3) δ = 8.08 (dd, J1 = 7.6 Hz, J2 = 1.2 Hz, 1H), 7.52 (td, J1 = 7.6 Hz, J2 = 

1.6 Hz, 1H), 7.39 (td, J1 = 7.6 Hz, J2 = 0.8 Hz, 1H), 7.357.26 (m, 4H), 7.16 (d, J = 7.2 Hz, 1H), 

6.58 (dd, J1 = 9.6 Hz, J2 = 2.4 Hz, 1H), 5.825.70 (m, 2H), 4.87 (d, J = 5.6 Hz, 1H), 3.903.88 (m, 

1H). 13C-NMR (100 MHz, CDCl3) δ =165.0, 139.6, 133.0, 132.6, 131.9, 129.3, 128.6, 128.3, 128.0, 

127.6, 127.6, 127.3, 127.1, 127.1, 52.2, 38.6.  

HR-MS (ESI) m/z calcd for C17H14NO+ [M+H+] 248.1070, found 248.1074. 

47% or 81% ee. [HPLC condition: Chiralcel AD-H column, (25 cm × 0.46 cm ID), n-hexane/2-

propanol = 70:30, flow rate = 1.0 mL/min, wavelength = 230 nm UV detector, pressure = 48 bar, 

tR= 8.69 min for minor isomer and tR= 10.52 min for major isomer. 
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9. NMR Spectra Data for New Compounds 

 

 

1H NMR Spectra of Compound 3a 

 

 



S37 
 

 

 

 

13C NMR Spectra of Compound 3a 
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1H NMR Spectra of Compound 3adi 
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13C NMR Spectra of Compound 3adi 
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1H NMR Spectra of Compound 3b 
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13C NMR Spectra of Compound 3b 
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1H NMR Spectra of Compound 3c 
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13C NMR Spectra of Compound 3c 
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1H NMR Spectra of Compound 3d 
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13C NMR Spectra of Compound 3d 
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1H NMR Spectra of Compound 3e 
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13C NMR Spectra of Compound 3e 
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1H NMR Spectra of Compound 3f 
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13C NMR Spectra of Compound 3f 
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1H NMR Spectra of Compound 3g 
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13C NMR Spectra of Compound 3g 

 

 



S52 
 

 

 

 

1H NMR Spectra of Compound 3h 
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13C NMR Spectra of Compound 3h 
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1H NMR Spectra of Compound 3i 
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13C NMR Spectra of Compound 3i 
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1H NMR Spectra of Compound 3j 
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13C NMR Spectra of Compound 3j 
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1H NMR Spectra of Compound 3k 
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13C NMR Spectra of Compound 3k 
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1H NMR Spectra of Compound 3l 
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13C NMR Spectra of Compound 3l 
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1H NMR Spectra of Compound 3m 
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13C NMR Spectra of Compound 3m 
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1H NMR Spectra of Compound 3n 
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13C NMR Spectra of Compound 3n 
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1H NMR Spectra of Compound 3o 
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13C NMR Spectra of Compound 3o 
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1H NMR Spectra of Compound 3p 
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13C NMR Spectra of Compound 3p 
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1H NMR Spectra of Compound 3q 
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13C NMR Spectra of Compound 3q 
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1H NMR Spectra of Compound 3r 
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13C NMR Spectra of Compound 3r 
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1H NMR Spectra of Compound 3s 
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13C NMR Spectra of Compound 3s 
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1H NMR Spectra of Compound 3t 
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13C NMR Spectra of Compound 3t 
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1H NMR Spectra of Compound 3u 
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13C NMR Spectra of Compound 3u 
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1H NMR Spectra of Compound 4a 

 

 



S81 
 

 

 

 

13C NMR Spectra of Compound 4a 
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1H NMR Spectra of Compound 4b 

 

 



S83 
 

 

 

 

13C NMR Spectra of Compound 4b 
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1H NMR Spectra of Compound 4c 
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13C NMR Spectra of Compound 4c 
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1H NMR Spectra of Compound 4d 
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13C NMR Spectra of Compound 4d 
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1H NMR Spectra of Compound 4e 
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13C NMR Spectra of Compound 4e 
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1H NMR Spectra of Compound 4f 
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13C NMR Spectra of Compound 4f 
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1H NMR Spectra of Compound 6 
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13C NMR Spectra of Compound 6 
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31P NMR Spectra of Compound 6 
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1H NMR Spectra of Compound 14 
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13C NMR Spectra of Compound 14  
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1H NMR Spectra of Compound 16  
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13C NMR Spectra of Compound 16 
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1H NMR Spectra of Compound (Rp)-[D]-1a  
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13C NMR Spectra of Compound (Rp)-[D]-1a  
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1H NMR Spectra of Compound (R, Rp)-7 
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13C NMR Spectra of Compound (R, Rp)-7 
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1H NMR Spectra of Compound (S, Rp)-7  
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13C NMR Spectra of Compound (S, Rp)-7  
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1H NMR Spectra of Compound (R, Rp)-L1  
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13C NMR Spectra of Compound (R, Rp)-L1  
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31P NMR Spectra of Compound (R, Rp)-L1  
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1H NMR Spectra of Compound (S, Rp)-L1  
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13C NMR Spectra of Compound (S, Rp)-L1  
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31P NMR Spectra of Compound (S, Rp)-L1  
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1H NMR Spectra of Compound (R, Rp)-9  
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13C NMR Spectra of Compound (R, Rp)-9  
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1H NMR Spectra of Compound 12 
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13C NMR Spectra of Compound 12  
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10. HPLC Charts of C–H Arylation Products 

 

 

 

 (3a), 95% ee 
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 (3b), 97% ee 
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