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1. Instrumentation and Chemicals 

 

  Materials were obtained from commercial suppliers and purified by standards procedures unless 

otherwise noted. Solvents (Tetrahydrofuran, dehydrated –super–, 41001-05, Kanto Chemical Co., 

Inc.) for reactions were purchased from commercial suppliers, degassed via three freeze-pump-thaw 

cycles, and further dried over molecular sieve (MS 4Å). NMR spectra were recorded on JEOL 

JNM-ECX400P and JNM-ECS400 spectrometers (1H: 392 or 396 MHz, 13C: 99 or 100 MHz and 
19F: 373 MHz). Tetramethylsilane (1H), CDCl3 (13C) and Fluorobenzene (19F, δ –113.60) were 

employed as external standards, respectively. Multiplicity was recorded as follows: s = singlet, brs = 

broad singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sept = septet, o = octet, m = 

multiplet. CuCl (ReagentPlus® grade, 224332-25G, ≥99%) was purchased from Sigma-Aldrich Co., 

and CuOAc was purchased from Wako Pure Chemical Industries Ltd, and used as received. 
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Dimethyl terephthalate and 1,1,2,2-tetrachloroethane were used as an internal standard to determine 

NMR yields. GLC analyses were conducted with a Shimadzu GC-2014 or GC-2025 equipped with 

ULBON HR-1 glass capillary column (Shinwa Chemical Industries) and a FID detector. 

Medium-pressure column chromatography was carried out on a Biotage Flash Purification System 

Isolera, which is equipped with a UV detector. Recycle preparative gel permeation chromatography 

(GPC) was conducted with a JAI LC-9101 using CHCl3 as the eluent. High-resolution mass spectra 

were recorded at the Global Facility Center, Hokkaido University. 

 

2. Substrate Preparation 

 

  All gem-difluoroalkenes were known compounds and synthesized according to the procedure in 

the literatures. The gem-difluoroalkenes 1a, 1f, 1j, 1k and 1l were synthesized through direct 

difluoromethylenation from corresponding aldehydes using TMSCF3.1 The gem-difluoroalkenes 1b–

1e, 1g and 1i were synthesized through difluoromethylation of corresponding aldehydes using 

2,2-difluoro-2-(fluorosulfonyl)acetate.2 The gem-difluoroalkenes 1h was synthesized through 

decarboxylative Wittig reaction of difluoromethylene phosphobetaine with aldehydes.3 The 

synthesized gem-difluoroalkenes were subjected to purification by Kugelrohr distillation prior to 

use. 

 

3. General Defluorination Procedures 

 

  Procedure for the copper(I)-catalyzed Z-selective defluorination of gem-difluoroalkenes 1a 

(Table 1). 

  Copper chloride (2.7 mg, 0.027 mmol), Xantphos (14.4 mg, 0.025 mmol), bis(pinacolato)diboron 

(154.0 mg, 0.61 mmol) and 1a (107.1 mg, 0.50 mmol) were placed in an oven-dried reaction vial. 

And then, the vial was transferred to the glove box and Na(O-t-Bu) (48.0 mg, 0.50 mmol) was added 

to the vial under argon atmosphere. After the vial was sealed with a screw cap containing a 

Teflon-coated rubber septum, the vial was removed from the glove box and connected to a 

vacuum/nitrogen manifold through a needle. After dry THF (1 mL) was added to the reaction 

mixture, MeOH (22 µL, 0.54 mmol) was added dropwise to the reaction mixture at 30 °C. After the 

reaction was complete, the mixture was passed through a short silica gel eluting with Et2O. The 

crude material was purified by medium-pressure column chromatography (SiO2, hexane) to give the 

corresponding defluorination product (Z)-2a (81.1 mg, 0.41 mmol, 83%) as a white solid. 
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  Procedure for the copper(I)-catalyzed E-selective defluorination of gem-difluoroalkenes 1a 

(Table 3). 

  Dppp (10.4 mg, 0.025 mmol) and 1a (106.9 mg, 0.5 mmol) were placed in an oven-dried reaction 

vial. And then, the vial was transferred to the glove box and copper acetate (3.1 mg, 0.025 mmol) 

and NaOTMS (123.2 mg, 1.0 mmol) were added to the vial under argon atmosphere. After the vial 

was sealed with a screw cap containing a Teflon-coated rubber septum, the vial was removed from 

the glove box and connected to a vacuum/nitrogen manifold through a needle. After dry THF (500 

µL) was added to the mixture, dimethylphenylsilane (155 µL, 1.0 mmol) was added dropwise to the 

reaction mixture at –20 °C. After the reaction was complete, the mixture was passed through a short 

silica gel eluting with Et2O. The crude material was purified by medium-pressure column 

chromatography (SiO2, hexane) to give the corresponding defluorination product (E)-2a (71.5 mg, 

0.36 mmol, 73%) as a white solid. 

 

4. Characterization of Defluorination Product 

  

(Z)-4-(2-Fluorovinyl)-1,1'-biphenyl [(Z)-2a]. 

 
 

 

   The reaction was conducted with 107.1 mg (0.495 mmol) of 1a. The product (Z)-2a was obtained 

in 83% yield (81.1 mg, 0.409 mmol) as a white solid (m.p. = 83–85°C). The stereoselectivity of 

(Z)-2a was determined by 1H NMR analysis (E/Z 1:>99).  
   1H NMR (396 MHz, CDCl3, δ): 5.66 (dd, J = 5.2, 44.7 Hz, 1H), 6.69 (dd, J = 5.2, 82.7 Hz, 1H), 

7.32–7.38 (m, 1H), 7.41–7.48 (m, 2H), 7.57–7.63 (m, 6H). 13C NMR (100 MHz, CDCl3, δ): 110.4 

(CH), 126.9 (CH), 127.1 (CH), 127.4 (CH), 128.8 (CH), 129.2 (d, JC–F = 6.7 Hz, CH), 131.6 (C), 

140.2 (d, JC–F = 1.9 Hz, CH), 140.6 (C), 148.3 (d, JC–F = 270.9 Hz, CH). 19F NMR (373 MHz, CDCl3, 

δ): –122.3 (dd, J = 45.8, 79.7 Hz, 1F). HRMS-EI (m/z): [M]+ calcd for C14H11F, 198.08448; found, 

198.08478. 

  

  

Ph
(Z)-2a

F
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(Z)-1-(2-Fluorovinyl)-4-methylbenzene [(Z)-2b]. 

 
   

 

 The reaction was conducted with 77.5 mg (0.503 mmol) of 1b. The product (Z)-2b was obtained in 

69% yield (47.3 mg, 0.347 mmol) as an oil. The stereoselectivity of (Z)-2b was determined by 1H 

NMR analysis (E/Z 1:>99).  

   1H NMR (392 MHz, CDCl3, δ): 2.34 (s, 3H), 5.58 (dd, J = 5.5, 45.4 Hz, 1H), 6.62 (dd, J = 5.5, 

83.1 Hz, 1H), 7.15 (d, J = 7.8 Hz, 2H), 7.41 (d, J = 8.2 Hz, 2H). 13C NMR (99 MHz, CDCl3, δ): 21.2 

(CH3), 110.6 (CH), 128.7 (d, JC–F = 6.6 Hz, CH), 129.2 (CH), 129.7 (C), 137.3 (C), 147.7 (d, JC–F = 

268.6 Hz, CH). 19F NMR (373 MHz, CDCl3, δ): –123.8 (dd, J = 45.4, 79.7 Hz, 1F). HRMS-EI (m/z): 

[M]+ calcd for C9H9F, 136.06883; found, 136.06847. 

 

(Z)-1-(2-Fluorovinyl)-4-methoxybenzene [(Z)-2c]. 

 

   The reaction was conducted with 86.0 mg (0.505 mmol) of 1c. The product (Z)-2c was obtained 

in 51% yield (39.3 mg, 0.258 mmol) as an oil. The stereoselectivity of (Z)-2c was determined by 1H 

NMR analysis (E/Z 1:>99). 

   1H NMR (392 MHz, CDCl3, δ): 3.81 (s, 3H), 5.55 (dd, J = 5.5, 45.5 Hz, 1H), 6.59 (dd, J = 5.3, 

82.9 Hz, 1H), 6.87 (d, J = 8.6 Hz, 2H), 7.45 (d, J = 9.0 Hz, 2H). 13C NMR (99 MHz, CDCl3, δ): 55.2 

(CH3), 110.2 (CH), 113.8 (CH), 125.3 (C), 130.1 (d, JC–F = 6.6 Hz, CH), 147.0 (d, JC–F = 267.8 Hz, 

CH), 158.8 (d, JC–F = 2.9 Hz, C). 19F NMR (373 MHz, CDCl3, δ): –125.8 (dd, J = 45.4, 79.7 Hz, 1F). 

HRMS-EI (m/z): [M]+ calcd for C9H9FO, 152.06374; found, 152.06410. 

 

(Z)-1-Chloro-4-(2-fluorovinyl)benzene [(Z)-2d]. 

 
   The reaction was conducted with 87.7 mg (0.502 mmol) of 1d. The product (Z)-2d was obtained 

in 52% yield (40.7 mg, 0.260 mmol) as an oil. The stereoselectivity of (Z)-2d was determined by 1H 

NMR analysis (E/Z 1:>99). 

MeO
F

(Z)-2c

Cl
F

(Z)-2d

(Z)-2b

F
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   1H NMR (392 MHz, CDCl3, δ): 5.58 (dd, J = 5.5, 44.7 Hz, 1H), 6.66 (dd, J = 5.5, 82.7 Hz, 1H), 

7.28–7.37 (m, 2H), 7.40–7.48 (m, 2H). 13C NMR (99 MHz, CDCl3, δ): 109.8 (CH), 128.6 (CH), 

130.0 (d, JC–F = 7.5 Hz, CH), 131.0 (C), 133.1 (d, JC–F = 2.8 Hz, C), 148.6 (d, JC–F = 270.6 Hz, CH). 
19F NMR (373 MHz, CDCl3, δ): –121.9 (dd, J = 45.4, 79.7 Hz, 1F). HRMS-EI (m/z): [M]+ calcd for 

C8H6ClF, 156.01421; found, 156.01457. 

 

(Z)-1-Bromo-4-(2-fluorovinyl)benzene [(Z)-2e]. 

 

 

 

   The reaction was conducted with 108.7 mg (0.496 mmol) of 1e. The product (Z)-2e was obtained 

in 82% yield (81.8 mg, 0.407 mmol) as an oil. The stereoselectivity of (Z)-2e was determined by 1H 

NMR analysis (E/Z 1:>99). 

   1H NMR (392 MHz, CDCl3, δ): 5.57 (dd, J = 5.3, 43.7 Hz, 1H), 6.67 (dd, J = 5.5, 81.5 Hz, 1H), 

7.34–7.41 (m, 2H), 7.43–7.49 (m, 2H). 13C NMR (100 MHz, CDCl3, δ): 109.8 (CH), 121.3 (d, JC–F = 

3.9 Hz, C), 130.3 (d, JC–F = 7.6 Hz, CH), 131.4 (C), 131.6 (CH), 148.6 (d, JC–F = 272.8 Hz, CH). 19F 

NMR (373 MHz, CDCl3, δ): –121.5 (dd, J = 45.8, 79.7 Hz, 1F). HRMS-EI (m/z): [M]+ calcd for 

C8H6BrF, 199.96369; found, 199.96354. 

 

(Z)-4-(2-Fluorovinyl)benzonitrile [(Z)-2f]. 

 

 

 

   The reaction was conducted with 81.7 mg (0.495 mmol) of 1f. The product (Z)-2f was obtained 

in 28% yield (20.7 mg, 0.141 mmol) as an oil. The stereoselectivity of (Z)-2f was determined by 1H 

NMR analysis (E/Z 1:>99). 

   1H NMR (392 MHz, CDCl3, δ): 5.67 (dd, J = 5.1, 43.1 Hz, 1H), 6.76 (dd, J = 5.3, 81.7 Hz, 1H), 

7.57–7.66 (m, 4H). 13C NMR (99 MHz, CDCl3, δ): 109.7 (CH), 110.8 (C), 118.8 (C), 129.2 (d, JC–F 

= 7.6 Hz, CH), 132.2 (CH), 137.0 (C), 150.4 (d, JC–F = 275.3 Hz, CH). 19F NMR (373 MHz, CDCl3, 

δ): –117.1 (dd, J = 45.4, 79.7 Hz, 1F). HRMS-EI (m/z): [M]+ calcd for C9H6FN, 147.04843; found, 

147.04830. 

  

Br

(Z)-2e

F

NC
(Z)-2f

F
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(Z)-4-(1-Fluoroprop-1-en-2-yl)-1,1'-biphenyl [(Z)-2h]. 

 

   The reaction was conducted with 115.8 mg (0.503 mmol) of 1h. The product (Z)-2h was 

obtained in 16% yield (16.8 mg, 0.0791 mmol) as a white solid (m.p. = 52–54°C). The 

stereoselectivity of (Z)-2h was determined by 1H NMR analysis (E/Z 1:>99). Borylated product 3h 

was obtained in moderate yield (45% NMR yield) and unreacted substrate 1h was recovered in low 

yield (20% NMR yield) except for (Z)-2h. 

   1H NMR (392 MHz, CDCl3, δ): 1.95 (dd, J = 1.4, 4.9 Hz, 3H), 6.70 (dd, J = 1.2, 84.2 Hz, 1H), 

7.31–7.39 (m, 1H), 7.40–7.49 (m, 2H), 7.55–7.65 (m, 6H). 13C NMR (99 MHz, CDCl3, δ): 15.9 (d, 

JC–F = 7.6 Hz, CH3), 116.5 (C), 126.9 (CH), 127.0 (CH), 127.3 (CH), 128.1 (d, JC–F = 6.6 Hz, CH), 

128.8 (CH), 134.7 (C), 140.1 (C), 140.7 (C), 144.4 (d, JC–F = 264.0 Hz, CH). 19F NMR (373 MHz, 

CDCl3, δ): –128.8 (d, J = 79.7 Hz, 1F). HRMS-EI (m/z): [M]+ calcd for C15H13F, 212.10013; found, 

212.09999. 

 

(Z)-2-(2-Fluorovinyl)benzofuran [(Z)-2i]. 

 
   The reaction was conducted with 90.1 mg (0.500 mmol) of 1i. The product (Z)-2i was obtained 

in 55% yield (44.4 mg, 0.274 mmol) as an oil. The stereoselectivity of (Z)-2i was determined by 1H 

NMR analysis (E/Z 1:>99). 

   1H NMR (396 MHz, CDCl3, δ): 5.88 (dd, J = 5.1, 41.6 Hz, 1H), 6.76 (dd, J = 4.9, 80.2 Hz, 1H), 

6.94 (s, 1H), 7.19–7.31 (m, 2H), 7.42–7.48 (m, 1H), 7.53–7.59 (m, 1H). 13C NMR (100 MHz, CDCl3, 

δ): 101.8 (CH), 106.8 (d, JC–F = 10.5 Hz, CH), 111.0 (CH), 121.0 (CH), 122.9 (CH), 124.5 (CH), 

128.8 (C), 149.32 (C), 149.34 (d, JC–F = 274.7 Hz, CH), 154.0 (C). 19F NMR (373 MHz, CDCl3, δ): 

–115.6 (dd, J = 45.4, 79.7 Hz, 1F). HRMS-EI (m/z): [M]+ calcd for C10H7FO, 162.04809; found, 

162.04808. 

  

Ph
F

(Z)-2h

F

O

(Z)-2i
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(Z)-2-(2-Fluorovinyl)naphthalene [(Z)-2j]. 

 

   The reaction was conducted with 95.9 mg (0.504 mmol) of 1j. The product (Z)-2j was obtained 

in 73% yield (63.5 mg, 0.369 mmol) as a white solid (m.p. = 60–62°C). The stereoselectivity of 

(Z)-2j was determined by 1H NMR analysis (E/Z 1:>99). 

   1H NMR (392 MHz, CDCl3, δ): 5.78 (dd, J =5.3, 44.9 Hz, 1H), 6.74 (dd, J = 5.5, 83.1 Hz, 1H), 

7.43–7.51 (m, 2H), 7.69 (dd, J = 1.6, 8.6 Hz, 1H), 7.77–7.85 (m, 3H), 7.93 (s, 1H). 13C NMR (99 

MHz, CDCl3, δ): 110.9 (CH), 126.1 (CH), 126.2 (CH), 126.6 (d, JC–F = 7.6 Hz, CH), 127.5 (CH), 

127.9 (d, JC–F = 6.6 Hz, CH), 128.02 (CH), 128.04 (CH), 130.1 (C), 132.5 (C), 133.3 (C), 148.4 (d, 

JC–F = 270.5 Hz, CH). 19F NMR (373 MHz, CDCl3, δ): –122.2 (dd, J = 45.4, 79.7 Hz, 1F). HRMS-EI 

(m/z): [M]+ calcd for C12H9F, 172.06883; found, 172.06893. 

 

(Z)-1-(2-Fluorovinyl)pyrene [(Z)-2k]. 

 
   The reaction was conducted with 133.4 mg (0.505 mmol) of 1k. The product (Z)-2k was obtained 

in 63% yield (77.9 mg, 0.316 mmol) as a white solid (m.p. = 125–126°C). The stereoselectivity of 

(Z)-2k was determined by 1H NMR analysis (E/Z 1:>99). 

   1H NMR (392 MHz, CDCl3, δ): 6.60 (dd, J = 5.1, 43.1 Hz, 1H), 7.00 (dd, J = 5.7, 83.3 Hz, 1H), 

7.98–8.23 (m, 7H), 8.26 (d, J = 9.4 Hz, 1H), 8.35 (d, J = 8.2 Hz, 1H). 13C NMR (99 MHz, CDCl3, 

δ): 107.9 (CH), 123.1 (CH), 124.57 (C), 124.65 (CH), 125.0 (CH), 125.3 (CH), 125.8 (CH), 126.0 

(C), 127.26 (CH), 127.36 (CH), 127.44 (CH), 127.6 (CH), 128.2 (C), 130.6 (C), 131.2 (C), 148.7 (d, 

JC–F = 270.6 Hz, CH). 19F NMR (373 MHz, CDCl3, δ): –123.9 (dd, J = 45.4, 79.7 Hz, 1F). HRMS-EI 

(m/z): [M]+ calcd for C18H11F, 246.08448; found, 246.08360. 

  

F

(Z)-2j

F

(Z)-2k
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(E)-4-(2-Fluorovinyl)-1,1'-biphenyl [(E)-2a]. 

 

  

       
   The reaction was conducted with 106.9 mg (0.494 mmol) of 1a. The stereoselectivity of the 

crude material was determined by GLC analysis (E/Z 95:5) as a white solid (m.p. = 108–116°C). 

The product (E)-2a was obtained in 73% yield (71.5 mg, 0.361 mmol, E/Z 90:10) determined by 1H 

NMR analysis.  

   1H NMR (392 MHz, CDCl3, δ): 6.43 (dd, J = 11.2, 19.4 Hz, 1H), 7.09–7.38 (m, 4H), 7.41–7.47 

(m, 2H), 7.52–7.63 (m, 4H). 13C NMR (99 MHz, CDCl3, δ): 113.5 (d, JC–F = 16.0 Hz, CH), 126.5 (d, 

JC–F = 2.8 Hz, CH), 126.9 (CH), 127.38 (CH), 127.42 (CH), 128.8 (CH), 131.6 (d, JC–F = 11.3 Hz, C), 

140.3 (d, JC–F = 1.9 Hz, C), 140.5 (C), 150.2 (d, JC–F = 259.4 Hz, CH). 19F NMR (373 MHz, CDCl3, 

δ): –130.1 (dd, J = 22.7, 79.7 Hz, 1F). HRMS-EI (m/z): [M]+ calcd for C14H11F, 198.08448; found, 

198.08445. 
 

(E)-1-(2-Fluorovinyl)-4-methylbenzene [(E)-2b]. 

 
 

 

 

   The reaction was conducted with 77.0 mg (0.499 mmol) of 1b. After the reaction was complete, 

the crude material was dissolved in THF (1.0 mL) and TBAF (1.0 M, 800 µL) was added to the 

mixture at 0 °C to remove byproducts. The resultant solution was stirred for 3 h at 0 °C. After that, 

the mixture was added to the H2O, then extracted with Et2O. The organic layer was washed with 

water two times. The combined organic layer was then dried over MgSO4 followed by evaporation. 

The crude material was purified by medium-pressure column chromatography (SiO2, pentane) to 

give the product (E)-2b in 27% yield (18.2 mg, 0.134 mmol) as an oil. The stereoselectivity of 

(E)-2b was determined by 1H NMR analysis of the crude material (E/Z 95:5). 

   1H NMR (396 MHz, CDCl3, δ): 2.33 (s, 3H), 6.36 (dd, J = 11.5, 19.4 Hz, 1H), 7.08–7.18 (m, 

4H), 7.14 (dd, J = 11.5, 72.4 Hz, 1H). 13C NMR (99 MHz, CDCl3, δ): 21.1 (CH3), 113.6 (d, JC–F = 

16.0 Hz, CH), 126.0 (d, JC–F = 2.8 Hz, CH), 129.4 (CH), 129.6 (d, JC–F = 12.2 Hz, C), 137.3 (C), 

149.6 (d, JC–F = 257.4 Hz, CH). 19F NMR (373 MHz, CDCl3, δ): –131.9 (dd, J = 22.7, 79.7 Hz, 1F). 

HRMS-EI (m/z): [M]+ calcd for C9H9F, 136.06883; found, 136.06893. 

F

(E)-2b

Ph

F

(E)-2a
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(E)-1-(2-Fluorovinyl)-4-methoxybenzene [(E)-2c]. 

 

 

 

   The reaction was conducted with 83.6 mg (0.491 mmol) of 1c. The product (E)-2c was obtained 

in 94% yield (70 mg, 0.460 mmol) as an oil. The stereoselectivity of (E)-2c was determined by 1H 

NMR analysis of the crude material (E/Z 95:5). 

   1H NMR (396 MHz, CDCl3, δ): 3.80 (s, 3H), 6.35 (dd, J = 11.3, 19.6 Hz, 1H), 6.82–6.89 (m, 

2H), 7.09 (dd, J = 11.5, 83.9 Hz, 1H), 7.15–7.20 (m, 2H). 13C NMR (99 MHz, CDCl3, δ): 55.2 (CH3), 

113.2 (d, JC–F = 16.0 Hz, CH), 114.2 (CH), 125.0 (d, JC–F = 12.2 Hz, C), 127.2 (d, JC–F = 2.8 Hz, CH), 

148.9 (d, JC–F = 256.5 Hz, CH), 159.0 (C). 19F NMR (373 MHz, CDCl3, δ): –131.9 (dd, J = 28.3, 

74.1 Hz, 1F). HRMS-EI (m/z): [M]+ calcd for C9H9FO, 152.06374; found, 152.06433. 

 

(E)-1-Chloro-4-(2-fluorovinyl)benzene [(E)-2d]. 

 

 

 

    

   The reaction was conducted with 87.1 mg (0.499 mmol) of 1d. The product (E)-2d was obtained 

in 13% yield (10.0 mg, 0.0639 mmol) as an oil. The stereoselectivity of (E)-2d was determined by 
1H NMR analysis of the crude material (E/Z 90:10). 

   1H NMR (392 MHz, CDCl3, δ): 6.35 (dd, J = 11.4, 19.2 Hz, 1H), 7.15 (dd, J = 11.0, 82.3 Hz, 

1H), 7.18 (d, J = 8.6 Hz, 2H), 7.23–7.32 (m, 2H). 13C NMR (99 MHz, CDCl3, δ): 112.9 (d, JC–F = 

16.9 Hz, CH), 127.3 (d, JC–F = 2.8 Hz, CH), 128.9 (CH), 131.1 (d, JC–F = 12.2 Hz, C), 133.1 (d, JC–F 

= 1.9 Hz, C), 150.4 (d, JC–F = 260.3 Hz, CH). 19F NMR (373 MHz, CDCl3, δ): –129.2 (dd, J = 23.1, 

79.7 Hz, 1F). HRMS-EI (m/z): [M]+ calcd for C8H6ClF, 156.01421; found, 156.01484. 

  

MeO

F

(E)-2c

Cl

F

(E)-2d
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(E)-1-Bromo-4-(2-fluorovinyl)benzene [(E)-2e]. 

 

 

 

   The reaction was conducted with 107.9 mg (0.493 mmol) of 1e. The product (E)-2e was obtained 

in 14% yield (14.3 mg, 0.071 mmol) as an oil. The stereoselectivity of (E)-2e was determined by 1H 

NMR analysis (E/Z >99:1).  

   1H NMR (396 MHz, CDCl3, δ): 6.34 (dd, J = 11.1, 19.0 Hz, 1H), 7.09–7.15 (m, 2H), 7.17 (dd, J 

= 11.5, 82.3 Hz, 1H), 7.41–7.47 (m, 2H). 13C NMR (99 MHz, CDCl3, δ): 113.0 (d, JC–F = 16.9 Hz, 

CH), 121.2 (d, JC–F = 1.9 Hz, C), 127.6 (d, JC–F = 2.8 Hz, CH), 131.6 (d, JC–F = 12.2 Hz, C), 131.9 

(CH), 150.4 (d, JC–F = 260.3 Hz, CH). 19F NMR (373 MHz, CDCl3, δ): –128.9 (dd, J = 22.7, 79.7 Hz, 

1F). HRMS-EI (m/z): [M]+ calcd for C8H6BrF, 199.96369; found, 199.96403. 

 

(E)-2-(2-Fluorovinyl)-1,3,5-trimethylbenzene [(E)-2g]. 

 

   The reaction was conducted with 90.8 mg (0.498 mmol) of 1g. The product (E)-2g was obtained 

in 20% NMR yield. The stereoselectivity of (E)-2g was determined by 1H NMR analysis (E/Z >99:1). 

(E)-2g contains inseparable impurities. 

  1H NMR (396 MHz, CDCl3, δ): 2.27 (s, 9H), 6.29 (dd, J = 11.7, 20.4 Hz, 1H), 6.66 (dd, J = 11.5, 

85.9 Hz, 1H), 6.88 (s, 2H). 13C NMR (99 MHz, CDCl3, δ): 20.9 (CH3), 21.0 (CH3), 110.0 (d, JC–F = 

14.1 Hz, CH), 127.4 (d, JC–F = 12.2 Hz, C), 128.5 (CH), 136.8 (d, JC–F = 2.9 Hz, C), 140.1 (C), 151.3 

(d, JC–F = 259.3 Hz, CH). 19F NMR (373 MHz, CDCl3, δ): –123.7 (dd, J = 22.9, 91.1 Hz, 1F). 

HRMS-EI (m/z): [M]+ calcd for C11H13F, 164.10013; found, 164.10026. 

  

F

(E)-2g

Br

F

(E)-2e
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(E)-4-(1-Fluoroprop-1-en-2-yl)-1,1'-biphenyl [(E)-2h]. 

  

   The reaction was conducted with 114.4 mg (0.497 mmol) of 1h. The product (E)-2h was 

obtained in 77% yield (81.2 mg, 0.383 mmol) as a white solid (m.p. = 102–109°C). The 

stereoselectivity of (E)-2h was determined by 1H NMR analysis (E/Z >99:1). No byproducts could 

be observed. 

   1H NMR (392 MHz, CDCl3, δ): 2.08 (dd, J = 1.6, 3.9 Hz, 3H), 6.98 (dq, J = 1.5, 84.9 Hz, 1H), 

7.32–7.41 (m, 3H), 7.41–7.48 (m, 2H), 7.54–7.63 (m, 4H). 13C NMR (99 MHz, CDCl3, δ): 12.1 (d, 

JC–F = 5.7 Hz, CH3), 119.6 (d, JC–F = 10.3 Hz, C), 126.1 (d, JC–F = 2.9 Hz, CH), 127.1 (CH), 127.4 

(CH), 127.5 (CH), 129.0 (CH), 136.4 (d, JC–F = 9.4 Hz, C), 140.4 (C), 140.7 (C), 146.0 (d, JC–F = 

258.4 Hz, CH). 19F NMR (373 MHz, CDCl3, δ): –131.5 (d, J = 79.7 Hz, 1F). HRMS-EI (m/z): [M]+ 

calcd for C15H13F, 212.10013; found, 212.09996. 

 

(E)-4-(2-Fluorovinyl)-N,N-dimethylaniline [(E)-2l]. 

 
   The reaction was conducted with 92.4 mg (0.504 mmol) of 1l. The product (E)-2l was obtained 

in 80% yield (66.6 mg, 0.403 mmol) as a white solid (m.p. = 62–64°C). The stereoselectivity of 

(E)-2l was determined by 1H NMR analysis of the crude material (E/Z 94:6). 

   1H NMR (392 MHz, CDCl3, δ): 2.94 (s, 6H), 6.32 (dd, J = 11.4, 20.0 Hz, 1H), 6.67 (d, J = 8.6 

Hz, 2H), 7.08 (dd, J = 11.2, 84.4 Hz, 1H), 7.13 (d, J = 8.6 Hz, 2H). 13C NMR (99 MHz, CDCl3, δ): 

40.5 (CH3), 112.6 (CH), 113.5 (d, JC–F = 16.0 Hz, CH), 120.4 (d, JC–F = 11.2 Hz, C), 127.0 (d, JC–F = 

2.9 Hz, CH), 148.0 (d, JC–F = 253.7 Hz, CH), 149.9 (C). 19F NMR (373 MHz, CDCl3, δ): –136.0 (dd, 

J = 22.9, 91.1 Hz, 1F). HRMS-ESI (m/z): [M+H]+ calcd for C10H13NF, 166.10265; found, 

166.10280. 

  

Ph

F

(E)-2h

Me2N

F

(E)-2l
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5. Deuterium Labelling Experiment about Z-selective Synthesis 

 
   The defluorination of 1a under optimized conditions using NaH/MeOD instead 

Na(O-t-Bu)/MeOH gave (Z)-2a’ bearing a deuterium label at its β-position (D 91%), with perfect Z 

selectivity (E/Z 1:>99) determined by 1H NMR analysis. (Z)-2a’ was obtained as a white solid (m.p. 

= 82–83°C). 
   1H NMR (392 MHz, CDCl3, δ): 5.66 (d, J = 44.7 Hz, 1H), 6.69 (dd, J = 5.5, 83.1 Hz, 0.09H), 

7.32–7.38 (m, 1H), 7.42–7.48 (m, 2H), 7.56–7.64 (m, 6H). 13C NMR (99 MHz, CDCl3, δ): 110.2 

(CH), 126.9 (CH), 127.1 (CH), 127.3 (CH), 128.8 (CH), 129.2 (d, JC–F = 7.5 Hz, CH), 131.6 (C), 

140.1 (d, JC–F = 1.9 Hz, C), 140.5 (C), 148.0 (dt, J = 29.6, 269.7 Hz, C). 19F NMR (373 MHz, CDCl3, 

δ): –122.6– –123.1 (m, 1F). HRMS-EI (m/z): [M]+ calcd for C14H10DF, 199.09076; found, 

199.09029. 

6. Synthesis of Monofluoroalkenyl Boronate Ester (Z)-3a 

 

  The product (Z)-3a was synthesized through the borylation with a copper(I)/PPh3 complex 

catalyst system. The crude mixture was purified by flash column chromatography (SiO2, ethyl 

acetate/hexane, 0:100–3:97) followed by GPC to give the corresponding borylation product (Z)-3a 

(58.1 mg, 0.18 mmol, 18%) as a white solid (m.p. = 90–93°C). The stereoselectivity of (Z)-3a was 

determined by 1H NMR analysis (E/Z 1:>99). 
   1H NMR (392 MHz, CDCl3, δ): 1.35 (s, 12H), 6.43 (d, J = 47.4 Hz, 1H), 7.32–7.39 (m, 1H), 

7.41–7.48 (m, 2H), 7.57–7.64 (m, 4H), 7.70 (d, J = 8.2 Hz, 2H). 13C NMR (99 MHz, CDCl3, δ): 24.7 

(CH3), 84.8 (C), 123.4 (CH), 127.0 (CH), 127.1 (CH), 127.5 (CH), 128.8 (CH), 130.3 (d, JC–F = 8.5 

Hz, CH), 131.9 (C), 140.5 (C), 141.0 (C). The carbon directly attached to the boron atom was not 

detected, likely due to quadrupolar relaxation.4,5 19F NMR (373 MHz, CDCl3, δ): –123.8 (d, J = 45.4 

Hz, 1F). HRMS-EI (m/z): [M]+ calcd for C20H22
10BFO2, 323.17332; found, 323.17306. 

  

Ph
F

F

NaH (1.0 equiv)
MeOD (2.0 equiv)
THF, 30°C, 2 h

5 mol % CuCl
5 mol % Xantphos
(pin)B–B(pin) (1.2 equiv)

Ph
F

D/H (D 91%)

1a (Z)-2a', 88%, E/Z 1:>99

F

F

Ph
F

B(pin)

PhNa(O-t-Bu) (3.0 equiv)
MeOH (3.0 equiv)
THF, 30°C, 7 h

15 mol % CuCl
15 mol % PPh3
(pin)B–B(pin) (3.6 equiv)

1a (Z)-3a, 18%, E/Z 1:>99
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7. Deuterium Labelling Experiment about E-Selective Synthesis 

 
   PhMe2Si–D was synthesized according to the literature procedure.6 The defluorination of 1a at 

30°C using PhMe2Si–D instead of PhMe2Si–H gave (E)-2a’ bearing a deuterium label at its 

β-position (D 94%), with high E selectivity (E/Z 90:10) determined by 1H NMR analysis. (E)-2a’ 

was obtained as a white solid (m.p. = 117°C). 

   1H NMR (392 MHz, CDCl3, δ): 5.66 (d, J = 45.1 Hz, 0.06H), 6.43 (d, J = 19.2 Hz, 1H), 7.29–

7.39 (m, 3H), 7.41–7.48 (m, 2H), 7.52–7.63 (m, 4H). 13C NMR (99 MHz, CDCl3, δ): 113.3 (d, JC–F 

= 16.0 Hz, CH), 126.5 (d, JC–F = 2.8 Hz, CH), 126.9 (CH), 127.38 (CH), 127.43 (CH), 128.8 (CH), 

131.6 (d, JC–F = 11.3 Hz, C), 140.3 (d, JC–F = 1.9 Hz, C), 140.5 (C), 149.9 (dt, J = 30.3, 258.1 Hz, C). 
19F NMR (373 MHz, CDCl3, δ): –130.5– –130.8 (m, 1F). HRMS-EI (m/z): [M]+ calcd for C14H10DF, 

199.09076; found, 199.09049. 

 

8. Details of the DFT Calculations 

 

   All calculations were performed with the Gaussian 09W (revision C.01) program package.7 

Geometry optimizations were performed with ωB97XD/cc-PVDZ in the gas-phase. The frequency 

calculations were conducted on gas-phase optimized geometries to check the all the stationary points 

as either minima or transition states. The intrinsic reaction coordinate (IRC) was calculated for the 

transition states to confirm that the structures were indeed connected by two relevant minimas. 

 

TS1 

C       2.716600    3.068300   -0.228600 

C       1.545700    3.642500    0.087500 

H       3.604800    3.694800   -0.384800 

H       1.482000    4.734200    0.188900 

Cu      0.754700    0.503800    0.139900 

P       0.022200    2.637300    0.352500 

P       2.856500    1.241100   -0.421200 

C      -0.774300    3.500500    1.770500 

Ph
F

F

NaOTMS (2.0 equiv)
THF, 0°C, 7 h
then 30°C, 32 h

5 mol % CuOAc
5 mol % dppp
PhMe2Si–D (2.0 equiv)

Ph
D/H (D 88%)

F

1a (E)-2a', 31%, E/Z 94:6
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H      -0.898500    4.579100    1.587400 

H      -1.760600    3.041800    1.933600 

H      -0.170200    3.348000    2.676000 

C      -1.039000    3.154900   -1.061800 

H      -2.026700    2.690300   -0.925900 

H      -1.149200    4.247200   -1.136800 

H      -0.604400    2.754200   -1.988000 

C       4.324900    0.816100    0.599200 

H       4.518700   -0.260400    0.470600 

H       5.216600    1.394500    0.311900 

H       4.091000    0.995300    1.658000 

C       3.504600    1.069700   -2.135100 

H       4.423600    1.652800   -2.298100 

H       3.712400    0.002300   -2.301600 

H       2.729200    1.385700   -2.846700 

C       0.412900   -1.513300    0.622600 

H      -0.029700   -1.421300    1.620800 

C      -0.566500   -1.652700   -0.404400 

F      -0.426800   -2.668500   -1.288500 

C       1.754600   -2.119400    0.561200 

C       2.471900   -2.353400    1.749500 

C       2.414700   -2.406500   -0.652600 

C       3.777400   -2.836700    1.732900 

H       1.988800   -2.140900    2.706900 

C       3.718800   -2.892500   -0.666100 

H       1.894000   -2.235500   -1.595200 

C       4.417700   -3.108800    0.523700 

H       4.299600   -3.004300    2.678000 

H       4.197800   -3.107300   -1.624800 

H       5.439400   -3.492500    0.507900 

C      -3.865900   -0.251100    0.798000 

C      -4.249000   -0.891500   -0.581800 

B      -2.060100   -1.219100   -0.163100 
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O      -2.421700   -0.253400    0.745300 

O      -3.117500   -1.750800   -0.843400 

C      -4.293800    0.127600   -1.721100 

H      -4.366900   -0.411400   -2.675900 

H      -5.158400    0.801700   -1.632000 

H      -3.370900    0.725800   -1.748300 

C      -5.514600   -1.734000   -0.567700 

H      -6.386000   -1.118700   -0.294600 

H      -5.690100   -2.153400   -1.568400 

H      -5.436300   -2.568600    0.140100 

C      -4.348100    1.178300    0.992800 

H      -5.446600    1.227700    0.941000 

H      -4.037400    1.544900    1.982300 

H      -3.934400    1.851700    0.231000 

C      -4.268200   -1.113800    1.993800 

H      -3.783200   -0.718000    2.897500 

H      -5.356800   -1.107500    2.150400 

H      -3.938800   -2.154100    1.858300 

F      -0.389500   -0.391400   -1.536100 

Zero-point correction=                           0.488068 (Hartree/Particle) 

Thermal correction to Energy=                    0.521651 

Thermal correction to Enthalpy=                  0.522595 

Thermal correction to Gibbs Free Energy=         0.423241 

Sum of electronic and zero-point Energies=          -3479.077535 

Sum of electronic and thermal Energies=             -3479.043953 

Sum of electronic and thermal Enthalpies=           -3479.043009 

Sum of electronic and thermal Free Energies=        -3479.142363 

 

TS2 

C      -4.425800   -1.123000    0.927100 

C      -4.120800    0.035600    1.528700 

H      -5.384800   -1.615000    1.138600 

H      -4.833300    0.486000    2.232800 
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Cu     -1.493400   -0.511000   -0.321300 

P      -2.533500    0.905100    1.182400 

P      -3.270700   -1.928300   -0.261700 

C      -3.124700    2.528000    0.547600 

H      -3.831700    3.010000    1.240400 

H      -2.249400    3.177100    0.393700 

H      -3.609000    2.371500   -0.426400 

C      -1.946700    1.337200    2.873100 

H      -1.062900    1.982800    2.764000 

H      -2.714300    1.865900    3.458900 

H      -1.644500    0.420000    3.397900 

C      -4.398900   -2.310000   -1.668300 

H      -3.847200   -2.915000   -2.402600 

H      -5.295100   -2.860500   -1.342800 

H      -4.701000   -1.370900   -2.153000 

C      -3.039300   -3.585400    0.509100 

H      -3.998100   -4.085900    0.713700 

H      -2.436900   -4.205400   -0.170500 

H      -2.477400   -3.462200    1.445500 

C       0.014100    0.302100   -1.576500 

C       0.977300   -0.686400   -1.195200 

F       0.981000   -1.727300   -2.062100 

C       3.960400   -0.237000    1.100700 

C       4.574400   -1.024800   -0.108100 

B       2.383000   -0.591700   -0.475300 

O       2.724400    0.261000    0.540700 

O       3.397700   -1.432600   -0.839100 

H      -0.350600    0.104300   -2.590900 

C       0.071700    1.734700   -1.225200 

C      -0.460700    2.679400   -2.124700 

C       0.549900    2.229400    0.005800 

C      -0.506400    4.037200   -1.821900 

H      -0.850600    2.330100   -3.084600 
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C       0.519600    3.590100    0.299500 

H       0.954100    1.533600    0.739600 

C      -0.012600    4.510200   -0.605700 

H      -0.927400    4.735800   -2.549200 

H       0.914100    3.936300    1.258700 

H      -0.039800    5.575500   -0.369700 

C       5.394900   -0.138400   -1.045000 

H       6.349200    0.159000   -0.586200 

H       5.609300   -0.697200   -1.966900 

H       4.838700    0.769700   -1.320000 

C       5.364800   -2.266400    0.276400 

H       5.753000   -2.753600   -0.629300 

H       6.220300   -1.997600    0.915400 

H       4.737800   -2.991200    0.810400 

C       3.576500   -1.139800    2.273300 

H       4.465200   -1.523300    2.795600 

H       2.975600   -0.556800    2.985700 

H       2.964700   -1.987700    1.933600 

C       4.789400    0.943100    1.583000 

H       4.286600    1.428500    2.431900 

H       5.781000    0.604800    1.921700 

H       4.921200    1.693500    0.793500 

F       0.399100   -1.512600    0.192000 

Zero-point correction=                           0.487694 (Hartree/Particle) 

Thermal correction to Energy=                    0.521477 

Thermal correction to Enthalpy=                  0.522422 

Thermal correction to Gibbs Free Energy=         0.420948 

Sum of electronic and zero-point Energies=          -3479.070791 

Sum of electronic and thermal Energies=             -3479.037008 

Sum of electronic and thermal Enthalpies=           -3479.036063 

Sum of electronic and thermal Free Energies=        -3479.137537 

 

TS3 
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C       1.730300   -2.523400   -0.094600 

C       2.791300   -1.813500    0.313600 

H       1.811800   -3.614300   -0.192100 

H       3.734900   -2.324200    0.548400 

Cu      0.623500    0.519600   -0.219500 

P       2.723500    0.018900    0.495700 

P       0.121800   -1.712200   -0.478500 

C       3.346700    0.234100    2.218100 

H       4.305000   -0.283600    2.378200 

H       3.479400    1.308800    2.411100 

H       2.597700   -0.153800    2.923000 

C       4.180800    0.539400   -0.504500 

H       4.330600    1.620300   -0.367800 

H       5.097500    0.002700   -0.215200 

H       3.963300    0.357200   -1.566200 

C      -1.015700   -2.570400    0.685600 

H      -2.044900   -2.250500    0.463600 

H      -0.939000   -3.665400    0.601000 

H      -0.777100   -2.260300    1.712500 

C      -0.327600   -2.477300   -2.091500 

H      -0.291200   -3.577000   -2.059100 

H      -1.349100   -2.153700   -2.340500 

H       0.353100   -2.104200   -2.869500 

C      -1.062900    1.803900    0.531400 

H      -0.661500    2.093300    1.506100 

C      -0.801500    2.678100   -0.519200 

H      -1.502800    2.858400   -1.337000 

F      -0.030500    3.734500   -0.265500 

C      -2.219100    0.901400    0.489200 

C      -2.817900    0.448300    1.678900 

C      -2.757000    0.426400   -0.725800 

C      -3.907300   -0.418100    1.659700 

H      -2.418700    0.793900    2.635900 
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C      -3.855400   -0.428800   -0.742100 

H      -2.281900    0.711700   -1.667600 

C      -4.440500   -0.862900    0.449100 

H      -4.348700   -0.747600    2.603100 

H      -4.252900   -0.771900   -1.700600 

H      -5.296700   -1.539200    0.433900 

F       0.326500    1.866200   -1.721100 

Zero-point correction=                           0.316136 (Hartree/Particle) 

Thermal correction to Energy=                    0.339838 

Thermal correction to Enthalpy=                  0.340782 

Thermal correction to Gibbs Free Energy=         0.261954 

Sum of electronic and zero-point Energies=          -3068.652769 

Sum of electronic and thermal Energies=             -3068.629067 

Sum of electronic and thermal Enthalpies=           -3068.628123 

Sum of electronic and thermal Free Energies=        -3068.706951 

 

TS4 

C       1.945800   -2.306800   -0.502000 

C       2.965000   -1.616400    0.027700 

H       2.094600   -3.354000   -0.797400 

H       3.942900   -2.098000    0.163000 

Cu      0.650600    0.634700   -0.086700 

P       2.779100    0.139300    0.552100 

P       0.280800   -1.548900   -0.717400 

C       3.395700    0.059100    2.288900 

H       4.387200   -0.414900    2.355200 

H       3.456900    1.081200    2.690600 

H       2.678500   -0.509400    2.897800 

C       4.193500    0.935700   -0.319600 

H       4.281100    1.974900    0.029500 

H       5.143500    0.409100   -0.140500 

H       3.977000    0.955700   -1.396900 

C      -0.761400   -2.663200    0.310800 

S19



H      -1.816800   -2.396400    0.151300 

H      -0.602000   -3.723100    0.059500 

H      -0.526100   -2.493700    1.370700 

C      -0.169200   -2.061400   -2.426500 

H      -0.049500   -3.144000   -2.585500 

H      -1.220300   -1.782000   -2.591700 

H       0.451800   -1.507100   -3.144000 

C      -1.120000    1.699200    0.762900 

H      -0.705900    1.897900    1.755600 

C      -0.887800    2.716200   -0.161000 

C      -2.205100    0.711500    0.679700 

C      -2.630000    0.050300    1.847000 

C      -2.831800    0.347500   -0.530500 

C      -3.636800   -0.910300    1.816700 

H      -2.157100    0.303800    2.799500 

C      -3.841700   -0.610300   -0.556600 

H      -2.519000    0.825400   -1.458500 

C      -4.255500   -1.250000    0.613500 

H      -3.942500   -1.398200    2.745100 

H      -4.314200   -0.860000   -1.509800 

H      -5.048500   -1.999200    0.587900 

F      -1.802600    3.016700   -1.086100 

H      -0.284200    3.581100    0.121100 

F       0.362700    2.181300   -1.382200 

Zero-point correction=                           0.316763 (Hartree/Particle) 

Thermal correction to Energy=                    0.340319 

Thermal correction to Enthalpy=                  0.341263 

Thermal correction to Gibbs Free Energy=         0.263042 

Sum of electronic and zero-point Energies=          -3068.651299 

Sum of electronic and thermal Energies=             -3068.627743 

Sum of electronic and thermal Enthalpies=           -3068.626798 

Sum of electronic and thermal Free Energies=        -3068.705020  
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