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All reagents were of analytical grade, and obtained from commercial suppliers and used without further 
purification. THF and dioxane were dried by standard method prior to use and degassed. The purity of purchased 
argon is 99.6%. Melting points were measured in an open capillary using Büchi melting point B-540 apparatus 
and are uncorrected. 1H NMR and 13C NMR spectra were recorded on a Bruker AM-400 spectrometer (400 MHz 
and 100 MHz, respectively) using TMS as internal standard, The 19F NMR spectra were obtained using a Bruker 
AM-400 spectrometer (376 MHz). CDCl3 was used as the NMR solvent in all cases. Gas chromatography-mass 
spectra (GC-MS) were recorded on HP 5973 MSD with 6890 GC. High resolution mass spectra (HRMS) were 
recorded under electron impact conditions using a MicroMass GCT CA 055 instrument and recorded on a 
MicroMass LCTTM spectrometer. 
 

We have evaluated the influences of solvents and bases on the model reaction using the Ni(acac)2 as the 
catalyst (Table A). The results revealed that K3PO4 and THF can be used as the most suitable base and solvent, 
respectively (entry 8). In the absence of a base, the reactivity was attenuated significantly and the starting 
materials were almost quantitatively recovered (entry 1). 
Table A Effects of the solvents and bases on the reaction in an argon atmosphere using the Ni(acac)2 as the 
catalyst 

Entry Base Solvent Yield of 3a (%) a 
1 None THF None b 
2 Et3N THF None b 
3 K2CO3 Dioxane 47 
4 K2CO3 THF 54 
5 CsCO3 Dioxane 25 
6 CsCO3 THF 40 
7 CsF THF 68 
8 K3PO4 Toluene 50 
9 K3PO4 Dioxane 92 

10 K3PO4 THF 92 
   a Yield determined by GC analysis. b The starting materials were recovered. 
 

In order to elucidate details of this cross-coupling reaction, octafluorotoluene 1a was allowed to react with 1 
equiv phenol in THF under argon for 12 h at reflux temperature with or without Ni(acac)2. It was found that this 
SNAr reaction proceeded smoothly and afforded the biaryl ether 3a in good yields (Scheme A). The results 
revealed that in the second step of cross-coupling reaction, the Ni(acac)2 exhibited no apparent catalytic activity 
for SNAr reaction.   
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Scheme A SNAr reactions of 1a with 1 equiv of phenol 
 

For the purpose of comparison, the same reactions were also carried out by treating phenylboronic acid 2a 
with 1-fluoro-2-nitrobenzene, 1-chloro-2-nitrobenzene, 4-bromo-2,6-difluorobenzonitrile and 
1-iodo-2-nitrobenzene, respectively (Scheme B). It was found that the reactivity of fluorine is much higher than 
those of chlorine, bromine and iodide, where only fluoro-containing benzenes gave the oxygen insertion products. 
These results demonstrated that the highly electron-deficient fluorinated aromatic compounds could be used as 
efficient trapping agents of phenoxide intermediate.  

 
Scheme B Reaction of aryl halides with phenylboronic acid in the presence of Ni(acac)2. 
 

We also made our efforts to elucidate the source of oxygen in the biaryl ether and phenol. Firstly, 18O-labeled 
phenylboronic acid was synthesized by the reaction of potassium benzyltrifluoroborate with H2

18O for the first 
time.14 But no isotope was incorporated into the biaryl ether when 18O-labeled phenyl boroxine was treated with 
octafluorotoluene 1a and the normal biaryl ether was obtained in good yield (90%) (Scheme C). It is proved that 
the oxygen atom of 3a did not derive from phenylboronic acid.   

 
Scheme C Reaction of 1a with 18O-labeled phenyl boroxine  

 

We carried out the Ni-catalyzed reaction of 1a with phenylboronic acid 2a in the presence of 0.1mL of 18O 
water, but unfortunately no isotope incorporation was observed and the yield of homocoupling product 4a 
increased. It is suggested that the oxygen atom of 3a did not derive from water (Scheme D). 

 

Scheme D Reaction of 1a with 2a in the presence of H2
18O   
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In order to further clarify the origin of oxygen in ether and intermediate phenol, two additional experiments 
were performed. First, we replaced phenylboronic acid 2a with potassium benzyltrifluoroborate to undergo this 
reaction under the same reaction conditions. As expected, the same biaryl ether was obtained in good yield (3a, 
85%) (Scheme E). When the reaction was carried out by the addition of 0.1mL of H2

18O, the reaction did not 
proceed smoothly and afforded the biaryl ether in lower yield (3a, 58%). These results further proved that the 
oxygen atom of biaryl ether and phenol originated neither from water nor from phenylboronic acid. 

 

Scheme E Reaction of octafluorotoluene 1a with potassium benzyltrifluoroborate 

 
According to the suggestion of reviewer, we performed an additional experiment. We carried out the reaction 

in the presence of the mixture of 50% 16O2 and 50% 18O2. The result indicated that both 16O atom and 18O atom 
are incorporated into the biaryl ethers and the ratio of 16O and 18O biaryl ether products is nearly 1: 1, which is the 
same as the expected ratio. 

 

Scheme F The reaction of 1a with 2a with the mixture of 50% 16O2 and 50% 18O2    
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General procedure for the preparation of 3a – p 
To a dried round-bottom flask was added 1 (1 mmol), 2 (1 mmol), Ni(acac)2 (0.05mmol), K3PO4(2 mmol) and 
THF (10 mL), the reaction mixture was reflux for 8 hours under argon atmosphere(TLC), The resulting 
suspension was filtered and the filtrate was diluted with CH2Cl2, washed successively with H2O and brine, dried 
over anhydrous MgSO4, concentrated under reduced pressure to leave the crude product. The resultant crude 
residue was purified by chromatography to give the product 3 (eluent:hexane).  
 
1,2,4,5-tetrafluoro-3-phenoxy-6-(trifluoromethyl)benzene (3a) 

 
Colorless oil, 1H NMR: δ 7.42 – 7.38 (m, 2H), 7.21 (t, J = 7.4 Hz, 1H), 7.05 – 7.03 (m, 2H); 13C NMR: δ 156.6, 
130.6, 124.5, 116.0; 19F NMR: δ -55.8 (t, J = 21.8 Hz, 3F), -140.2 - -140.5 (m, 2F), -151.9 (dt, J1 = 7.4 Hz, J2 = 
13.5 Hz, 2F); HRMS(EI): calc. for C13H5F7O: 310.0229, found: 310.0233. 
 
1,2,4,5-tetrafluoro-3-(3-nitrophenoxy)-6-(trifluoromethyl)benzene (3b) 

 
White solid, mp: 80.9 – 81.1°C; 1H NMR: δ 8.10 (d, J = 8.23 Hz, 1H), 7.85 (s, 1H), 7.61 (t, J = 8.26 Hz, 1H), 
7.41(d, J = 8.24 Hz, 1H); 13C NMR: δ 156.6, 149.3, 130.9, 122.1, 119.6, 111.2; 19F NMR: δ -55.9 (t, J = 21.9 Hz, 
3F), -138.8- -139.0 (m, 2F), -151.3 (dt, J1 = 7.0 Hz, J2 = 13.5 Hz, 2F); HRMS(EI): calc. for C13H4F7NO3: 
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355.0079, found: 355.0072. 
 
1,2,4,5-tetrafluoro-3-(p-tolyloxy)-6-(trifluoromethyl)benzene (3c) 

 

White solid, mp: 33.0 – 33.4°C; 1H NMR: δ 7.18 – 6.92 (m, 4H), 2.37 (s, 3H); 13C NMR: δ 154.6, 134.2, 130.4, 
115.9, 20.6; 19F NMR: δ -55.9 (t, J = 21.8 Hz,3F), -140.4 - -140.7 (m, 2F), -152.1 - -  152.2 (m, 2F); HRMS(EI): 
calc. for C14H7F7O: 324.0385, found: 324.0386. 
 
1,2,4,5-tetrafluoro-3-(4-methoxyphenoxy)-6-(trifluoromethyl)benzene (3d) 

 

White solid, mp: 42.2 – 42.6°C, 1H NMR: δ 7.01 – 6.88 (m, 4H), 3.82 (s, 3H); 13C NMR: δ 156.5, 150.6, 117.5, 
114.9, 55.7; 19F NMR: δ -55.8 (t, J = 21.8 Hz, 3F), -140.4 - -140.7 (m, 2F), -152.5 (dt, J1 = 7.3 Hz, J2 = 13.3 Hz, 
2F); HRMS(EI): calc. for C14H7F7O2: 340.0334, found :340.0332. 
 
1,2,3,4,5-pentafluoro-6-phenoxybenzene (3e) 

 
Colorless oil, 1H NMR: δ 7.39 – 7.35 (m, 2H), 7.16 (t, J = 7.4 Hz, 1H), 6.98 (d, J = 8.3 Hz, 2H); 13C NMR: δ 
157.1, 129.9, 123.9, 115.4; 19F NMR: δ -153.9 - -154.0 (m, 2F), -160.0 (t, J = 21.8 Hz, 1F), -160.0 - -162.2 (m, 
2F); HRMS(EI): calc. for C12H5F5O: 260.0261, found: 260.0257. 
 
1,2,3,4,5-pentafluoro-6-(4-methoxyphenoxy)benzene (3f) 

F

O

FF

F

F OCH3

 

White solid, mp: 45.6 – 46.0 °C, 1H NMR: δ 6.96 – 6.86 (m, 4H), 3.81 (s, 3H); 13C NMR: δ 156.1, 151.3, 116.8, 
114.8, 55.7; 19F NMR: δ -154.3 - -154.4 (m, 2F), -160.6 (t, J = 21.8 Hz, 1F), -162.3 - -162.4 (m. 2F); HRMS(EI): 
calc. for C13H7F5O2 :290.0366, found: 290.0363. 
 
3-(2,3,5,6-tetrafluoro-4-(trifluoromethyl)phenoxy)thiophene (3g) 

 
Colorless oil, 1H NMR: δ 7.31 – 7.30 (m, 1H), 6.94 – 6.92 (m, 1H), 6.61 – 6.60 (m, 1H); 13C NMR: δ 153.5, 126.0, 
118.7, 105.2; 19F NMR: δ -55.9 (t, J = 21.8, 3F), -140.0 - -140.2 (m, 2F), -152.2 (dt, J1 = 7.5, J2 = 13.5, 2F); 
HRMS(EI): calc. for C11H3F7OS: 315.9793, found: 315.9791. 
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1,2,4,5-tetrafluoro-3-(4-methoxyphenoxy)benzene (3h) 

 

White solid, mp: 47.2 – 47.7 °C, 1H NMR: δ 6.98 – 6.86 (m, 5H), 3.81 (s, 3H), 13C NMR: δ 156.0, 151.3, 117.0, 
114.8, 101.5 (t, J = 23.1 Hz), 55.7; 19F NMR: δ -138.9 - -139.0 (m, 2F), -154.5 (td, J1 = 16.7 Hz, J2 = 9.3 Hz, 2F); 
HRMS(EI): calc. for C13H8F4O2: 272.0460, found: 272.0462. 
 
2,3,5,6-tetrafluoro-4-phenoxybenzonitrile (3i) 

 
White solid, mp :57.5 – 57.8 °C, 1H NMR: δ 7.42 – 7.38 (m, 2H), 7.23 (t, J = 7.4 Hz, 1H), 7.04 (d, J = 8.3 Hz, 
2H); 13C NMR: δ 156.4, 130.1, 124.9, 116.1, 107.2; 19F NMR: δ -132.1 (dt, J1 = 13.6 Hz, J2 = 8.1 Hz, 2F), 
-150.5(dt, J1 = 13.8 Hz, J2 = 7.6 Hz, 2F); HRMS(EI): calc. for C13H5F4NO :267.0307, found; 267.0308. 
 
2,3,5,6-tetrafluoro-4-(p-tolyloxy)benzonitrile (3j) 

 
White solid, mp: 94.1 – 94.5 °C, 1H NMR: δ 7.18 (d, J = 8.38 Hz, 2H), 6.92 (d, J = 8.51 Hz, 2H), 2.37 (s, 3H); 13C 
NMR: δ 154.4, 134.7, 130.5, 116.1, 107.3, 20.7; 19F NMR: δ -132.3 (dt, J1 = 13.8 Hz, J2 = 7.7 Hz, 2F), -150.7 (dt, 
J1 = 13.6 Hz, J2 = 7.9 Hz, 2F); HRMS(EI): calc. for C14H7F4NO: 281.0464, found:281.0465. 
 
2,3,5,6-tetrafluoro-4-(p-tolyloxy)pyridine (3k) 

N

FF

F F

O

 
White solid, mp: 28.1 – 28.4 °C, 1H NMR: δ 7.44 – 7.40 (m, 2H), 7.25 (t, J = 7.43 Hz, 1H), 7.09 (d, J = 8.2 Hz, 
2H); 13C NMR: δ 155.8, 130.1, 125.2, 116.7; 19F NMR: δ -88.7 (dt, J1 = 29.5 Hz, J2 = 15.0 Hz, 2F), -154.3 (dt, J1 
= 29.4 Hz, J2 = 14.9 Hz, 2F); HRMS(EI): calc. for C11H5F4NO: 243.0307, found: 243.0305. 
 
2,3,5,6-tetrafluoro-4-(p-tolyloxy)pyridine (3l) 

 
Colorless oil, 1H NMR: δ 7.21 – 6.97 (m, 4H), 2.38 (s, 3H); 13C NMR: δ 153.8, 134.9, 130.4, 116.6, 20.7; 19F 
NMR: δ -88.9 (dt, J1 = 29.7 Hz, J2 = 15.0 Hz, 2F), -154.6 (dt, J1 = 29,5 Hz, J2 = 14.9 Hz, 2F); HRMS(EI): calc. 
for C12H7F4NO: 257.0464, found: 257.0467. 
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2,2',3,3',4,5,5',6,6'-nonafluoro-4'-phenoxy-1,1'-biphenyl (3m) 

 
White solid, mp: 113.0 – 113.5°C, 1H NMR: δ 7.42 – 7.07 (m, 5H); 13C NMR: δ 156.9, 129.9, 124.2, 115.9; 19F 
NMR: δ -137.3 - -137.4 (m, 2F), -138.1 - -138.2 (m, 2F), -150.2 (t, J = 20.8 Hz, 1F), -152.8 (dt, J1 = 11.7 Hz, J2 = 
4.7 Hz, 2F), -160.4 - -160.6 (m, 2F); HRMS(EI): calc. for C18H5F9O: 408.0197, found: 408.0199. 
 
2,2',3,3',4,5,5',6,6'-nonafluoro-4'-(p-tolyloxy)-1,1'-biphenyl (3n) 

 

White solid, mp: 102.2 – 102.4°C, 1H NMR: δ 7.20 – 6.96 (m, 4H), 2.37 (s,3H); 13C NMR: δ 154.9, 133.8, 130.3, 
115.8, 20.6; 19F NMR: δ -137.3 - -137.4 (m, 2F), -138.3 - -138.4 (m, 2F), -150.3 (t, J = 21.0 Hz, 1F), -153.0 (dt, J1 
= 11.9 Hz, J2 = 4.9 Hz, 2F), -160.5 - -160.6 (m, 2F); HRMS(EI): calc. for C19H7F9O: 422.0353, found: 422.0352. 
 
1-nitro-2-phenoxybenzene (3o) 

 

Colorless oil, 1H NMR: δ 7.96 – 7.94 (m, 1H), 7.54 – 7.38 (m, 3H), 7.23 – 7.02 (m, 5H), 13C NMR: δ 155.9, 150.7, 
141.4, 134.2, 130.1, 125.7, 124.6, 123.2, 120.5, 119.2; HRMS(EI): calc. for C12H9NO3: 215.0582, found: 
215.0581. 
 
1-(4-fluorophenoxy)-2-nitrobenzene (3p) 

 
Colorless oil, 1H NMR: δ 7.96 – 7.94 (m,1H), 7.54 – 7.50 (m, 1H), 7.24 – 6.98 (m, 6H); 13C NMR: δ 159.5 (d, J = 
243.5 Hz), 151.6 (d, J = 2.4 Hz), 150.9, 141.3, 134.1, 125.7, 123.2, 120.8 (d, J = 8.5 Hz), 119.9, 116.7 (d, J = 23.7 
Hz); 19F NMR: δ -118.1 - -118.2 (m, 1F); HRMS(EI): calc. for C12H8FNO3: 233.0488, found: 233.0490. 
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HRMS (EI) spectra of (PhB18O)3  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B18O
B

O18B
O18
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GC-MS of 3a in reaction of 1a with 18O-labeled phenylboronic acid (PhB18O)3 
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HRMS (EI) spectra of 3a’ in the reaction of 1a with 2a in the presence of the mixture of 50% 16O2 and 50% 18O2. 
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HRMS (EI) spectra of 3a in the reaction of 1a with 2a in the presence of H2
18O   

 

 
 
HRMS (EI) spectra of 3a in the reaction of 1a with 9 in the presence of H2

18O 
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HRMS (EI) spectra of 3a’ in the reaction of 1a with 2a in the presence of 18O2 
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GC-MS spectra of intermediate Ph18OH 

Ni(acac)2 , K3PO4 +
THF, reflux, 18O2

2a 4a (12%) 6 (35%) (42%)without the addition of
octafluorotoluene

+PhB(OH)2 PhPh (PhBO)3 Ph18OH

 

 

 
 
 
 
 
 

18OH
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1H NMR spectra of 3a 

 
 
 
19F NMR spectra of 3a 
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13C NMR spectra of 3a 

 
 
 
 
HRMS (EI) spectra of 3a 
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1H NMR spectra of 3b 

 
 
 
19F NMR spectra of 3b 
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13C NMR spectra of 3b 
 

 
 
 
HRMS (EI) spectra of 3b 
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1H NMR spectra of 3c 

 
 

 

19F NMR spectra of 3c 
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13C NMR spectra of 3c 

 
 
 
HRMS (EI) spectra of 3c 
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1H NMR spectra of 3d 

 
 
 
19F NMR spectra of 3d 
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13C NMR spectra of 3d 

 
 
 
HRMS (EI) spectra of 3d 
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1H NMR spectra of 3e 

 
 
 
19F NMR spectra of 3e 
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13C NMR spectra of 3e 
 

 
 
 
HRMS (EI) spectra of 3e 
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1H NMR spectra of 3f 

 
 
 
19F NMR spectra of 3f 
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13C NMR spectra of 3f 

 
 
 
HRMS (EI) spectra of 3f 
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1H NMR spectra of 3g 

 
 
 
19F NMR spectra of 3g 
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13C NMR spectra of 3g 

 
 
 
HRMS (EI) spectra of 3g 
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1H NMR spectra of 3h 
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