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1. General information
Unless otherwise specified, the chemicals and solvents are purchased from 

commercial suppliers without further purification. All experiments were monitored by 

analytical thin layer chromatography (TLC) which was performed on pre-coated silica 

gel plates. Products were purified by flash chromatography on 100–200 mesh silica 

gels, SiO2. 1H NMR and 13C NMR spectra were measured on a Bruker Avance NMR 

spectrometer (600 MHz) in CDCl3 or DMSO-d6 as solvent and recorded in ppm 

relative to internal standard tetramethylsilane. 1H NMR data are reported as follows: 

δ, chemical shift; coupling constants (J are given in Hertz, Hz) and integration. 

Abbreviations to denote the multiplicity of a particular signal were s (singlet), d 

(doublet), t (triplet), q (quartet), br (broad singlet) and m (multiplet). High resolution 

mass spectroscopic data of the products were obtained on an Agilent Technologies 

6540 UHD Accurate-Mass Q-TOF LC/MS using ESI. 

2. Experimental section
2.1 General procedure for the synthesis of o-alkynyl biaryls (2)
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All o-alkynyl biaryls (2) were synthesized on the basis of reported method [See: 

Milián, A.; García-García, P.; Pérez-Redondo, A.; Sanz, R.; Vaquero, J. J.; 

Fernández-Rodríguez, M. A. Org. Lett. 2020, 22, 8464−8469]. A typical experimental 

procedure for the synthesis of 2-(phenylethynyl)-1,1'-biphenyl (2a) involves a 

Sonogashira and Suzuki couplings: 

Step 1: 1-Bromo-2-iodobenzene (1.42 g, 5 mmol), phenylacetylene (0.62 g, 6 mmol), 

PdCl2(PPh3)2 (140 mg, 0.04 equiv), CuI (47.6 mg, 0.05 equiv) were added into a 50 

mL round bottom flask with 20 mL of Et3N. The resulting mixture was evacuated and 

backfilled with nitrogen for 3 times. Then, the mixture was stirred, and was heated by 

an oil bath at 60 ℃ under nitrogen atmosphere. Upon completion (monitored by TLC), 

the mixture was cooled to room temperature, and ethyl acetate and distilled water 

were added. The aqueous layer was extracted with ethyl acetate for 3 times (20 

mL×3). Then the organic phase was combined and dried over anhydrous MgSO4. The 

organic layer removed in vacuo and the residue was purified by column 
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chromatography on silica gel by using a mixture of petroleum ether/ethyl acetate as an 

eluent to provide 1-bromo-2-(phenylethynyl)benzene in 81% yield (1.04 g). 

Step 2: 1-Bromo-2-(phenylethynyl)benzene (1.30 g, 5 mmol) obtained in the step 1, 

phenylboronic acid (0.85 g, 7 mmol), Pd(PPh3)4 (57.8 mg, 0.01 equiv.) and K2CO3 

(1.73 g, 2.5 equiv.) were added to a round bottom flask with mixture of toluene and 

methanol (3/1). The Schlenk flask was evacuated and backfilled with nitrogen for 3 

times. Then, the mixture was stirred, and was heated by an oil bath at 90℃ for 24 h 

under nitrogen atmosphere. Upon completion (monitored by TLC), the mixture was 

cooled to room temperature, and ethyl acetate and distilled water were added. The 

aqueous layer was extracted with ethyl acetate for 3 times (20 mL×3). Then the 

organic phase was combined and dried over anhydrous MgSO4. The organic layer 

removed in vacuo and the residue was purified by column chromatography on silica 

gel by using petroleum ether as an eluent to provide 2-(phenylethynyl)-1,1'-biphenyl 

in 86% yield (1.10 g).

2.2 General procedure for the synthesis of 3  

Ph
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1a 2a 3a

+Ph
toluene, rt, 2 h

BF3 Et2O

Typical procedure for the synthesis of 3a in 0.25 mmol scale: 

A Schlenk tube (10 mL) equipped with magnetic stir bar was charged with 2-Oxo-

2-phenylacetic acid (1a, 60.1 mg, 0.40 mmol), 2-(phenylethynyl)-1,1'-biphenyl (2a, 

63.6 mg, 0.25 mmol), BF3•Et2O (71.0 mg, 0.50 mmol) and toluene (2 mL). Then, the 

mixture was stirred at room temperature for 2 h. After the reaction was completed, the 

solvent was removed in vacuo, and the resulting crude mixture was purified by flash 

chromatography on silica gel (petroleum ether/EtOAc= 9:1) to provide target product 

(3a, 92.7 mg) in 96% yield. 

Typical procedure for the synthesis of 3a in 2.5 mmol scale: 

A Schlenk tube (100 mL) equipped with magnetic stir bar was charged with 2-Oxo-

2-phenylacetic acid (1a, 0.60 g, 4.0 mmol), 2-(phenylethynyl)-1,1'-biphenyl (2a, 0.64 

g, 2.5 mmol), BF3•Et2O (0.71 g, 5.0 mmol) and toluene (20 mL). Then, the mixture 

was stirred at room temperature for 2 h. After the reaction was completed, the solvent 
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was removed in vacuo, and the resulting crude mixture was purified by flash 

chromatography on silica gel (petroleum ether/EtOAc= 9:1) to provide target product 

(3a, 0.89 g) in 92% yield.  

2.3 General procedure for the synthesis of 4
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To a solution of 2-bromo-3',4'-diphenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3ak, 

174.0 mg, 0.375 mmol) in toluene (5 mL) was added Pd2(dba)3 (12 mg, 0.05 equiv.), 

tBuONa (60 mg, 2.5 equiv.), (tBu)3P·HBF4 (11 mg, 0.15 equiv.) and 9,9-dimethyl- 

9,10-dihydroacridine (DMAC, 52.3 mg, 0.25 mmol). The reaction mixture was 

evacuated and backfilled with nitrogen for 3 times, and was refluxed under nitrogen 

for 24 h. After cooling to room temperature, the reaction mixture was extracted with 

ethyl acetate and brine, and dried over anhydrous MgSO4. Then, the solvent was 

removed in vacuo, and the residue was purified by flash chromatography on silica gel 

(petroleum ether/EtOAc= 15:1) to provide target product (4, 121.6 mg) in 82% yield. 

3. The mechanism experiment 
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3.1 General procedure for the synthesis of 5

A Schlenk tube (10 mL) equipped with magnetic stir bar was charged with 2-Oxo-

2-phenylacetic acid (1a, 60.1 mg, 0.40 mmol), 2-(phenylethynyl)-1,1'-biphenyl (2a, 

63.6 mg, 0.25 mmol), BF3•Et2O (18.0 mg, 0.125 mmol) and toluene (2 mL). Then, the 

mixture was stirred at room temperature for 2 h. After the reaction was completed, the 
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solvent was removed in vacuo, and the resulting crude mixture was purified by flash 

chromatography on silica gel (petroleum ether/EtOAc= 9:1) to provide compound 5 

(18.2 mg) in 18% yield and the product 3a (21.3 mg) in 22% yield. 

3.2 General procedure for the transformation of 5 to 3a

A Schlenk tube (10 mL) equipped with magnetic stir bar was charged with 

compound 5 (101.0 mg, 0.25 mmol), BF3•Et2O (71.0 mg, 0.50 mmol) and toluene (2 

mL). Then, the mixture was stirred at room temperature for 2 h. After the reaction was 

completed, the solvent was removed in vacuo, and the resulting crude mixture was 

purified by flash chromatography on silica gel (petroleum ether/EtOAc= 9:1) to 

provide product 3a (94.7 mg) in 98% yield. 

4. X-ray structural analysis of 3a and 5
In order to determine the absolute configuration of product 3 and 5, the single 

crystals of 3a and 5 were cultured in 25 mL vials by slow evaporation technique. The 

purified product 3a (20 mg) and 5 (20 mg) were dissolved in a mixed solvent of 

CH2Cl2 and petroleum ether (1/1) at room temperature, respectively. After a few days, 

the crystals of 3a and 5 appeared and were collected for X-ray diffraction analysis. 

The crystal structure was determined by Bruker D8 QUESTX-ray single crystal 

diffractometer. The CCDC number of 3a is 2190445, and 5 is 2194522. 
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5. Characterization data for o-alkynyl biaryls (2) and all products

2-(Phenylethynyl)-1,1'-biphenyl (2a). Following the general procedure for the 

synthesis of 2, the crude product was purified by silica gel column chromatography 

(eluent: petroleum ether) to afford an orange liquid (1.10 g, 86% yield); 1H NMR (600 

MHz, CDCl3): δ 7.67–7.66 (m, 2H), 7.65–7.64 (m, 1H), 7.45 (t, J = 7.8 Hz, 2H), 

7.43–7.41 (m, 1H), 7.39–7.37 (m, 2H), 7.33–7.30 (m, 3H), 7.27–7.26 (m, 3H); 
13C1H NMR (150 MHz, CDCl3): δ 143.9, 140.5, 132.8, 131.3, 129.5, 129.4, 128.5, 

128.2, 128.1, 127.9, 127.4, 127.0, 123.4, 121.6, 92.2, 89.4. HRMS (ESI) m/z: [M + 

H]+ calcd for C20H15, 255.1168; found, 255.1168. 

Me

4-Methyl-2-(phenylethynyl)-1,1'-biphenyl (2b). Following the general procedure for 

the synthesis of 2, the crude product was purified by silica gel column 

chromatography (eluent: petroleum ether) to afford a yellow liquid (1.13 g, 84% 

yield); 1H NMR (600 MHz, CDCl3): δ 7.65 (d, J = 7.2 Hz, 2H), 7.47 (s, 1H), 7.43 (t, J 

= 7.8 Hz, 2H), 7.36 (t, J = 7.2 Hz, 1H), 7.33–7.31 (m, 3H), 7.28–7.26 (m, 3H), 7.20 

(d, J = 7.8 Hz, 1H), 2.38 (s, 3H); 13C1H NMR (150 MHz, CDCl3): δ 141.1, 140.5, 

136.8, 133.3, 131.3, 129.5, 129.4, 128.2, 128.0, 127.8, 127.2, 123.5, 121.3, 91.8, 89.6, 

20.8. HRMS (ESI) m/z: [M + H]+ calcd for C21H17
+, 269.1325; found, 269.1329. 
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Cl

4-Chloro-2-(phenylethynyl)-1,1'-biphenyl (2c). Following the general procedure for 

the synthesis of 2, the crude product was purified by silica gel column 

chromatography (eluent: petroleum ether) to afford an orange liquid (1.17 g, 81% 

yield); 1H NMR (600 MHz, CDCl3): δ 7.62–7.61 (m, 3H), 7.44 (t, J = 7.5 Hz, 2H), 

7.40–7.37 (m, 1H), 7.35–7.34 (m, 2H), 7.32–7.30 (m, 2H), 7.29–7.26 (m, 3H); 
13C1H NMR (150 MHz, CDCl3): δ 142.3, 139.4, 132.8, 132.3, 131.4, 130.6, 129.2, 

128.6, 128.4, 128.3, 128.0, 127.7, 123.2, 122.9, 93.2, 88.1. HRMS (ESI) m/z: [M + 

H]+ calcd for C20H14Cl+, 289.0779; found, 289.0776. 

F

4-Fluoro-2-(phenylethynyl)-1,1'-biphenyl (2d). Following the general procedure for 

the synthesis of 2, the crude product was purified by silica gel column 

chromatography (eluent: petroleum ether) to afford an orange liquid (1.06 g, 78% 

yield); 1H NMR (600 MHz, CDCl3): δ 7.66–7.64 (m, 2H), 7.62–7.60 (m, 1H), 7.46 (t, 

J = 7.5 Hz, 2H), 7.40 (t, J = 7.5 Hz, 1H), 7.31–7.26 (m, 5H), 7.15–7.12 (m, 1H), 

7.04–7.01 (m, 1H); 13C1H NMR (150 MHz, CDCl3): δ 162.4 (C–F, 1JC–F = 248.7 

Hz), 146.1 (C–F, 3JC–F = 8.3 Hz), 139.5, 134.6 (C–F, 3JC–F = 8.4 Hz), 131.3, 129.2, 

128.3, 128.1, 128.01, 127.97, 123.3, 117.7(C–F, 4JC–F = 3.2 Hz), 116.5 (C–F, 2JC–F = 

22.7 Hz), 114.3 (C–F, 2JC–F = 21.8 Hz), 91.8, 88.4; 19F1H NMR (565 MHz, CDCl3): 

δ –111.0. HRMS (ESI) m/z: [M + H]+ calcd for C20H14F+, 273.1074; found, 273.1075.
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1-Phenyl-2-(phenylethynyl)naphthalene (2e). Following the general procedure for 

the synthesis of 2, the crude product was purified by silica gel column 

chromatography (eluent: petroleum ether) to afford a yellow liquid (1.22 g, 80% 

yield); 1H NMR (600 MHz, CDCl3): δ 7.84 (d, J = 8.4 Hz, 1H), 7.81 (d, J = 9.0 Hz, 

1H), 7.66 (t, J = 9.0 Hz, 2H), 7.53–7.45 (m, 6H), 7.38 (t, J = 7.5 Hz, 1H), 7.23–7.21 

(m, 3H), 7.18–7.16 (m, 2H); 13C1H NMR (150 MHz, CDCl3): δ 143.1, 138.9, 

133.1, 132.2, 131.4, 130.7, 128.3, 128.2, 128.00, 127.98, 127.9, 127.5, 126.7, 126.5, 

126.3, 123.4, 120.1, 93.2, 90.0. HRMS (ESI) m/z: [M + H]+ calcd for C24H17
+, 

305.1325; found, 305.1322. 

Me

2-(p-Tolylethynyl)-1,1'-biphenyl (2f). Following the general procedure for the 

synthesis of 2, the crude product was purified by silica gel column chromatography 

(eluent: petroleum ether) to afford an orange liquid (1.13 g, 84% yield); 1H NMR (600 

MHz, CDCl3): δ 7.67–7.66 (m, 2H), 7.63–7.62 (m, 1H), 7.44 (t, J = 7.5 Hz, 2H), 

7.42–7.41 (m, 1H), 7.38–7.35 (m, 2H), 7.32–7.30 (m, 1H), 7.22 (d, J = 8.4 Hz, 2H), 

7.08 (d, J = 7.8 Hz, 2H), 2.32 (s, 3H); 13C1H NMR (150 MHz, CDCl3): δ 143.8, 

140.6, 138.2, 132.7, 131.2, 129.42, 129.38, 129.0, 128.3, 127.8, 127.4, 127.0, 121.8, 

120.4, 92.4, 88.7, 21.5. HRMS (ESI) m/z: [M + H]+ calcd for C21H17
+, 269.1325; 

found, 269.1328.

F

2-((4-Fluorophenyl)ethynyl)-1,1'-biphenyl (2g). Following the general procedure 

for the synthesis of 2, the crude product was purified by silica gel column 

chromatography (eluent: petroleum ether) to afford a yellow liquid (1.12 g, 82% 
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yield); 1H NMR (600 MHz, CDCl3): δ 7.65–7.63 (m, 2H), 7.62 (d, J = 7.8 Hz, 1H), 

7.44 (t, J = 7.5 Hz, 2H), 7.42–7.40 (m, 1H), 7.38 (t, J = 7.2 Hz, 2H), 7.32–7.30 (m, 

1H), 7.29–7.26 (m, 2H), 6.96 (t, J = 8.7 Hz, 2H); 13C1H NMR (150 MHz, CDCl3): δ 

162.4 (C–F, 1JC–F = 248.0 Hz), 143.9, 140.5, 133.2 (C–F, 3JC–F = 8.4 Hz), 132.7, 

129.5, 129.4, 128.5, 127.9, 127.5, 127.1, 121.4, 119.5 (C–F, 4JC–F = 3.3 Hz), 115.5 

(C–F, 2JC–F = 21.9 Hz), 91.1, 89.0; 19F1H NMR (565 MHz, CDCl3): δ –111.0. 

HRMS (ESI) m/z: [M + H]+ calcd for C20H14F+, 273.1074; found, 273.1076. 

Cl

2-((4-Chlorophenyl)ethynyl)-1,1'-biphenyl (2h). Following the general procedure 

for the synthesis of 2, the crude product was purified by silica gel column 

chromatography (eluent: petroleum ether) to afford a yellow liquid (1.17 g, 81% 

yield); 1H NMR (600 MHz, CDCl3): δ 7.63 (t, J = 7.2 Hz, 3H), 7.45–7.41 (m, 3H), 

7.40–7.37 (m, 2H), 7.33–7.30 (m, 1H), 7.24–7.21 (m, 4H); 13C1H NMR (150 MHz, 

CDCl3): δ 144.0, 140.5, 134.1, 132.8, 132.5, 129.5, 129.3, 128.7, 128.6, 127.9, 127.5, 

127.1, 121.9, 121.2, 91.0, 90.3. HRMS (ESI) m/z: [M + H]+ calcd for C20H14Cl+, 

289.0779; found, 289.0780. 

Cl

2-((3-Chlorophenyl)ethynyl)-1,1'-biphenyl (2i). Following the general procedure for 

the synthesis of 2, the crude product was purified by silica gel column 

chromatography (eluent: petroleum ether) to afford an orange liquid (1.22 g, 85%   

yield); 1H NMR (600 MHz, CDCl3): δ 7.64–7.63 (m, 3H), 7.46 (t, J = 7.5 Hz, 2H), 

7.44–7.39 (m, 3H), 7.34–7.33 (m, 1H), 7.29 (s, 1H), 7.25–7.23 (m, 1H), 7.21–7.17 

(m, 2H); 13C1H NMR (150 MHz, CDCl3): δ 144.1, 140.4, 134.0, 132.9, 131.1, 
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129.5, 129.44, 129.43, 129.3, 128.9, 128.3, 127.9, 127.6, 127.1, 125.1, 121.1, 90.7, 

90.6. HRMS (ESI)  m/z: [M+H]+ calcd for C20H14Cl+, 289.0779; found, 289.0782.

Cl

2-((2-Chlorophenyl)ethynyl)-1,1'-biphenyl (2j). Following the general procedure 

for the synthesis of 2, the crude product was purified by silica gel column 

chromatography (eluent: petroleum ether) to afford a yellow liquid (1.15 g, 80% 

yield); 1H NMR (600 MHz, CDCl3): δ 7.71–7.69 (m, 1H), 7.68–7.66 (m, 2H), 7.45–

7.40 (m, 4H), 7.39–7.37 (m, 1H), 7.36–7.31 (m, 3H), 7.20–7.17 (m, 1H), 7.16–7.13 

(m, 1H); 13C1H NMR (150 MHz, CDCl3): δ 143.9, 140.3, 135.7, 133.3, 133.2, 

129.5, 129.4, 129.2, 129.1, 128.9, 128.0, 127.5, 127.0, 126.3, 123.4, 121.2, 94.3, 88.9. 

HRMS (ESI) m/z: [M+H]+ calcd for C20H14Cl+, 289.0779; found, 289.0778.

S

2-([1,1'-Biphenyl]-2-ylethynyl)thiophene (2k). Following the general procedure for 

the synthesis of 2, the crude product was purified by silica gel column 

chromatography (eluent: petroleum ether) to afford an orange liquid (1.14 g, 88% 

yield); 1H NMR (600 MHz, CDCl3): δ 7.64–7.63 (m, 2H), 7.61–7.60 (m, 1H), 7.44 (t, 

J = 7.5 Hz, 2H), 7.43–7.41 (m, 1H), 7.39–7.36 (m, 2H), 7.32–7.30 (m, 1H), 7.22–7.21 

(m, 1H), 7.09–7.08 (m, 1H), 6.94–6.93 (m, 1H); 13C1H NMR (150 MHz, CDCl3):  

δ 143.7, 140.3, 132.5, 131.5, 129.5, 129.3, 128.6, 127.9, 127.5, 127.1, 127.03, 126.97, 

123.5, 121.3, 93.1, 85.6. HRMS (ESI) m/z: [M+H]+ calcd for C18H13S+, 261.0732; 

found, 261.0731.
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2-(Oct-1-yn-1-yl)-1,1'-biphenyl (2l). Following the general procedure for the 

synthesis of 2, the crude product was purified by silica gel column chromatography 

(eluent: petroleum ether) to afford an orange liquid (0.98 g, 75% yield); 1H NMR (600 

MHz, CDCl3): δ 7.59–7.58 (m, 2H), 7.51–7.50 (m, 1H), 7.39 (t, J = 7.5 Hz, 2H), 

7.35–7.30 (m, 3H), 7.26–7.24 (m, 1H), 2.28 (t, J = 7.2 Hz, 2H), 1.48–1.43 (m, 2H), 

1.31–1.25(m, 4H), 1.24–1.19 (m, 2H), 0.88 (t, J = 7.2 Hz, 3H); 13C1H NMR (150 

MHz, CDCl3): δ 143.6, 140.8, 133.0, 129.4, 129.3, 127.7, 127.6, 127.1, 126.9, 122.4, 

93.5, 80.1, 31.4, 28.5, 28.4, 22.5, 19.5, 14.1. HRMS (ESI) m/z: [M+H]+ calcd for 

C20H23
+, 263.1794; found, 263.1795.

2-(Cyclopropylethynyl)-1,1'-biphenyl (2m). Following the general procedure for the 

synthesis of 2, the crude product was purified by silica gel column chromatography 

(eluent: petroleum ether) to afford a yellow liquid (0.90 g, 82% yield); 1H NMR (600 

MHz, CDCl3): δ 7.55 (d, J = 7.8 Hz, 2H), 7.48 (d, J = 7.8 Hz, 1H), 7.39 (t, J = 7.5 Hz, 

2H), 7.34–7.32 (m, 2H), 7.30–7.28 (m, 1H), 7.24–7.21 (m, 1H), 1.32–1.28 (m, 1H), 

0.75–0.72 (m, 2H), 0.62–0.59 (m, 2H); 13C1H NMR (150 MHz, CDCl3): δ 143.6, 

140.7, 132.8, 129.3, 129.2, 127.7, 127.6, 127.2, 126.9, 122.2, 96.4, 75.2, 8.3, 0.3. 

HRMS (ESI) m/z: [M+H]+ calcd for C17H15
+, 219.1168; found, 219.1167.

2-Ethynyl-1,1'-biphenyl (2n). Following the general procedure for the synthesis of 2, 

the crude product was purified by silica gel column chromatography (eluent: 

petroleum ether) to afford a yellow liquid (0.72 g, 81% yield); 1H NMR (600 MHz, 
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CDCl3): δ 7.62–7.61 (m, 1H), 7.60–7.58 (m, 2H), 7.44–7.41 (m, 2H), 7.40–7.39 (m, 

1H), 7.38–7.36 (m, 2H), 7.31–7.28 (m, 1H), 3.04 (s, 1H); 13C1H NMR (150 MHz, 

CDCl3): δ 144.4, 140.2, 133.8, 129.6, 129.2, 128.9, 128.0, 127.5, 127.0, 120.4, 83.1, 

80.1. HRMS (ESI) m/z: [M+H]+ calcd for C14H11
+, 179.0855; found, 179.0857.

Me

4'-Methyl-2-(phenylethynyl)-1,1'-biphenyl (2o). Following the general procedure 

for the synthesis of 2, the crude product was purified by silica gel column 

chromatography (eluent: petroleum ether) to afford a yellow liquid (1.12 g, 83% 

yield); 1H NMR (600 MHz, CDCl3): δ 7.63 (d, J = 7.8 Hz, 1H), 7.58–7.57 (m, 2H), 

7.40 (d, J = 7.8 Hz, 1H), 7.37–7.34 (m, 3H), 7.30–7.24 (m, 6H), 2.41 (s, 3H); 13C1H 

NMR (150 MHz, CDCl3): δ 143.7, 137.6, 137.1, 132.9, 131.3, 129.4, 129.2, 128.6, 

128.5, 128.2, 128.0, 126.8, 123.5, 121.4, 92.1, 89.5, 21.2. HRMS (ESI) m/z: [M+H]+ 

calcd for C21H17
+, 269.1325; found, 169.1323.

OMe

4'-Methoxy-2-(phenylethynyl)-1,1'-biphenyl (2p). Following the general procedure 

for the synthesis of 2, the crude product was purified by silica gel column 

chromatography (eluent: petroleum ether) to afford an orange liquid (1.15 g, 81% 

yield); 1H NMR (600 MHz, CDCl3): δ 7.63–7.61 (m, 3H), 7.40–7.39 (m, 1H), 7.37–

7.35 (m, 3H), 7.30–7.27 (m, 4H), 6.99 (d, J = 9.0 Hz, 2H), 3.86 (s, 3H); 13C1H 

NMR (150 MHz, CDCl3): δ 159.1, 143.4, 133.0, 132.9, 131.3, 130.5, 129.3, 128.5, 

128.2, 128.0, 126.6, 123.5, 121.4, 113.3, 92.1, 89.6, 55.3. HRMS (ESI) m/z: [M+H]+ 

calcd for C21H17O+, 285.1274; found, 285.1278.
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F

4'-fluoro-2-(phenylethynyl)-1,1'-biphenyl (2q). Following the general procedure for 

the synthesis of 2, the crude product was purified by silica gel column 

chromatography (eluent: petroleum ether) to afford a yellow liquid (1.13 g, 83% 

yield); 1H NMR (600 MHz, CDCl3): δ 7.65–7.61 (m, 3H), 7.39 (d, J = 4.2 Hz, 2H), 

7.34–7.32 (m, 3H), 7.30–7.29 (m, 3H), 7.14 (t, J = 8.7 Hz, 2H); 13C1H NMR (150 

MHz, CDCl3): δ 162.4 (C–F, 1JC–F = 245.0 Hz), 142.8, 136.6 (C–F, 4JC–F = 3.3 Hz), 

132.9, 131.3, 131.0 (C–F, 3JC–F = 8.4 Hz), 129.4, 128.6, 128.3, 128.2, 127.2, 123.3, 

121.6, 114.8 (C–F, 2JC–F = 20.9 Hz), 92.4, 89.1; 19F1H NMR (565 MHz, CDCl3): δ 

-115.1. HRMS (ESI) m/z: [M+H]+ calcd for C20H14F+, 273.1074; found, 273.1076.

Cl

4'-Chloro-2-(phenylethynyl)-1,1'-biphenyll (2r). Following the general procedure 

for the synthesis of 2, the crude product was purified by silica gel column 

chromatography (eluent: petroleum ether) to afford a yellow liquid (1.16 g, 80% 

yield); 1H NMR (600 MHz, CDCl3): δ 7.64 (d, J = 7.8 Hz, 1H), 7.60 (d, J = 8.4 Hz, 

2H), 7.42 (d, J = 9.0 Hz, 2H), 7.38–7.37 (m, 2H), 7.34–7.29 (m, 6H); 13C1H NMR 

(150 MHz, CDCl3): δ 142.5, 139.0, 133.5, 133.0, 131.3, 130.7, 129.3, 128.6, 128.32, 

128.26, 128.1, 127.4, 123.2, 121.5, 92.5, 88.9. HRMS (ESI) m/z: [M+H]+ calcd for 

C20H14Cl+, 289.0779; found, 289.0784.
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Br

4'-Bromo-2-(phenylethynyl)-1,1'-biphenyl (2s). Following the general procedure for 

the synthesis of 2, the crude product was purified by silica gel column 

chromatography (eluent: petroleum ether) to afford a yellow liquid (1.26 g, 76% 

yield); 1H NMR (600 MHz, CDCl3): δ 7.64–7.62 (m, 1H), 7.57–7.56 (m, 2H), 7.54–

7.52 (m, 2H), 7.37–7.36 (m, 3H), 7.34–7.31 (m, 3H), 7.30–7.28 (m, 2H); 13C1H 

NMR (150 MHz, CDCl3): δ 142.5, 139.4, 133.0, 131.3, 131.0, 129.2, 128.6, 128.32, 

128.27, 127.4, 123.2, 121.7, 121.4, 92.6, 88.9. 

Cl

3'-Chloro-2-(phenylethynyl)-1,1'-biphenyl (2t). Following the general procedure for 

the synthesis of 2, the crude product was purified by silica gel column 

chromatography (eluent: petroleum ether) to afford a yellow liquid (1.24 g, 86% 

yield); 1H NMR (600 MHz, CDCl3): δ 7.72 (s, 1H), 7.64 (d, J = 7.8 Hz, 1H), 7.52–

7.50 (m, 1H), 7.40–7.36 (m, 6H), 7.35–7.32 (m, 1H), 7.30–7.28 (m, 3H); 13C1H 

NMR (150 MHz, CDCl3): δ 142.2, 133.7, 132.9, 131.4, 129.5, 129.3, 129.2, 128.6, 

128.29, 128.26, 127.57, 127.55, 127.5, 123.2, 121.6, 92.8, 88.8. HRMS (ESI) m/z: 

[M+H]+ calcd for C20H14Cl+, 289.0779; found, 289.0777.

Cl

2-Chloro-2'-(phenylethynyl)-1,1'-biphenyl (2u). Following the general procedure 
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for the synthesis of 2, the crude product was purified by silica gel column 

chromatography (eluent: petroleum ether) to afford an orange liquid (1.18 g, 82% 

yield); 1H NMR (600 MHz, CDCl3): δ 7.64–7.63 (m, 1H), 7.51–7.50 (m, 1H), 7.41–

7.37 (m, 3H), 7.36–7.32 (m, 3H), 7.25–7.22 (m, 3H), 7.18–7.16 (m, 2H); 13C1H 

NMR (150 MHz, CDCl3): δ 142.0, 139.6, 133.5, 131.8, 131.7, 131.4, 129.7, 129.4, 

128.9, 128.2, 128.1, 127.9, 127.7, 126.2, 123.2, 123.0, 92.7, 88.4. HRMS (ESI) m/z: 

[M+H]+ calcd for C20H14Cl+, 289.0779; found, 289.0778.

O

Ph

Ph

O

3',4'-Diphenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3a). Following the general 

procedure for the synthesis of 3, the crude product was purified by silica gel column 

chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford a white solid (92.7 

mg, 96% yield), mp 163.7–165.5 ℃; 1H NMR (600 MHz, CDCl3): δ 7.57 (d, J = 7.8 

Hz, 2H), 7.54–7.53 (m, 2H), 7.39–7.35 (m, 4H), 7.32–7.31 (m, 3H), 7.28–7.25 (m, 

2H), 7.04 (t, J = 7.5 Hz, 1H), 6.92 (t, J = 7.8 Hz, 2H), 6.66–6.64 (m, 2H); 13C1H 

NMR (150 MHz, CDCl3): δ 172.2, 160.3, 141.3, 140.7, 130.7, 130.4, 129.7, 129.4, 

129.3, 128.8, 128.4, 128.2, 127.8, 127.7, 124.1, 120.6, 92.7. HRMS (ESI) m/z: 

[M+H]+ calcd for C28H19O2
+, 387.1380; found, 387.1376.

OPh

O

Me

3'-Phenyl-4'-(p-tolyl)-5'H-spiro[fluorene-9,2'-furan]-5'-one (3b). Following the 

general procedure for the synthesis of 3, the crude product was purified by silica gel 

column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford a white solid 

(94.1 mg, 94% yield), mp 193.2–194.8 ℃; 1H NMR (600 MHz, CDCl3): δ 7.58 (d, J 

= 7.2 Hz, 2H), 7.43 (d, J = 7.8 Hz, 2H), 7.39–7.36 (m, 4H), 7.27 (t, J = 7.2 Hz, 2H), 
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7.12 (d, J = 7.8 Hz, 2H), 7.05 (t, J = 7.5 Hz, 1H), 6.94 (t, J = 7.8 Hz, 2H), 6.66 (d, J = 

7.2 Hz, 2H), 2.33 (s, 3H); 13C1H NMR (150 MHz, CDCl3): δ 172.4, 159.4, 141.3, 

140.8, 138.8, 131.0, 130.4, 129.3, 129.2, 129.1, 128.4, 128.2, 127.74, 127.69, 126.8, 

124.1, 120.6, 92.6, 21.3. HRMS (ESI) m/z: [M+H]+ calcd for C29H21O2
+, 401.1536; 

found, 401.1534. 

 

OPh

O
Me

3'-Phenyl-4'-(m-tolyl)-5'H-spiro[fluorene-9,2'-furan]-5'-one (3c). Following the 

general procedure for the synthesis of 3, the crude product was purified by silica gel 

column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford a white solid 

(82.1 mg, 82% yield), mp 156.4–157.8 ℃; 1H NMR (600 MHz, CDCl3): δ 7.60 (d, J 

= 7.2 Hz, 2H), 7.41–7.38 (m, 5H), 7.29–7.27 (m, 2H), 7.25–7.24 (m, 1H), 7.19 (t, J = 

7.5 Hz, 1H), 7.14 (d, J = 7.2 Hz, 1H), 7.06 (t, J = 7.5 Hz, 1H), 6.94 (t, J = 7.8 Hz, 

2H), 6.66 (d, J = 7.2 Hz, 2H), 2.30 (s, 3H); 13C1H NMR (150 MHz, CDCl3): δ 

172.3, 160.0, 141.3, 140.8, 138.1, 130.9, 130.4, 130.0, 129.7, 129.6, 129.3, 128.4, 

128.3, 128.2, 128.0, 126.6, 124.1, 92.6, 21.4. HRMS (ESI) m/z: [M+H]+ calcd for 

C29H21O2
+, 401.1536; found, 401.1539.

OPh

O

Et

4'-(4-Ethylphenyl)-3'-phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3d). 

Following the general procedure for the synthesis of 3, the crude product was purified 

by silica gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford 

a white solid (93.3 mg, 90% yield), mp 180.5–181.3 ℃; 1H NMR (600 MHz, CDCl3): 

δ 7.59 (d, J = 7.8 Hz, 2H), 7.46 (d, J = 7.8 Hz, 2H), 7.38 (t, J = 7.5 Hz, 4H), 7.29–
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7.27 (m, 2H), 7.16 (d, J = 8.4 Hz, 2H), 7.07 (t, J = 7.5 Hz, 1H), 6.95 (t, J = 7.8 Hz, 

2H), 6.66 (d, J = 8.4 Hz, 2H), 2.64 (q, J = 7.6 Hz, 2H), 1.22 (t, J = 7.5 Hz, 3H); 
13C1H NMR (150 MHz, CDCl3): δ 172.4, 159.5, 145.1, 141.3, 140.8, 131.0, 130.4, 

129.4, 129.2, 128.4, 128.3, 127.9, 127.8, 127.7, 127.0, 124.1, 120.6, 92.7, 28.7, 15.2. 

HRMS (ESI) m/z: [M+H]+ calcd for C30H23O2
+, 415.1693; found, 415.1695.

OPh

O

iPr

4'-(4-Isopropylphenyl)-3'-phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3e). 

Following the general procedure for the synthesis of 3, the crude product was purified 

by silica gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford 

a white solid (91.1 mg, 85% yield), mp 176.8–178.5 ℃; 1H NMR (600 MHz, CDCl3): 

δ 7.59 (d, J = 7.8 Hz, 2H), 7.49–7.47 (m, 2H), 7.38 (t, J = 7.5 Hz, 4H), 7.28 (t, J = 7.5 

Hz, 2H), 7.18 (d, J = 7.8 Hz, 2H), 7.07 (t, J = 7.5 Hz, 1H), 6.95 (t, J = 7.8 Hz, 2H), 

6.67 (d, J = 7.8 Hz, 2H), 2.91–2.87 (m, 1H), 1.23 (d, J = 7.2 Hz, 6H); 13C1H NMR 

(150 MHz, CDCl3): δ 172.5, 159.5, 149.7, 141.3, 140.8, 131.1, 130.4, 129.4, 129.2, 

128.4, 128.3, 127.8, 127.6, 127.1, 126.5, 124.1, 120.6, 92.7, 33.9, 23.8. HRMS (ESI) 

m/z: [M+H]+ calcd for C31H25O2
+, 429.1849; found, 429.1849.

OPh

O

tBu

4'-(4-(tert-Butyl)phenyl)-3'-phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3f). 

Following the general procedure for the synthesis of 3, the crude product was purified 

by silica gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford 

a white solid (95.1 mg, 86% yield), mp 209.2–210.6 ℃; 1H NMR (600 MHz, CDCl3): 
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δ 7.59 (d, J = 7.8 Hz, 2H), 7.49 (d, J = 8.4 Hz, 2H), 7.40–7.38 (m, 4H), 7.34 (d, J = 

8.4 Hz, 2H), 7.28 (t, J = 7.5Hz, 2H), 7.08 (t, J = 7.5 Hz, 1H), 6.96 (t, J = 7.8 Hz, 2H), 

6.67 (d, J = 7.8Hz, 2H), 1.30 (s, 9H); 13C1H NMR (150 MHz, CDCl3): δ 172.5, 

159.5, 152.0, 141.3, 140.8, 131.1, 130.4, 129.2, 129.1, 128.4, 128.3, 127.8, 127.5, 

126.7, 125.4, 124.2, 120.6, 92.7, 34.7, 31.2. HRMS (ESI) m/z: [M+H]+ calcd for 

C32H27O2
+, 443.2006; found, 443.2009. 

OPh

O

F

4'-(4-Fluorophenyl)-3'-phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3g). 

Following the general procedure for the synthesis of 3, the crude product was purified 

by silica gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford 

a white solid (96.1 mg, 95% yield), mp 195.9–197.5 ℃; 1H NMR (600 MHz, CDCl3): 

δ 7.60–7.59 (m, 2H), 7.54–7.52 (m, 2H), 7.41–7.38 (m, 4H), 7.30–7.27 (m, 2H), 7.09 

(t, J = 7.5 Hz, 1H), 7.01 (t, J = 9.0 Hz, 2H), 6.97 (t, J = 7.8 Hz, 2H), 6.64–6.63 (m, 

2H); 13C1H NMR (150 MHz, CDCl3): δ 172.2, 162.8 (C–F, 1JC–F = 248.1 Hz), 

160.3, 141.3, 140.5, 131.4 (C–F, 3JC–F = 8.3 Hz), 130.7, 130.5, 129.5, 128.4, 127.7, 

126.7, 125.8 (C–F, 4JC–F = 3.2 Hz), 124.1, 120.7, 115.5 (C–F, 2JC–F = 21.5 Hz), 92.8; 
19F1H NMR (565 MHz, CDCl3): δ -115.5. HRMS (ESI) m/z: [M+H]+ calcd for 

C28H18FO2
+, 405.1285; found, 405.1286.

OPh

O
F

4'-(3-Fluorophenyl)-3'-phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3h). 

Following the general procedure for the synthesis of 3, the crude product was purified 

by silica gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford 
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a white solid (83.9 mg, 83% yield), mp 160.2–161.6 ℃; 1H NMR (600 MHz, CDCl3): 

δ 7.59 (d, J = 7.8 Hz, 2H), 7.39 (t, J = 6.6 Hz, 4H), 7.31–7.25 (m, 5H), 7.09 (t, J = 7.5 

Hz, 1H), 7.04–7.01 (m, 1H), 6.97 (t, J = 7.8 Hz, 2H), 6.64 (d, J = 7.2 Hz, 2H); 
13C1H NMR (150 MHz, CDCl3): δ 171.8, 162.5 (C–F, 1JC–F = 244.8 Hz), 161.6, 

141.3, 140.4, 131.8 (C–F, 3JC–F = 8.4 Hz), 130.6, 130.4, 130.0, 129.9 (C–F, 3JC–F = 

8.6 Hz), 128.4, 127.6, 126.6, 126.5, 125.2 (C–F, 4JC–F = 3.0 Hz), 124.1, 120.7, 116.4 

(C–F, 2JC–F = 22.8 Hz), 115.8 (C–F, 2JC–F = 20.9 Hz), 92.8; 19F1H NMR (565 MHz, 

CDCl3): δ -112.3. HRMS (ESI) m/z: [M+H]+ calcd for C28H18FO2
+, 405.1285; found, 

405.1285.

OPh

O
F

4'-(2-Fluorophenyl)-3'-phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3i). 

Following the general procedure for the synthesis of 3, the crude product was purified 

by silica gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford 

a white solid (91.0 mg, 90% yield), mp 176.7–178.3 ℃; 1H NMR (600 MHz, CDCl3): 

δ 7.65 (d, J = 7.8 Hz, 2H), 7.57–7.54 (m, 1H), 7.42–7.35 (m, 5H), 7.29 (t, J = 7.2 Hz, 

2H), 7.24–7.23 (m, 1H), 7.08–7.05 (m, 2H), 6.92 (t, J = 7.8 Hz, 2H), 6.67 (d, J = 7.2 

Hz, 2H); 13C1H NMR (150 MHz, CDCl3): δ 171.6, 162.5, 160.0 (C–F, 1JC–F = 

249.0 Hz), 141.3, 140.9, 131.61, 131.59, 130.9 (C–F, 3JC–F = 8.3 Hz), 130.61, 130.59, 

129.8, 128.6, 128.2, 127.3, 124.4 (C–F, 4JC–F = 3.3 Hz), 124.2, 123.5, 120.7, 118.5 

(C–F, 2JC–F = 15.2 Hz), 116.0 (C–F, 2JC–F = 21.3 Hz), 93.1; 19F1H NMR (565 MHz, 

CDCl3): δ -111.6. HRMS (ESI) m/z: [M+H]+ calcd for C28H18FO2
+, 405.1285; found, 

405.1286.
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OPh

O

Cl

4'-(4-Chlorophenyl)-3'-phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3j). 

Following the general procedure for the synthesis of 3, the crude product was purified 

by silica gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford 

a white solid (89.4 mg, 85% yield), mp 186.4–188.1 ℃; 1H NMR (600 MHz, CDCl3): 

δ 7.60 (d, J = 7.2 Hz, 2H), 7.49 (dd, J = 1.8 Hz, 8.4 Hz, 2H), 7.39 (t, J = 8.1 Hz, 4H), 

7.30–7.27 (m, 4H), 7.09 (t, J = 7.5 Hz, 1H), 6.97 (t, J = 8.1 Hz, 2H), 6.63 (d, J = 7.8 

Hz, 2H); 13C1H NMR (150 MHz, CDCl3): δ 172.0, 160.9, 141.3, 140.4, 134.9, 

130.8, 130.6, 129.6, 128.7, 128.5, 128.4, 128.2, 127.6, 126.6, 124.1, 120.7, 92.8. 

HRMS (ESI) m/z: [M+H]+ Calcd for C28H18ClO2
+, 421.0990; found, 421.0990.

OPh

O
Cl

4'-(3-Chlorophenyl)-3'-phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3k). 

Following the general procedure for the synthesis of 3, the crude product was purified 

by silica gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford 

a white solid (92.6 mg, 88% yield), mp 176.1–177.5 ℃; 1H NMR (600 MHz, CDCl3): 

δ 7.61 (d, J = 7.8 Hz, 2H), 7.57 (s, 1H), 7.42–7.37 (m, 5H), 7.31–7.29 (m, 3H), 7.25 (t, 

J = 3.9 Hz, 1H), 7.10 (t, J = 7.5 Hz, 1H), 6.98 (t, J = 7.8 Hz, 2H), 6.64 (d, J = 7.2 Hz, 

2H); 13C1H NMR (150 MHz, CDCl3): δ 171.8, 161.7, 141.4, 140.4, 134.4, 131.6, 

130.6, 130.3, 129.68, 129.67, 129.5, 129.0, 128.47, 128.45, 127.68, 127.66, 126.5, 

124.1, 120.7, 92.8. HRMS (ESI) m/z: [M+H]+ calcd for C28H18ClO2
+, 421.0990; 

found, 421.0992.
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OPh

O

Br

4'-(4-Bromophenyl)-3'-phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3l). 

Following the general procedure for the synthesis of 3, the crude product was purified 

by silica gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford 

a white solid (96.6 mg, 83% yield), mp 196.5–198.3 ℃; 1H NMR (600 MHz, CDCl3): 

δ 7.60 (d, J = 7.8 Hz, 2H), 7.45 (d, J = 9.0 Hz, 2H), 7.42–7.38 (m, 6H), 7.29 (t, J = 

7.5 Hz, 2H), 7.10 (t, J = 7.5 Hz, 1H), 6.97 (t, J = 8.1 Hz, 2H), 6.64–6.62 (m, 2H); 
13C1H NMR (150 MHz, CDCl3): δ 171.9, 161.0, 141.3, 140.4, 131.7, 131.0, 130.6, 

130.5, 129.6, 128.7, 128.5, 128.4, 127.6, 126.7, 124.1, 123.2, 120.7, 92.8. HRMS 

(ESI) m/z: [M+H]+ calcd for C28H18BrO2
+, 465.0485; found, 465.0487.

OPh

O
Br

4'-(3-Bromophenyl)-3'-phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3m). 

Following the general procedure for the synthesis of 3, the crude product was purified 

by silica gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford 

a white solid (98.9 mg, 85% yield), mp 176.9–178.7 ℃; 1H NMR (600 MHz, CDCl3): 

δ 7.73–7.72 (m, 1H), 7.61 (d, J = 7.8 Hz, 2H), 7.47–7.45 (m, 1H), 7.42–7.38 (m, 5H), 

7.31–7.29 (m, 2H), 7.18 (t, J = 8.1 Hz, 1H), 7.11 (t, J = 7.5 Hz, 1H), 6.98 (t, J = 7.8 

Hz, 2H), 6.64 (d, J = 7.2 Hz, 2H); 13C1H NMR (150 MHz, CDCl3): δ 171.7, 161.7, 

141.4, 140.4, 132.3, 131.9, 131.8, 130.6, 130.3, 129.9, 129.7, 128.47, 128.46, 128.1, 

127.7, 126.4, 124.1, 122.4, 120.7, 92.8. HRMS (ESI) m/z: [M+H]+ calcd for 

C28H18BrO2
+, 465.0485; found, 465.0486.
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OPh

O

I

4'-(4-Iodophenyl)-3'-phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3n). Following 

the general procedure for the synthesis of 3, the crude product was purified by silica 

gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford a yellow 

solid (103.8 mg, 81% yield), mp 220.6–222.2 ℃; 1H NMR (600 MHz, CDCl3): δ 7.66 

(d, J = 8.4 Hz, 2H), 7.61 (d, J = 7.8 Hz, 2H), 7.41–7.37 (m, 4H), 7.30–7.27 (m, 4H), 

7.10 (t, J = 7.5 Hz, 1H), 6.97 (t, J = 7.8 Hz, 2H), 6.63 (d, J = 7.2 Hz, 2H); 13C1H 

NMR (150 MHz, CDCl3): δ 171.8, 161.1, 141.4, 140.4, 137.6, 131.1, 130.6, 129.6, 

129.2, 128.5, 128.4, 127.6, 126.8, 124.1, 120.7, 95.2, 92.9. HRMS (ESI) m/z: [M+H]+ 

calcd for C28H18IO2
+, 513.0346; found, 513.0346.

OPh

O

F3C

3'-Phenyl-4'-(4-(trifluoromethyl)phenyl)-5'H-spiro[fluorene-9,2'-furan]-5'-one 

(3o). Following the general procedure for the synthesis of 3, the crude product was 

purified by silica gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) 

to afford a white solid (90.9 mg, 80% yield), mp 176.4–177.9 ℃; 1H NMR (600 MHz, 

CDCl3): δ 7.66 (d, J = 7.8 Hz, 2H), 7.62–7.58 (m, 4H), 7.42–7.39 (m, 4H), 7.31–7.29 

(m, 2H), 7.11 (t, J = 7.2 Hz, 1H), 6.98 (t, J = 7.8 Hz, 2H), 6.63 (d, J = 7.2 Hz, 2H); 
13C1H NMR (150 MHz, CDCl3): δ 171.7, 162.5, 141.4, 140.3, 133.4, 130.7, 130.6 

(C–F, 2JC–F = 33.7 Hz), 129.84, 129.77, 128.54, 128.48, 127.6, 126.5, 125.3 (C–F, 

4JC–F = 3.6Hz), 124.1, 123.9(C–F, 1JC–F = 270.4 Hz), 120.8, 93.0; 19F1H NMR (565 

MHz, CDCl3): δ -62.8. HRMS (ESI) m/z: [M+H]+ calcd for C29H18F3O2
+, 455.1253; 

found, 455.1254.
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OPh

O

4'-(Naphthalen-2-yl)-3'-phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3p). 

Following the general procedure for the synthesis of 3, the crude product was purified 

by silica gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford 

a white solid (89.5 mg, 82% yield), mp 217.2–218.5 ℃; 1H NMR (600 MHz, CDCl3): 

δ 8.28 (s, 1H), 7.84–7.82 (m, 1H), 7.78–7.77 (m, 1H), 7.70 (d, J = 8.4 Hz, 1H), 7.60 

(d, J = 7.8 Hz, 2H), 7.49–7.45 (m, 2H), 7.43 (d, J = 7.8 Hz, 2H), 7.40–7.38 (m, 3H), 

7.30–7.27 (m, 2H), 7.06 (t, J = 7.5 Hz, 1H), 6.92 (t, J = 8.1 Hz, 2H), 6.69 (d, J = 7.2 

Hz, 2H); 13C1H NMR (150 MHz, CDCl3): δ 172.3, 160.4, 141.3, 140.8, 133.1, 

130.8, 130.5, 129.50, 129.46, 128.6, 128.4, 128.3, 127.9, 127.7, 127.6, 127.2, 126.8, 

126.5, 126.3, 124.2, 120.7, 92.7. HRMS (ESI) m/z: [M+H]+ calcd for C32H21FO2
+, 

437.1536; found, 437.1533.

OPh

O
Cl

Cl

4'-(3,4-Dichlorophenyl)-3'-phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3q). 

Following the general procedure for the synthesis of 3, the crude product was purified 

by silica gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford 

a white solid (91.1 mg, 80% yield), mp 186.2–187.8 ℃; 1H NMR (600 MHz, CDCl3): 

δ 7.71 (d, J = 2.4 Hz, 1H), 7.61 (d, J = 7.8 Hz, 2H), 7.42–7.36 (m, 5H), 7.32–7.29 (m, 

3H), 7.13 (t, J = 7.5 Hz, 1H), 7.00 (t, J = 7.8 Hz, 2H), 6.63 (d, J = 7.8 Hz, 2H); 
13C1H NMR (150 MHz, CDCl3): δ 171.5, 162.1, 141.4, 140.2, 133.1, 132.7, 131.2, 

130.7, 130.4, 130.2, 129.8, 129.7, 128.7, 128.6, 128.5, 127.6, 125.5, 124.1, 120.8, 

92.9. HRMS (ESI) m/z: [M+H]+ calcd for C28H17Cl2O2
+, 455.0600; found, 455.0597. 
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OPh

O

Me

Me

4'-(3,5-Dimethylphenyl)-3'-phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3r). 

Following the general procedure for the synthesis of 3, the crude product was purified 

by silica gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford 

a white solid (86.0 mg, 83% yield), mp 194.7–196.2 ℃; 1H NMR (600 MHz, CDCl3): 

δ 7.61 (d, J = 7.2 Hz, 2H), 7.40–7.38 (m, 4H), 7.28 (t, J = 7.5 Hz, 2H), 7.13 (s, 2H), 

7.06 (t, J = 7.2 Hz, 1H), 6.97–6.93 (m, 3H), 6.66 (d, J = 7.2 Hz, 2H), 2.24 (s, 6H); 
13C1H NMR (150 MHz, CDCl3): δ 172.4, 159.7, 141.3, 140.9, 137.9, 130.9, 130.5, 

130.4, 129.7, 129.2, 128.4, 128.20, 128.15, 127.8, 127.2, 124.1, 120.6, 92.6, 21.2. 

HRMS (ESI) m/z: [M+H]+ calcd for C30H23O2
+, 415.1693; found, 415.1695.

O

Me

Ph

O

4'-Methyl-3'-phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3s). Following the 

general procedure for the synthesis of 3, the crude product was purified by silica gel 

column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford a white solid 

(36.5 mg, 45% yield), mp 167.3–168.8 ℃; 1H NMR (600 MHz, CDCl3): δ 7.59 (d, J 

= 7.8 Hz, 2H), 7.39–7.36 (m, 2H), 7.29 (d, J = 7.2 Hz, 2H), 7.27–7.24 (m, 2H), 7.14 (t, 

J = 7.5 Hz, 1H), 7.08 (t, J = 7.5 Hz, 2H), 6.77–6.75 (m, 2H), 2.18 (s, 3H); 13C1H 

NMR (150 MHz, CDCl3): δ 174.3, 159.3, 141.2, 141.0, 130.8, 130.3, 129.3, 128.3, 

127.5 , 125.6, 124.0, 120.6, 93.1, 10.6. HRMS (ESI) m/z: [M+H]+ calcd for C23H17O2
+, 

325.1223; found, 325.1220.
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O

Ph

Ph

O

Me

2-Methyl-3',4'-diphenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3t). Following the 

general procedure for the synthesis of 3, the crude product was purified by silica gel 

column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford a white solid 

(95.1 mg, 95% yield), mp 195.1–196.7 ℃; 1H NMR (600 MHz, CDCl3): δ 7.55–7.54 

(m, 3H), 7.48 (d, J = 8.4 Hz, 1H), 7.37–7.35 (m, 2H), 7.33–7.32 (m, 3H), 7.25–7.22 

(m, 1H), 7.19 (d, J = 6.6 Hz, 2H), 7.07 (t, J = 7.5 Hz, 1H), 6.95 (t, J = 7.8 Hz, 2H), 

6.68–6.66 (m, 2H), 2.36 (s, 3H); 13C1H NMR (150 MHz, CDCl3): δ 172.3, 160.4, 

141.5, 140.9, 140.6, 138.7, 138.6, 131.2, 130.8, 130.4, 129.9, 129.5, 129.3, 128.8, 

128.4, 128.3, 127.9, 127.8, 127.7, 124.7, 124.1, 120.4, 120.3, 92.7, 21.5. HRMS (ESI) 

m/z: [M+H]+ calcd for C29H21O2
+, 401.1536; found, 401.1540.

O

Ph

Ph

O

Cl

2-Chloro-3',4'-diphenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3u). Following the 

general procedure for the synthesis of 3, the crude product was purified by silica gel 

column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford a white solid 

(84.2 mg, 80% yield), mp 205.4–206.9 ℃; 1H NMR (600 MHz, CDCl3): δ 7.58 (d, J 

= 7.8 Hz, 1H), 7.54–7.51 (m, 3H), 7.43–7.40 (m, 2H), 7.37–7.35 (m, 2H), 7.34–7.31 

(m, 4H), 7.11 (t, J = 7.5 Hz, 1H), 6.98 (t, J = 7.8 Hz, 2H), 6.66 (d, J = 7.2 Hz, 2H); 
13C1H NMR (150 MHz, CDCl3): δ 171.9, 159.6, 142.7, 140.7, 140.3, 139.8, 134.2, 

130.7, 130.5, 129.6, 129.53, 129.49, 129.0, 128.7, 128.47, 128.45, 128.1, 127.8, 124.5, 

124.3, 121.6, 120.8, 92.1. HRMS (ESI) m/z: [M+H]+ calcd for C28H18ClO2
+, 

421.0990; found, 421.0992.
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O

Ph

Ph

O

F

3-Fluoro-3',4'-diphenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3v). Following the 

general procedure for the synthesis of 3, the crude product was purified by silica gel 

column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford a white solid 

(87.0 mg, 86% yield), mp 208.4–210.2 ℃; 1H NMR (600 MHz, CDCl3): δ 7.58 (d, J 

= 7.8 Hz, 1H), 7.53–7.52 (m, 2H), 7.44–7.40 (m, 2H), 7.36–7.32 (m, 5H), 7.29–7.27 

(m, 1H), 7.10 (t, J = 7.5 Hz, 1H), 6.99–6.95 (m, 3H), 6.65 (d, J = 7.2 Hz, 2H); 
13C1H NMR (150 MHz, CDCl3): δ 172.0, 164.6 (C–F, 1JC–F = 247.2 Hz), 159.9, 

143.7 (C–F, 3JC–F = 9.5 Hz), 141.6, 140.2 (C–F, 4JC–F = 2.6 Hz), 136.2 (C–F, 4JC–F = 

2.1 Hz), 130.7, 130.6, 129.6, 129.5, 129.1, 128.9, 128.45, 128.40, 127.9, 127.7, 125.6 

(C–F, 3JC–F = 9.5 Hz), 124.2, 121.0, 115.2 (C–F, 2JC–F = 23.6 Hz), 108.2 (C–F, 2JC–F 

= 23.6 Hz), 92.0; 19F1H NMR (565 MHz, CDCl3): δ -110.2. HRMS (ESI) m/z: 

[M+H]+ calcd for C28H18FO2
+, 405.1285; found, 405.1288.

O

Ph

Ph

O

3',4'-Diphenyl-5'H-spiro[benzo[c]fluorene-7,2'-furan]-5'-one (3w). Following the 

general procedure for the synthesis of 3, the crude product was purified by silica gel 

column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford a white solid 

(103.7 mg, 95% yield), mp 203.8–205.2 ℃; 1H NMR (600 MHz, CDCl3): δ 8.57 (d, J 

= 8.4 Hz, 1H), 8.18 (d, J = 7.2 Hz, 1H), 7.90 (d, J = 8.4 Hz, 1H), 7.82 (d, J = 8.4 Hz, 

1H), 7.63–7.60 (m, 1H), 7.56–7.53 (m, 3H), 7.51–7.47 (m, 3H), 7.34–7.32 (m, 4H), 

7.02 (t, J = 7.2 Hz, 1H), 6.89 (t, J = 8.1 Hz, 2H), 6.64 (d, J = 7.8 Hz, 2H); 13C1H 

NMR (150 MHz, CDCl3): δ 172.3, 160.3, 142.4, 141.6, 139.1, 137.1, 135.3, 130.7, 

130.6, 129.8, 129.7, 129.5, 129.42, 129.37, 129.2, 128.9, 128.44, 128.39, 128.3, 127.7, 

127.3, 126.6, 124.1, 124.0, 123.7, 120.7, 92.7. HRMS (ESI) m/z: [M+H]+ calcd for 
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C32H21O2
+, 437.1536; found, 437.1539.

O

Ph O

Me

4'-Phenyl-3'-(p-tolyl)-5'H-spiro[fluorene-9,2'-furan]-5'-one (3x). Following the 

general procedure for the synthesis of 3, the crude product was purified by silica gel 

column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford a white solid 

(88.1 mg, 88% yield), mp 164.5–166.1 ℃; 1H NMR (600 MHz, CDCl3): δ 7.61 (d, J 

= 7.8 Hz, 2H), 7.55–7.53 (m, 2H), 7.40–7.38 (m, 4H), 7.34–7.33 (m, 3H), 7.28 (t, J = 

7.5 Hz, 2H), 6.74 (d, J = 7.8 Hz, 2H), 6.55 (d, J = 8.4 Hz, 2H), 2.10 (s, 3H); 13C1H 

NMR (150 MHz, CDCl3): δ 172.4, 160.3, 141.3, 141.0, 139.6, 130.4, 130.1, 129.5, 

129.1, 128.7, 128.4, 127.8, 127.7, 127.4, 124.2, 120.6, 92.6, 21.2. HRMS (ESI) m/z: 

[M+H]+ calcd for C29H21O2
+, 401.1536; found, 401.1540.

O

Ph O

F

3'-(4-Fluorophenyl)-4'-phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3y). 

Following the general procedure for the synthesis of 3, the crude product was purified 

by silica gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford 

a white solid (97.1 mg, 96% yield), mp 188.7–190.3 ℃; 1H NMR (600 MHz, CDCl3): 

δ 7.63 (d, J = 7.8 Hz, 2H), 7.53–7.51 (m, 2H), 7.43–7.40 (m, 2H), 7.38 (d, J = 7.8 Hz, 

2H), 7.35 (t, J = 3.3 Hz, 3H), 7.31–7.29 (m, 2H), 6.65–6.64 (m, 4H); 13C1H NMR 

(150 MHz, CDCl3): δ 172.1, 162.9 (C–F, 1JC–F = 249.2 Hz), 159.1, 141.3, 140.6, 

130.6, 129.9 (C–F, 3JC–F = 8.4 Hz), 129.6, 129.5, 129.0, 128.54, 128.52, 128.0, 126.8 

(C–F, 4JC–F = 3.3 Hz), 124.1, 120.8, 115.6 (C–F, 2JC–F = 21.6 Hz), 92.6; 19F1H 

NMR (565 MHz, CDCl3): δ -110.2. HRMS (ESI) m/z: [M+H]+ calcd for C28H18FO2
+, 

405.1285; found, 405.1285.
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O

Ph O

Cl

3'-(4-Chlorophenyl)-4'-phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3z). 

Following the general procedure for the synthesis of 3, the crude product was purified 

by silica gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford 

a white solid (87.3 mg, 83% yield), mp 236.4–238.1 ℃; 1H NMR (600 MHz, CDCl3): 

δ 7.63 (d, J = 7.8 Hz, 2H), 7.52–7.51 (m, 2H), 7.42 (t, J = 7.5 Hz, 2H), 7.38 (d, J = 

7.2 Hz, 2H), 7.36–7.35 (m, 3H), 7.30 (t, J = 7.5 Hz, 2H), 6.93 (d, J = 8.4 Hz, 2H), 

6.58 (d, J = 9.0 Hz, 2H); 13C1H NMR (150 MHz, CDCl3): δ 171.9, 158.9, 141.3, 

140.5, 135.5, 130.7, 129.5, 129.2, 129.1, 128.7, 128.6, 128.5, 124.1, 120.8, 92.5. 

HRMS (ESI) m/z: [M+H]+ calcd for C28H18ClO2
+, 421.0990; found, 421.0994.

O

Ph OCl

3'-(3-Chlorophenyl)-4'-phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3aa). 

Following the general procedure for the synthesis of 3, the crude product was purified 

by silica gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford 

a white solid (63.1 mg, 60% yield), mp 218.7–220.5 ℃; 1H NMR (600 MHz, CDCl3): 

δ 7.62 (d, J = 7.8 Hz, 2H), 7.52–7.51 (m, 2H), 7.42–7.38 (m, 4H), 7.35–7.34 (m, 3H), 

7.32–7.29 (m, 2H), 7.05–7.04 (m, 1H), 6.88 (t, J = 8.1 Hz, 1H), 6.59 (t, J = 1.8 Hz, 

1H), 6.53 (d, J = 7.8 Hz, 1H); 13C1H NMR (150 MHz, CDCl3): δ 171.9, 158.6, 

141.3, 140.2, 134.2, 132.6, 130.7, 129.7, 129.5, 129.4, 129.2, 129.1, 128.6, 128.53, 

128.52, 127.7, 126.0, 124.1, 120.8, 92.6. HRMS (ESI) m/z: [M+H]+ calcd for 

C28H18ClO2
+, 421.0990; found, 421.0994.

O

OClPh
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3'-(2-chlorophenyl)-4'-phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3ab). 

Following the general procedure for the synthesis of 3, the crude product was purified 

by silica gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford 

a white solid (53.7 mg, 51% yield), mp 212.2–213.6 ℃; 1H NMR (600 MHz, CDCl3): 

δ 7.60 (s, 1H), 7.55–7.47 (m, 6H), 7.41 (s, 1H), 7.33–7.27 (m, 4H), 7.24–7.21 (m, 1H), 

7.07–7.03 (m, 2H), 6.88–6.85 (m, 1H), 6.47–6.45 (m, 1H); 13C1H NMR (150 MHz, 

CDCl3): δ 171.8, 156.4, 141.9, 140.8, 140.3, 139.5, 132.1, 130.7, 130.3, 130.24, 

130.19, 130.1, 129.7, 129.0, 128.4, 128.33, 128.31, 127.8, 126.3, 125.2, 124.2, 120.8, 

120.2, 93.2. HRMS (ESI) m/z: [M+H]+ calcd for C28H18ClO2
+, 421.0990; found, 

421.0992.

O

Ph
O

S

4'-Phenyl-3'-(thiophen-2-yl)-5'H-spiro[fluorene-9,2'-furan]-5'-one (3ac). 

Following the general procedure for the synthesis of 3, the crude product was purified 

by silica gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford 

a yellow solid (60.8 mg, 62% yield), mp 176.3–177.8 ℃; 1H NMR (600 MHz, 

CDCl3): δ 7.86–7.83 (m, 3H), 7.55–7.54 (m, 2H), 7.52–7.49 (m, 1H), 7.47–7.43 (m, 

2H), 7.41–7.38 (m, 4H), 7.19–7.16 (m, 1H), 7.15–7.14 (m, 1H), 6.75–6.74 (m, 1H), 

6.663–6.655 (m, 1H); 13C1H NMR (150 MHz, CDCl3): δ 171.4, 158.9, 143.1, 135.7, 

134.4, 132.0, 131.6, 129.6, 129.2, 129.09, 129.07, 128.6, 128.3, 127.7, 126.9, 126.8, 

126.7, 126.6, 125.5, 124.9, 124.5, 122.8, 84.8. HRMS (ESI) m/z: [M+H]+ calcd for 

C26H17O2S+, 393.0944; found, 393.0940.

O

Ph O

3'-hexyl-4'-phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3ad). Following the 

general procedure for the synthesis of 3, the crude product was purified by silica gel 

column chromatography (eluent: petroleum ether/EtOAc = 15:1) to afford a yellow 
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liquid (74.0 mg, 75% yield); 1H NMR (600 MHz, CDCl3): δ 7.71 (d, J = 7.8 Hz, 2H), 

7.61 (d, J = 7.2 Hz, 2H), 7.49–7.44 (m, 4H), 7.41 (t, J = 7.5 Hz, 1H), 7.31–7.28 (m, 

4H), 1.99 (t, J = 7.5 Hz, 2H), 1.00–0.95 (m, 2H), 0.91–0.89 (m, 4H), 0.85–0.81 (m, 

2H), 0.69 (t, J = 7.2 Hz, 3H); 13C1H NMR (150 MHz, CDCl3): δ 172.9, 164.9, 

141.2, 140.9, 130.4, 130.3, 128.9, 128.6, 128.5, 128.2, 127.7, 124.1, 120.6, 93.1, 30.7, 

29.0, 27.5, 26.5, 22.0, 13.8. HRMS (ESI) m/z: [M+H]+ calcd for C28H27O2
+, 395.2006; 

found, 395.2003.

O

Ph O

3'-Cyclopropyl-4'-phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3ae). Following 

the general procedure for the synthesis of 3, the crude product was purified by silica 

gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford a white 

solid (61.3 mg, 70% yield), mp 168.5–169.7 ℃; 1H NMR (600 MHz, CDCl3): δ 7.71–

7.69 (m, 4H), 7.49 (t, J = 7.8 Hz, 2H), 7.47–7.44 (m, 2H), 7.41 (t, J = 7.5 Hz, 1H), 

7.33–7.30 (m, 4H), 1.60–1.55 (m, 1H), 0.50–0.47 (m, 2H), 0.16–0.14 (m, 2H); 
13C1H NMR (150 MHz, CDCl3): δ 172.4, 164.1, 141.5, 140.9, 130.5, 130.2, 129.6, 

128.6, 128.4, 128.1, 124.2, 120.7, 91.9, 10.4, 8.3. HRMS (ESI) m/z: [M+H]+ calcd for 

C25H19O2
+, 351.1380; found, 351.1379.

O

Ph O

4'-Phenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3af). Following the general 

procedure for the synthesis of 3, the crude product was purified by silica gel column 

chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford a white solid (62.8 

mg, 81% yield), mp 165.4–166.8 ℃; 1H NMR (600 MHz, CDCl3): δ 7.98–7.96 (m, 

2H), 7.70 (d, J = 7.2 Hz, 2H), 7.46–7.45 (m, 2H), 7.44–7.40 (m, 3H), 7.35 (s, 1H), 

7.30–7.27 (m, 4H); 13C1H NMR (150 MHz, CDCl3): δ 171.9, 147.8, 140.7, 140.0, 

131.1, 130.6, 129.6, 129.2, 128.8, 128.3, 127.2, 124.4, 120.7, 90.5. HRMS (ESI) m/z: 
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[M+H]+ calcd for C22H15O2
+, 311.1067; found, 311.1068.

O

Ph

Ph

O

Me

2-Methyl-3',4'-diphenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3ag). Following 

the general procedure for the synthesis of 3, the crude product was purified by silica 

gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford a white 

solid (91.1 mg, 91% yield), mp 171.1–172.4 ℃; 1H NMR (600 MHz, CDCl3): δ 7.56–

7.54 (m, 3H), 7.48 (d, J = 8.4 Hz, 1H), 7.37–7.35 (m, 2H), 7.33 (t, J = 3.0 Hz, 3H), 

7.24 (t, J = 7.5 Hz, 1H), 7.20 (d, J = 5.4 Hz, 2H), 7.07 (t, J = 7.5 Hz, 1H), 6.95 (t, J = 

7.8 Hz, 2H), 6.67 (d, J = 7.2 Hz, 2H), 2.36 (s, 3H); 13C1H NMR (150 MHz, CDCl3): 

δ 172.3, 160.4, 141.5, 141.0, 140.6, 138.7, 138.6, 131.2, 130.8, 130.4, 129.9, 129.5, 

129.3, 128,8, 128.4, 128.3, 127.9, 127.8, 127.7, 124.7, 124.1, 120.4, 120.3, 92.7, 21.5. 

HRMS (ESI) m/z: [M+H]+ calcd for C29H21O2
+, 401.1536; found, 401.1537.

O

Ph

Ph

O

OMe

2-Methoxy-3',4'-diphenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3ah). Following 

the general procedure for the synthesis of 3, the crude product was purified by silica 

gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford a white 

solid (93.7 mg, 90% yield), mp 191.4–193.2 ℃; 1H NMR (600 MHz, CDCl3): δ 7.54–

7.53 (m, 2H), 7.51–7.50 (m, 2H), 7.37–7.33 (m, 5H), 7.22–7.20 (m, 1H), 7.09 (t, J = 

7.5 Hz, 1H), 6.97 (t, J = 8.1 Hz, 2H), 6.94–6.92 (m, 2H), 6.69–6.67 (m, 2H), 3.80 (s, 

3H); 13C1H NMR (150 MHz, CDCl3): δ 172.3, 160.38, 160.37, 142.6, 141.4, 140.3, 

134.1, 130.8, 130.5, 129.8, 129.5, 129.4, 128.8, 128.4, 128.3, 127.8, 127.7, 127.2, 

124.0, 121.6, 119.8, 116.2, 109.8, 92.5, 55.7. HRMS (ESI) m/z: [M+H]+ calcd for 

C29H21O3
+, 417.1485; found, 417.1489.
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O

Ph

Ph

O

F

2-Fluoro-3',4'-diphenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3ai). Following the 

general procedure for the synthesis of 3, the crude product was purified by silica gel 

column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford a white solid 

(94.0 mg, 93% yield), mp 185.8–187.5 ℃; 1H NMR (600 MHz, CDCl3): δ 7.56–7.52 

(m, 4H), 7.41–7.39 (m, 2H), 7.334–7.325 (m, 3H), 7.29 (t, J = 7.5 Hz, 1H), 7.11–7.06 

(m, 3H), 6.97 (t, J = 8.1 Hz, 2H), 6.66 (d, J = 7.2 Hz, 2H); 13C1H NMR (150 MHz, 

CDCl3): δ 171.9, 163.0 (C–F, 1JC–F = 247.5 Hz), 159.7, 143.1 (C–F, 3JC–F = 8.0 Hz), 

140.7, 140.5, 137.3 (C–F, 4JC–F = 2.3 Hz), 130.7, 130.5, 129.52, 129.46, 129.0, 128.5, 

128.4, 128.1, 128.0, 127.7, 124.2, 121.8 (C–F, 3JC–F = 8.4 Hz), 120.4, 117.5 (C–F, 

2JC–F = 22.8 Hz), 111.8 (C–F, 2JC–F = 23.7 Hz), 92.1 (C–F, 4JC–F = 1.5 Hz); 19F1H 

NMR (565 MHz, CDCl3): δ -112.1. HRMS (ESI) m/z: [M+H]+ calcd for C28H18FO2
+, 

405.1285; found, 405.1285.

O

Ph

Ph

O

Cl

2-Chloro-3',4'-diphenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3aj). Following the 

general procedure for the synthesis of 3, the crude product was purified by silica gel 

column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford a white solid 

(92.6 mg, 88% yield), mp 163.2–164.7 ℃; 1H NMR (600 MHz, CDCl3): δ 7.59 (d, J 

= 7.8 Hz, 1H), 7.54–7.53 (m, 3H), 7.44–7.40 (m, 2H), 7.38–7.37 (m, 2H), 7.34–7.31 

(m, 4H), 7.12 (t, J = 7.5 Hz, 1H), 6.99 (t, J = 7.8 Hz, 2H), 6.66 (d, J = 7.8 Hz, 2H); 
13C1H NMR (150 MHz, CDCl3): δ 171.9, 159.6, 142.7, 140.7, 140.3, 139.9, 134.2, 

130.7, 130.5, 129.6, 129.54, 129.50, 129.0, 128.8, 128.48, 128.46, 128.1, 124.6, 124.3, 

121.7, 120.8, 92.2. HRMS (ESI) m/z: [M+H]+ calcd for C28H18ClO2
+, 421.0990; 

found, 421.0987.
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O

Ph O

Ph

Br

2-Bromo-3',4'-diphenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3ak). Following 

the general procedure for the synthesis of 3, the crude product was purified by silica 

gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford a white 

solid (98.9 mg, 85% yield), mp 208.6–209.9 ℃; 1H NMR (600 MHz, CDCl3): δ 7.58 

(d, J = 7.8 Hz, 1H), 7.54–7.50 (m, 4H), 7.46–7.45 (m, 1H), 7.42–7.39 (m, 2H), 7.35–

7.31 (m, 4H), 7.10 (t, J = 7.5 Hz, 1H), 6.98 (t, J = 7.8 Hz, 2H), 6.67–6.65 (m, 2H); 
13C1H NMR (150 MHz, CDCl3): δ 171.9, 159.5, 142.9, 140.5, 140.3, 133.6, 130.7, 

130.5, 129.6, 129.50, 129.48, 129.0, 128.9, 128.46, 128.45, 128.1, 127.8, 127.4, 124.2, 

122.03, 121.99, 120.8, 92.1. HRMS (ESI) m/z: [M+H]+ calcd for C28H18BrO2
+, 

465.0485; found, 465.0489.

O

Ph

Ph

O

Cl

1-Chloro-3',4'-diphenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3al). Following the 

general procedure for the synthesis of 3, the crude product was purified by silica gel 

column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford a white solid 

(53.7 mg, 51% yield), mp 205.2–206.9 ℃; 1H NMR (600 MHz, DMSO): δ 7.91 (d, J 

= 7.8 Hz, 1H), 7.86 (d, J = 7.8 Hz, 1H), 7.69 (d, J = 7.8 Hz, 1H), 7.57–7.53 (m, 2H), 

7.47 (t, J = 7.5 Hz, 1H), 7.43–7.39 (m, 6H), 7.17 (t, J = 7.2 Hz, 1H), 7.08 (t, J = 7.8 

Hz, 2H), 6.64 (d, J = 7.2 Hz, 2H); 13C1H NMR (150 MHz, DMSO): δ 171.2, 157.7, 

143.6, 140.1, 139.4, 135.7, 133.1, 131.2, 131.1, 130.3, 129.8, 129.71, 129.69, 129.6, 

129.5, 129.1, 129.0, 128.6, 128.5, 127.1, 124.4, 121.7, 120.1, 92.2. HRMS (ESI) m/z: 

[M+H]+ calcd for C28H18ClO2
+, 421.0990; found, 421.0986.
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O

Ph

Ph

O

Cl

3-Chloro-3',4'-diphenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3al’). Following 

the general procedure for the synthesis of 3, the crude product was purified by silica 

gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford a white 

solid (21.0 mg, 20% yield), mp 215.7–217.5 ℃; 1H NMR (600 MHz, DMSO): δ 8.02 

(d, J = 1.8 Hz, 1H), 7.93 (d, J = 7.8 Hz, 1H), 7.71 (d, J = 7.8 Hz, 1H), 7.68 (d, J = 7.2 

Hz, 1H), 7.55–7.52 (m, 1H), 7.49–7.47 (m, 2H), 7.46–7.42 (m, 2H), 7.39–7.38 (m, 

3H), 7.15 (t, J = 7.5 Hz, 1H), 7.07 (t, J = 7.8 Hz, 2H), 6.64 (d, J = 7.2 Hz, 2H); 
13C1H NMR (150 MHz, DMSO): δ 171.2, 158.8, 142.9, 140.7, 139.5, 139.0, 135.7, 

131.0, 130.4, 129.7, 129.6, 129.5, 128.9, 128.5, 128.4, 128.3, 127.4, 126.3, 124.7, 

121.8, 121.5, 91.6. HRMS (ESI) m/z: [M+H]+ calcd for C28H18ClO2
+, 421.0990; 

found, 421.0987.

O

Ph

Ph

O

Cl

4-Chloro-3',4'-diphenyl-5'H-spiro[fluorene-9,2'-furan]-5'-one (3am). Following 

the general procedure for the synthesis of 3, the crude product was purified by silica 

gel column chromatography (eluent: petroleum ether/EtOAc = 9:1) to afford a white 

solid (69.4 mg, 66% yield), mp 188.2–189.8 ℃; 1H NMR (600 MHz, CDCl3): δ 8.27 

(d, J = 7.8 Hz, 1H), 7.53–7.52 (m, 2H), 7.47–7.45 (m, 1H), 7.43 (d, J = 7.2 Hz, 1H), 

7.38–7.33 (m, 5H), 7,30 (d, J = 7.8 Hz, 1H), 7.21 (t, J = 7.5 Hz, 1H), 7.10 (t, J = 7.5 

Hz, 1H), 6.98 (t, J = 7.8 Hz, 2H), 6.64 (d, J = 7.8 Hz, 2H); 13C1H NMR (150 MHz, 

CDCl3): δ 172.0, 159.7, 143.2, 140.7, 140.0, 138.1, 132.0, 130.7, 130.6, 129.6, 129.54, 

129.47, 129.01, 128.96, 128.9, 128.5, 128.1, 127.7, 124.4, 124.0, 122.5, 92.2. HRMS 

(ESI) m/z: [M+H]+ calcd for C28H18ClO2
+, 421.0990; found, 421.0993.
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2-(9,9-Dimethylacridin-10(9H)-yl)-3',4'-diphenyl-

O

N

O

5'H-spiro[fluorene-9,2'-furan]-5'-one (4). White solid, mp 212.6–213.8 ℃; 1H 

NMR (600 MHz, CDCl3): δ 7.82 (d, J = 7.8 Hz, 1H), 7.73 (d, J = 7.8 Hz, 1H), 7.54 (t, 

J = 7.5 Hz, 2H), 7.48–7.47 (m, 2H), 7.46–7.42 (m, 3H), 7.33 (d, J = 1.8 Hz, 1H), 

7.30–7.26 (m, 4H), 7.20 (t, J = 7.5 Hz, 1H), 7.06 (t, J = 7.8 Hz, 2H), 6.92–6.87 (m, 

4H), 6.69 (d, J = 7.8 Hz, 2H), 6.06–6.04 (m, 2H), 1.67 (s, 6H); 13C1H NMR (150 

MHz, CDCl3): δ 172.0, 160.1, 143.6, 141.3, 141.2, 141.1, 140.7, 140.6, 133.5, 130.9, 

129.9, 129.43, 129.40, 129.3, 129.0, 128.9, 128.43, 128.38, 127.91, 127.89, 127.7, 

126.4, 125.4, 124.5, 123.0, 121.0, 120.7, 113.8, 92.3, 35.9, 31.4. HRMS (ESI) m/z: 

[M+H]+ calcd for C43H32NO2
+, 594.2428; found, 594.2429.

O

PhPh

O
Ph

OH

5-([1,1'-Biphenyl]-2-yl)-5-hydroxy-3,4-diphenylfuran-2(5H)-one (5). White solid 

mp 168.7– 170.2 ℃; 1H NMR (600 MHz, CDCl3): δ 7.96–7.94 (m, 1H), 7.40–7.30 (m, 

5H), 7.25–7.20 (m, 5H), 7.17 (t, J = 7.5 Hz, 2H), 7.13 (t, J = 7.5 Hz, 2H), 7.03–7.02 

(m, 1H), 6.97 (d, J = 7.8 Hz, 2H), 6.87 (s, 1H), 4.55 (s, 1H); 13C1H NMR (150 MHz, 

CDCl3): δ 170.8, 157.5, 141.2, 140.6, 133.5, 132.0, 130.0, 129.7, 129.6, 129.35, 

129.28, 128.8, 128.6, 128.15, 128.12, 127.9, 127.8, 127.5, 105.1. HRMS (ESI) m/z: 

[M+H]+ calcd for C28H21O3
+, 405.1485; found, 405.1483.
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6. 1H and 13C NMR spectra of o-alkynyl biaryls (2) and all products 

1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 2a
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 2b
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 2c
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1H NMR (600 MHz, CDCl3), 13C1H NMR (150 MHz, CDCl3) and 19F1H NMR 

(565 MHz, CDCl3) of 2d
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 2e
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 2f
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1H NMR (600 MHz, CDCl3), 13C1H NMR (150 MHz, CDCl3) and 19F1H NMR 

(565 MHz, CDCl3) of 2g
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 2h
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 2i
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 2j
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 2k
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 2l
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 2m
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 2n
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 2o
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 2p
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1H NMR (600 MHz, CDCl3), 13C1H NMR (150 MHz, CDCl3) and 19F1H NMR 

(565 MHz, CDCl3) of 2q
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 2r
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 2s



S62

1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 2t
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 2u
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3a
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3b
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3c
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3d
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3e
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3f
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1H NMR (600 MHz, CDCl3), 13C1H NMR (150 MHz, CDCl3) and 19F1H NMR 

(565 MHz, CDCl3) of 3g
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1H NMR (600 MHz, CDCl3), 13C1H NMR (150 MHz, CDCl3) and 19F1H NMR 

(565 MHz, CDCl3) of 3h
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1H NMR (600 MHz, CDCl3), 13C1H NMR (150 MHz, CDCl3) and 19F1H NMR 

(565 MHz, CDCl3) of 3i
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3j
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3k
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3l
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3m
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3n
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1H NMR (600 MHz, CDCl3), 13C1H NMR (150 MHz, CDCl3) and 19F1H NMR 

(565 MHz, CDCl3) of 3o
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3p
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3q



S83

1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3r
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3s
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3t
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3u
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1H NMR (600 MHz, CDCl3), 13C1H NMR (150 MHz, CDCl3) and 19F1H NMR 

(565 MHz, CDCl3) of 3v
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3w
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3x
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1H NMR (600 MHz, CDCl3), 13C1H NMR (150 MHz, CDCl3) and 19F1H NMR 

(565 MHz, CDCl3) of 3y
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3z
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3aa
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3ab
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3ac
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3ad
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3ae
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3af



S99

1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3ag
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3ah
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1H NMR (600 MHz, CDCl3), 13C1H NMR (150 MHz, CDCl3) and 19F1H NMR 

(565 MHz, CDCl3) of 3ai
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3aj
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3ak



S104

1H NMR (600 MHz, DMSO) and 13C1H NMR (150 MHz, DMSO) of 3al
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1H NMR (600 MHz, DMSO) and 13C1H NMR (150 MHz, DMSO) of 3al’
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 3am
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 4
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1H NMR (600 MHz, CDCl3) and 13C1H NMR (150 MHz, CDCl3) of 5
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