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1. General methods and materials 

All reactions were carried out under an atmosphere of nitrogen in dry glassware, and 

were monitored by analytical thin-layer chromatography (TLC), which was visualized 

by ultraviolet light (254 nm). All solvents were obtained from commercial sources and 

were purified according to standard procedures. Purification of the products was 

accomplished by flash chromatography using silica gel (200~300 mesh). Substrates 1
1 

and 2
2 were known compounds and were prepared according to known procedures. 

All NMR spectra were recorded on spectrometers, running at 300 MHz or 400 MHz for 

1H and 75 MHz or 100 MHz for 
13

C respectively. Chemical shifts (δ) and coupling 

constants (J) are reported in ppm and Hz respectively. The solvent signals were used as 

references (residual CHCl3 in CDCl3 : δH = 7.26 ppm, δc = 77.0 ppm). The following 

abbreviations are used to indicate the multiplicity in NMR spectra: s (singlet); d 

(doublet);  t (triplet); q (quartet); m (multiplet).  High resolution mass spectrometry 

(HRMS) was recorded on TOF perimer for ES+. The d.r. values were determined by 

1H NMR analysis of the crude products. The e.r.  values were determined via chiral 

HPLC analysis. 

2. General experimental procedure for the synthesis of racemic products 3 

 

To an oven-dried 10 mL flask was charged with substrate 1 (0.2 mmol, 1.0 equiv.), 

substrate 2 (0.24 mmol, 1.2 equiv.), Cs2CO3 (97.7 mg, 0.3 mmol, 1.5 equiv.), precatalyst 

J (6.3 mg, 0.02 mmol, 10 mol%). Then anhydrous PhMe (4 mL) was added to the flask. 

The resulting mixture was stirred under nitrogen atmosphere at rt typically for 4 h. After 

completion of the reaction as monitored by TLC, the reaction mixture was concentrated 

under reduced pressure. The residue was purified by chromatography on silica gel using 
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PE/EtOAc (8:1) as the eluent to afford racemic products 3.  

3. General experimental procedure for the synthesis of products 3 

 

To an oven-dried 10 mL flask was charged with substrate 1 (0.2 mmol, 1.0 equiv.), 

substrate 2 (0.24 mmol, 1.2 equiv.), tBuOK (33.7 mg, 0.3 mmol, 1.5 equiv.), precatalyst 

F (8.2 mg, 0.02 mmol, 10 mol%). Then anhydrous PhMe (4 mL) was added to the flask. 

The resulting mixture was stirred under nitrogen atmosphere at -20℃ (typically for 30 

h). After completion of the reaction as monitored by TLC, the reaction mixture was 

concentrated under reduced pressure. The residue was purified by chromatography on 

silica gel using PE/EtOAc (8:1) as the eluent to afford products 3.  

4. Procedure for the scale-up Synthesis of 3a 

To an oven-dried 50 mL bottle was charged with substrate 1a (1.0 mmol, 1.0 equiv.), 

substrate 2a (1.2 mmol, 1.2 equiv.), tBuOK (1.5 mmol, 1.5 equiv.), precatalyst F (41.3 

mg, 0.1 mmol, 10 mol%). Then anhydrous PhMe (20 mL) was added to the flask. The 

resulting mixture was stirred under nitrogen atmosphere at -20℃ for 5 days. After 

completion of the reaction as monitored by TLC, the reaction mixture was concentrated 

under reduced pressure. The residue was purified by chromatography on silica gel using 

PE/EtOAc (8:1) as the eluent to afford product 3a (226.7mg, 65%, 98:2 er, >20:1 dr). 

5. Procedure for the synthesis of product 6 

Compound 3a (0.1 mmol), NaOH (0.1 mmol), H2O/MeOH (10%, 2 mL) were charged 

in a 10 mL round bottom flask. Then, the reaction mixture was stirred at room 

temperature for 3 h. After the reaction was completed as detected by TLC, the PH of the 

reaction mixture was adjusted to 5 with 1M HCl, and the mixture was extracted with 

EtOAc. The combined organic layer was washed with brine, dried over anhydrous 

sodium sulfate, filtered, and concentrated in vacuo. The crude product was purified by 
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recrystallization to afford the product 6 as a white solid (33.0 mg, 90%, 97:3 er).  

6. Study on the [4+2] annulation of vinyl enolate with ketone 2a  

Procedure for the synthesis of product 8 

 

To an oven-dried 10 mL flask was charged with substrate 7 (0.1 mmol, 1.0 equiv.), 

substrate 2a (0.12 mmol, 1.2 equiv.), Cs2CO3 (97.7 mg, 0.3 mmol, 3.0 equiv.), pyBOP 

(78 mg, 0.15 mmol, 1.5 equiv.), precatalyst G (8.2 mg, 0.02 mmol, 10 mol%). Then 

anhydrous PhMe (4 mL) was added to the flask. The resulting mixture was stirred under 

nitrogen atmosphere at -20℃ for 24h. After completion of the reaction as monitored by 

TLC, the reaction mixture was concentrated under reduced pressure. The residue was 

purified by chromatography on silica gel using PE/EtOAc (5:1) as the eluent to afford 

product 8 as a white solid (56.8 mg, 87% yield, 90:10 er). 

Table S1 Reaction condition optimization for the synthesis of 8 using acid 7 as the 

precursor 

 

entry NHC PCR base sol. temp. yield (%) er 

1 A pyBOP Cs2CO3 PhMe rt 85 50:50 er 

2 B pyBOP Cs2CO3 PhMe rt 89 72.5:27.5 er 

3 D pyBOP Cs2CO3 PhMe rt 90 50:50 er 

4 G pyBOP Cs2CO3 PhMe rt 91 84.5:15.5 er 

5 H pyBOP Cs2CO3 PhMe rt 92 67:33 er 

6 I pyBOP Cs2CO3 PhMe rt 75 62.5:37.5 er 

7 G pyBOP DABCO PhMe rt 80 67.5:32.5 er 
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8 G pyBOP CsOAc PhMe rt 73 65:35 er 

9 G pyBOP K2CO3 PhMe rt 75 72:28 er 

10 G pyBOP K2HPO4 PhMe rt 65 70:30 er 

11 G pyBOP Cs2CO3 DCM rt 67 70:30 er 

12 G pyBOP Cs2CO3 CH3CN rt 52 50:50 er 

13 G pyBOP Cs2CO3 THF rt 77 78:22 er 

14 G pyBOP Cs2CO3 1,4-dioxane rt 79 75:25 er 

15 G HBTU Cs2CO3 PhMe rt 85 83:17 er 

16 G pyBOP Cs2CO3 PhMe 0oC 88 86:14 er 

17 G pyBOP Cs2CO3 PhMe -20oC 87 90:10 er 

Reaction Conditions: all reactions were performed in a 10 mL flask on a 0.1 mmol scale with 1.

0 equiv of 2a, 1.2 equiv of 7, 10 mol% of an NHC precursor, 1.5 equiv. of PCR, 3.0 equiv. of a b

ase in an anhydrous solvent (4 mL) at temp. under N2. 

Table S2. Reaction condition optimization for the synthesis of 8 using enal 9 as the 

precursor 

 

entry NHC base sol. temp. yield (%) er 

1 A Cs2CO3 PhMe rt 77 50:50 er 

2 B Cs2CO3 PhMe rt 85 79:21 er 

3 D Cs2CO3 PhMe rt 80 50:50 er 

4 G Cs2CO3 PhMe rt 87 85:15 er 

5 H Cs2CO3 PhMe rt 89 76:24 er 

6 I Cs2CO3 PhMe rt 82 85:15 er 

Reaction Conditions: all reactions were performed in a 10 mL flask on a 0.1 mmol scale with 1.

0 equiv of 2a, 1.2 equiv of 9, 10 mol% of an NHC precursor, 1.5 equiv. of  DQ, 1.5 equiv. of Cs2

CO3 in anhydrous PhMe (2 mL) at temp. under N2. 

Table S3. Reaction condition optimization for the synthesis of 8 using 2-bromoenal 10 

as the precursor 

 

entry NHC base sol. temp. yield (%) er  

1 A Cs2CO3 PhMe rt 81 50:50 er 

2 B Cs2CO3 PhMe rt 76 77:23 er 

3 D Cs2CO3 PhMe rt 84 50:50 er 

4 G Cs2CO3 PhMe rt 85 83:27 er 
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5 I Cs2CO3 PhMe rt 74 62:38 er 

Reaction Conditions: all reactions were performed in a 10 mL flask on a 0.1 mmol scale with 1.

0 equiv of 2a, 1.2 equiv of 10, 10 mol% of an NHC precursor, 1.5 equiv. of Cs2CO3 in anhydrou

s PhMe (2 mL) at temp. under N2. 

 

7. Characterization of the products 

(2S,3R)-3-(4-chlorophenyl)-2',2'-difluoro-3,4-dihydro-5H-spiro[furan-2,1'-

indene]-3',5(2'H)-dione (3a). White solid, MP: 160-162 oC; 58.6 

mg, 84% yield, 96:4 er, >20:1 dr. [α]D
23 = +7.444 (C = 0.403 in 

CHCl3). HPLC DAICEL CHIRALCEL IC, n-hexane/2- propanol 

= 80/20, flow rate = 1.0 mL/min, λ = 254 nm, retention time: 12.41 min (major), 14.95 

min (minor). 1H NMR (300 MHz, Chloroform-d) δ 8.05-7.96 (m, 1H), 7.95-7.81 (m, 

2H), 7.80-7.69 (m, 1H), 7.13 (d, J = 8.5 Hz, 2H), 6.56-6.52 (m, 2H), 4.05 (ddd, J = 

12.8, 7.6, 4.2 Hz, 1H), 3.51 (ddd, J = 16.5, 13.9, 2.3 Hz, 1H), 2.99 (ddd, J = 17.0, 7.6, 

1.7 Hz, 1H). 13C NMR (101 MHz, Chloroform-d) δ 185.3 (dd, 2JC-F = 25.6, 23.3 Hz), 

172.72, 146.4 (d, 4JC-F = 4.1 Hz), 138.31, 134.89, 133.4 (dd, 4JC-F = 4.5, 2.3 Hz), 132.07, 

129.7 (d, 4JC-F = 3.3 Hz), 128.94, 128.7 (d, 4JC-F =1.8 Hz), 124.74, 124.7 (d, 4JC-F = 1.9 

Hz), 115.6 (dd, 1JC-F = 273.5, 261.6 Hz), 86.5 (dd, 2JC-F = 21.4, 16.9 Hz), 52.02, 31.9 

(d, 4JC-F = 2.8 Hz). 19F NMR (376 MHz, Chloroform-d) δ -109.0 (d, J = 270.7Hz), -

128.9 (d, J = 270.7Hz). HRMS (ESI) calcd for C18H12ClF2O3 (M+H)+: 349.0438, found 

349.0422. 

(2S,3R)-2',2'-difluoro-3-phenyl-3,4-dihydro-5H-spiro[furan-2,1'-indene]-3',5(2'H)-

dione (3b). White solid, MP: 133-135 oC; 52.2 mg, 83% yield, 96:4 

er, >20:1 dr. [α]D
23 = +31.884 (C = 0.276 in CHCl3). HPLC DAICEL 

CHIRALCEL IC, n-hexane/2-propanol = 80/20, flow rate = 1.0 

mL/min, λ = 254 nm, retention time: 12.79 min (major), 15.48 min 

(minor). 1H NMR (400 MHz, Chloroform-d) δ 8.00 (t, J = 7.5 Hz, 1H), 7.92 (d, J = 7.8 

Hz, 1H), 7.82 (d, J = 7.7 Hz, 1H), 7.73 (t, J = 7.5 Hz, 1H), 7.23 (t, J = 7.4 Hz, 1H), 7.15 

(t, J = 7.5 Hz, 2H), 6.60 (d, J = 7.7 Hz, 2H), 4.08 (ddd, J = 12.9, 7.6, 4.3 Hz, 1H), 3.57 
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(ddd, J = 16.5, 13.9, 2.3 Hz, 1H), 2.99 (ddd, J = 17.1, 7.6, 1.7 Hz, 1H). 13C NMR (101 

MHz, Chloroform-d) δ 185.4 (dd, 2JC-F = 25.5, 23.3 Hz), 173.2, 146.7 (d, 3JC-F = 8.0 

Hz), 138.1, 133.5 (dd, 4JC-F = 4.7, 2.1 Hz), 131.9, 130.0 (d, 4JC-F = 1.6Hz), 128.8, 128.6, 

128.5 (d, 4JC-F = 3.1 Hz), 124.7 (d, 4JC-F = 1.4 Hz), 124.5, 115.8 (dd, 1JC-F = 274.3, 260.3 

Hz), 86.9 (dd, 2JC-F = 21.3, 16.8 Hz), 52.6, 31.8 (d, 4JC-F = 2.9 Hz). 19F NMR (376 MHz, 

Chloroform-d) δ -109.0(d, J = 264.24 Hz), -129.4 (d, J = 270.7.0 Hz). HRMS (ESI) 

calcd for C18H13F2O3 (M+H)+: 315.0828, found 315.0837. 

(2S,3R)-2',2'-difluoro-3-(4-fluorophenyl)-3,4-dihydro-5H-spiro[furan-2,1'-

indene]-3',5(2'H)-dione (3c). White solid, MP: 158-159 oC; 43.2 

mg, 65% yield, 98:2 er, >20:1 dr. [α]D
23 = -39.140 (C = 0.155 in 

CHCl3). HPLC DAICEL CHIRALCEL IC, n-hexane/2-propanol = 

80/20, flow rate = 1.0 mL/min, λ = 254 nm, retention time: 11.93 

min (major), 14.19 min (minor). 1H NMR (400 MHz, Chloroform-d) δ 8.00 (t, J = 7.5 

Hz, 1H), 7.91 (d, J = 7.8 Hz, 1H), 7.82 (d, J = 7.7 Hz, 1H), 7.73 (t, J = 7.5 Hz, 1H), 

6.84 (t, J = 8.4 Hz, 2H), 6.60-6.56 (m, 2H), 4.05 (ddd, J = 12.9, 7.6, 4.3 Hz, 1H), 3.51 

(ddd, J = 16.6, 13.9, 2.3 Hz, 1H), 3.05-2.92 (m, 1H). 13C NMR (101 MHz, Chloroform-

d) δ 185.3 (dd, 2JC-F = 25.3, 23.3 Hz), 172.9, 162.7 (d, 1JC-F = 250.1 Hz),146.4 (d, 3JC-F 

= 8.0 Hz), 138.3, 133.4 (dd, 4JC-F = 4.6, 2.2 Hz), 132.0, 130.2 (dd, 3JC-F = 8.3, 3.3 Hz), 

125.8, 124.7 (d, 4JC-F = 1.4 Hz), 124.6, 115.74 (dd, 1JC-F = 273.9, 260.6 Hz), 115.73 (d, 

2JC-F = 21.7 Hz), 86.7 (dd, 2JC-F = 21.2, 16.9 Hz), 52.0, 31.0 (d, 4JC-F = 2.9 Hz). 19F 

NMR (376 MHz, Chloroform-d) δ -109.1 (d, J = 270.7Hz), -112.23, -129.5 (d, J = 

270.7Hz). HRMS (ESI) calcd for C19H15F2O4: 345.0933, found 345.0934. HRMS (ESI) 

calcd for C18H12F3O3 (M+H)+: 333.0734, found 333.0737. 

(2S,3R)-3-(4-bromophenyl)-2',2'-difluoro-3,4-dihydro-5H-spiro[furan-2,1'-indene]-

3',5(2'H)-dione (3d). White solid, MP: 180-181 oC; 48.0 mg, 61% 

yield, 97:3 er, >20:1 dr. [α]D
23 = -39.140 (C = 0.155 in CHCl3). 

HPLC DAICEL CHIRALCEL IC, n-hexane/2-propanol = 80/20, 

flow rate = 1.0 mL/min, λ = 254 nm, retention time: 13.68 min 

(major), 16.06 min (minor). 1H NMR (400 MHz, Chloroform-d) δ 8.01 (t, J = 7.5 Hz, 
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1H), 7.92 (d, J = 7.8 Hz, 1H), 7.85 (d, J = 7.7 Hz, 1H), 7.75 (t, J = 7.5 Hz, 1H), 7.28 (d, 

J = 8.4 Hz, 2H), 6.50-6.47 (m, 2H), 4.05 (ddd, J = 12.7, 7.5, 4.2 Hz, 1H), 3.51 (ddd, J 

= 16.4, 13.8, 2.2 Hz, 1H), 3.00 (ddd, J = 17.0, 7.6, 1.6 Hz, 1H). 13C NMR (101 MHz, 

Chloroform-d) δ 185.4 (dd, 2JC-F = 25.4, 23.3 Hz), 172.7, 146.4 (d, 3JC-F = 7.9 Hz), 

138.3, 133.4 (dd, 4JC-F = 4.6, 1.7 Hz), 132.1, 131.9, 130.0 (d, 4JC-F = 3.3 Hz), 129.3 (d, 

4JC-F = 1.9 Hz), 124.74, 124.70, 123.0, 115.6 (dd, 1JC-F = 273.7, 261.6 Hz), 86.4 (dd, 

2JC-F = 21.3, 16.8 Hz), 52.0, 31.9 (d, 4JC-F = 2.8 Hz). 19F NMR (376 MHz, Chloroform-

d) δ -109.0 (d, J = 270.7Hz), -128.7 (d, J = 274.5Hz). HRMS (ESI) calcd for 

C18H12BrF2O3 (M+H)+: 392.9933, 394.9912, found 392.39930, 394.9903. 

(2S,3R)-2',2'-difluoro-3-(p-tolyl)-3,4-dihydro-5H-spiro[furan-2,1'-indene]-

3',5(2'H)-dione (3e). White solid, MP: 170-172 oC; 48.0 mg, 75% 

yield, 98:2 er, >20:1 dr. [α]D
23 = -9.524 (C = 0.154 in CHCl3). 

HPLC DAICEL CHIRALCEL IC, n-hexane/2-propanol = 85/15, 

flow rate = 1.0 mL/min, λ = 254 nm, retention time: 16.57 min 

(major), 19.84 min (minor). 1H NMR (400 MHz, Chloroform-d) δ 7.98 (t, J = 7.5 Hz, 

1H), 7.91 (d, J = 7.7 Hz, 1H), 7.81 (d, J = 7.7 Hz, 1H), 7.72 (t, J = 7.5 Hz, 1H), 6.94 (d, 

J = 7.8 Hz, 2H), 6.48 (d, J = 5.8 Hz, 2H), 4.03 (ddd, J = 13.0, 7.5, 4.3 Hz, 1H), 3.54 

(ddd, J = 16.7, 14.0, 2.4 Hz, 1H), 2.96 (ddd, J = 17.0, 7.5, 1.7 Hz, 1H), 2.25 (s, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 185.4 (dd, 2JC-F =25.2, 23.3 Hz), 173.4, 146.8 (d, 

3JC-F = 8.0 Hz), 138.7, 138.1, 133.5 (dd, 4JC-F = 4.7, 2.1 Hz), 131.8, 129.4, 128.3 (d, 4JC-

F = 3.1 Hz), 126.7 (d, 4JC-F = 1.8 Hz), 124.7 (d, 4JC-F = 1.2 Hz), 124.5, 115.8 (dd, 1JC-F 

= 274.7, 259.8 Hz), 86.8 (dd, 2JC-F = 21.2, 16.7 Hz), 52.5, 31.9 (d, 4JC-F = 2.9 Hz), 21.2. 

19F NMR (376 MHz, Chloroform-d) δ -108.9(d, J = 270.7Hz), -129.8 (d, J = 270.7Hz). 

HRMS (ESI) calcd for C19H14F2NaO3 (M+Na)+: 351.0804, found 351.0812. 

(2S,3R)-2',2'-difluoro-3-(4-methoxyphenyl)-3,4-dihydro-5H-spiro[furan-2,1'-

indene]-3',5(2'H)-dione (3f). White solid, MP: 191-192 oC; 58.5 

mg, 85% yield, 95.5:4.5 er, >20:1 dr. [α]D
23 = -0.683 (C = 0.293 

in CHCl3). HPLC DAICEL CHIRALCEL IC, n-hexane/2-

propanol = 85/15, flow rate = 1.0 mL/min, λ = 254 nm, retention 
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time: 23.63 min (major), 29.44 min (minor). 1H NMR (400 MHz, Chloroform-d) δ 

7.98 (t, J = 7.6 Hz, 1H), 7.89 (d, J = 7.8 Hz, 1H), 7.81 (d, J = 7.7 Hz, 1H), 7.71 (t, J = 

7.5 Hz, 1H), 6.66 (d, J = 8.8 Hz, 2H), 6.55-6.45 (m, 2H), 3.99 (ddd, J = 12.9, 7.6, 4.4 

Hz, 1H), 3.72 (s, 3H), 3.51 (ddd, J = 16.8, 14.1, 2.4 Hz, 1H), 2.96 (ddd, J = 17.1, 7.6, 

1.9 Hz, 1H). 13C NMR (101 MHz, Chloroform-d) δ 185.3 (t, 2JC-F = 23.2 Hz), 173.4, 

159.8, 146.7 (d, 3JC-F = 8.3 Hz), 138.1, 133.4 (d, 4JC-F = 3.3 Hz), 129.7, 129.7, 124.6 (d, 

4JC-F = 1.7 Hz), 124.5, 121.4 (d, 4JC-F = 1.7 Hz), 115.9 (dd, 1JC-F = 274.7, 259.7 Hz), 

114.0, 86.9 (dd, 2JC-F = 25.6, 23.1 Hz), 55.3, 52.3, 32.0 (d, 4JC-F = 3.1 Hz). 19F NMR 

(376 MHz, Chloroform-d) δ -109.0 (d, J = 267.0Hz), -130.3 (d, J = 267.0Hz). HRMS 

(ESI) calcd for C19H15F2O4 (M+H)+: 345.0933, found 345.0934. 

(2S,3R)-3-([1,1'-biphenyl]-4-yl)-2',2'-difluoro-3,4-dihydro-5H-spiro[furan-2,1'-

indene]-3',5(2'H)-dione (3g). White solid, MP: 188-189 oC; 54.7 

mg, 70% yield, 97:3 er, >20:1 dr. [α]D
23 = 62.319 (C = 0.391 in 

CHCl3). HPLC DAICEL CHIRALCEL IC, n-hexane/2-propanol = 

80/20, flow rate = 1.0 mL/min, λ = 254 nm, retention time: 16.94 

min (major), 22.31 min (minor). 1H NMR (400 MHz, Chloroform-d) δ 8.00 (t, J = 7.5 

Hz, 1H), 7.94 (d, J = 7.8 Hz, 1H), 7.84 (d, J = 7.7 Hz, 1H), 7.74 (t, J = 7.5 Hz, 1H), 

7.50 (d, J = 7.5 Hz, 2H), 7.44-7.30 (m, 5H), 6.68 (dd, J = 8.3, 2.3 Hz, 2H), 4.13 (ddd, 

J = 12.9, 7.6, 4.2 Hz, 1H), 3.60 (ddd, J = 16.6, 13.7, 2.2 Hz, 1H), 3.02 (dd, J = 17.0, 

7.5 Hz, 1H). 13C NMR (101 MHz, Chloroform-d) δ 185.4 (dd, 2JC-F = 25.4, 23.1 Hz), 

173.2, 146.7 (d, 3JC-F = 7.9 Hz), 141.5, 140.0, 138.2, 133.5 (dd, 4JC-F = 4.4, 1.8 Hz), 

131.9, 128.9 (d, 4JC-F = 1.9 Hz), 128.9, 128.8 (d, 4JC-F = 3.1 Hz), 127.8, 127.2, 127.1, 

124.7 (d, 4JC-F = 1.6 Hz), 124.6, 115.8 (dd, 1JC-F = 274.0, 260.6 Hz), 86.8 (dd, 2JC-F = 

21.3, 16.8 Hz), 52.3, 31.9 (d, 4JC-F = 2.8 Hz). 19F NMR (376 MHz, Chloroform-d) δ -

109.0 (d, J = 270.7Hz), -129.0 (d, J = 270.7Hz). HRMS (ESI) calcd for C19H14F2NaO3 

(M+Na)+: 391.1140, found 391.1134. 

(2S,3R)-2',2'-difluoro-3-(4-(trifluoromethyl)phenyl)-3,4-dihydro-5H-spiro[furan-

2,1'-indene]-3',5(2'H)-dione (3h). White solid, MP: 180-181 oC; 50.5 mg, 66% yield, 
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94:6 er, >20:1 dr. [α]D
23 = -4.444 (C = 0.240 in CHCl3). HPLC 

DAICEL CHIRALCEL IC, n-hexane/2-propanol = 95/5, flow 

rate = 1.0 mL/min, λ = 254 nm, retention time: 31.92 min (major), 

37.19 min (minor). 1H NMR (300 MHz, Chloroform-d) δ 8.03 (t, 

J = 7.5 Hz, 1H), 7.95 (d, J = 7.8 Hz, 1H), 7.86 (d, J = 7.7 Hz, 1H), 7.77 (t, J = 7.4 Hz, 

1H), 7.42 (d, J = 8.0 Hz, 2H), 6.76 (d, J = 8.0 Hz, 2H), 4.17 (ddd, J = 12.8, 7.5, 4.0 Hz, 

1H), 3.57 (ddd, J = 16.2, 13.6, 2.1 Hz, 1H), 3.05 (dd, J = 17.0, 7.6 Hz, 1H). 13C NMR 

(101 MHz, Chloroform-d) δ 185.4 (t, 2JC-F = 23.5 Hz), 172.4, 146.3 (d, 3JC-F = 7.9 Hz), 

138.5, 134.7, 133.4 (dd, 4JC-F = 4.5, 2.7 Hz), 132.3, 131.0 (q, 1JC-F = 32.5 Hz), 128.8 (d, 

4JC-F = 3.2 Hz), 125.6 (q, 3JC-F = 3.7 Hz), 123.7 (q, 1JC-F = 272.5 Hz), 124.9, 124.8, 

115 .5 (dd, 1JC-F = 272.8, 262.7 Hz), 86.4 (dd, 2JC-F = 21.8, 17.2 Hz), 52.0, 31.9 (d, 4JC-

F = 2.6 Hz). 19F NMR (282 MHz, Chloroform-d) δ -62.84, -109.2 (d, J = 272.8 Hz), -

127.7 (d, J = 272.8 Hz). HRMS (ESI) calcd for C19H11F5KO3 (M+K)+ : 421.0260, found 

421.0630. 

(2S,3R)-2',2'-difluoro-3-(4-nitrophenyl)-3,4-dihydro-5H-spiro[furan-2,1'-indene]-

3',5(2'H)-dione (3i). Yellow solid, MP: 175-177 oC; 39.5 mg, 55% 

yield, 95:5 er, >20:1 dr. [α]D
23 = 15.385 (C = 0.013 in CHCl3). 

HPLC DAICEL CHIRALCEL IC, n-hexane/2-propanol = 70/30, 

flow rate = 1.0 mL/min, λ = 254 nm, retention time: 15.27 min 

(major), 19.06 min (minor). 1H NMR (300 MHz, DMSO-d6) δ 8.33 (d, J = 7.8 Hz, 1H), 

8.28-8.20 (m, 1H), 8.05 (d, J = 8.4 Hz, 2H), 7.93 (q, J = 8.2, 7.6 Hz, 2H), 7.01 (d, J = 

6.9 Hz, 2H), 4.75 (ddd, J = 12.7, 7.7, 3.8 Hz, 1H), 3.88-3.70 (m, 1H), 3.16 (dd, J = 17.4, 

7.8 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) δ 186.3(dd, 2JC-F = 25.5, 23.7 Hz), 173.52, 

147.46, 146.7(d, 3JC-F = 7.2 Hz), 140.11, 133.32, 132.40, 130.25, 130.22, 126.49, 

125.09, 123.72, 115.8 (dd, 1JC-F = 272.0, 259.7 Hz), 86.0 (dd, 2JC-F = 20.9, 15.0 Hz), 

49.96, 31.86. 19F NMR (282 MHz, DMSO-d6) δ -109.6 (d, J = 270.3 Hz), -125.9 (d, J 

= 270.2 Hz). HRMS (ESI) calcd for C18H11F2KNO5 (M+K)+ : 398.0237, found 398.0219. 

4-((2S,3R)-2',2'-difluoro-3',5-dioxo-2',3',4,5-tetrahydro-3H-spiro[furan-2,1'-

inden]-3-yl)benzonitrile (3j). White solid, MP: 150-152 oC; 40.7 mg, 60% yield, 95:5 
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er, 5:1 dr. [α]D
23 = 49.083 (C = 0.218 in CHCl3). HPLC DAICEL 

CHIRALCEL IC, n-hexane/Ethanol = 70/30, flow rate = 1.0 

mL/min, λ = 254 nm, retention time: for major diastereomer: 17.41 

min (major), 20.78 min (minor); for minor diastereomer: 29.21 min 

(major), 33.92 min (minor). 1H NMR (400 MHz, Chloroform-d) δ 8.03 (t, J = 7.6 Hz, 

1H), 7.94 (d, J = 7.8 Hz, 1H), 7.86 (d, J = 7.7 Hz, 1H), 7.78 (t, J = 7.5 Hz, 1H), 7.45 (d, 

J = 8.2 Hz, 2H), 6.77-6.74 (m, 2H), 4.17 (ddd, J = 12.5, 7.6, 3.9 Hz, 1H), 3.54 (ddd, J 

= 16.0, 13.6, 2.1 Hz, 1H), 3.05 (ddd, J = 17.0, 7.6, 1.5 Hz, 1H). 13C NMR (101 MHz, 

Chloroform-d) δ 185.3 (dd, 2JC-F = 25.3, 23.8 Hz), 172.1, 146.1 (d, 3JC-F = 7.5 Hz), 

138.6, 136.0, 133.3 (dd, 4JC-F = 4.5, 2.8 Hz), 132.42, 132.37, 129.1 (d, 4JC-F = 3.3 Hz), 

124.9, 124.8, 118.0, 115.4 (dd, 1JC-F = 272.3, 263.5 Hz), 112.8, 86.30 (dd, 2JC-F = 21.6, 

17.1 Hz), 52.0, 31.8 (d, 4JC-F = 2.6 Hz). 19F NMR (376 MHz, Chloroform-d) δ -109.5 

(d, J = 274.5 Hz), -127.3 (d, J = 270.7 Hz). HRMS (ESI) calcd for C19H12F2NO3 (M+H)+ : 

340.0780, found 340.0784. 

(2S,3R)-2',2'-difluoro-3-(3-fluorophenyl)-3,4-dihydro-5H-spiro[furan-2,1'-indene]-

3',5(2'H)-dione (3k).White solid, MP: 117-119 oC; 49.8 mg, 75% 

yield, 99:1 er, >20:1 dr. [α]D
23 = -15.569 (C = 0.167 in CHCl3). 

HPLC DAICEL CHIRALCEL IG, n-hexane/Ethanol = 90/10, flow 

rate = 1.0 mL/min, λ = 254 nm, retention time: 20.16 min (major), 

23.50 min (minor). 1H NMR (400 MHz, Chloroform-d) δ 8.01 (t, J = 7.5 Hz, 1H), 7.92 

(d, J = 7.8 Hz, 1H), 7.85 (d, J = 7.7 Hz, 1H), 7.75 (t, J = 7.5 Hz, 1H), 7.15-7.09 (m, 

1H), 6.95-6.90 (m, 1H), 6.46 - 6.26 (m, 2H), 4.10 (ddd, J = 12.7, 7.6, 4.1 Hz, 1H), 3.51 

(ddd, J = 16.4, 13.8, 2.2 Hz, 1H), 3.09 - 2.94 (m, 1H). 13C NMR (101 MHz, Chloroform-

d) δ 185.4 (dd, 2JC-F =25.3, 23.4 Hz), 172.7, 162.51(d, 1JC-F =248.5 Hz), 146.4(d, 3JC-F 

= 7.9 Hz), 138.3, 133.5 (dd, 4JC-F = 4.5, 2.2 Hz), 132.8(dd, 3JC-F = 7.5, 1.9 Hz), 132.1, 

130.3(d, 3JC-F = 8.4 Hz), 124.7, 124.040 (d, 4JC-F = 6.0 Hz), 124.039, 115.8(d, 2JC-F = 

21.1 Hz), 115.5590(dd, 1JC-F = 279.2, 259.6 Hz), 115.5589 (d, 2JC-F = 25.8 Hz), 86.5 

(dd, 2JC-F = 21.6, 16.9 Hz), 52.0, 31.9 (d, 4JC-F =2.8 Hz). 19F NMR (376 MHz, 
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Chloroform-d) δ -109.1 (d, J = 270.7Hz), -111.57, -128.5 (d, J = 274.5Hz). HRMS (ESI) 

calcd for C18H12F3O3 (M+H)+ : 333.0734, found 333.0737. 

(2S,3R)-3-(3-chlorophenyl)-2',2'-difluoro-3,4-dihydro-5H-spiro[furan-2,1'-indene]-

3',5(2'H)-dione (3l). White solid, MP: 155-156 oC; 53.0 mg, 76% 

yield, 97:3 er, >20:1 dr. [α]D
23 = -7.375 (C = 0.348 in CHCl3). 

HPLC DAICEL CHIRALCEL IC, n-hexane/2-propanol = 93/7, 

flow rate = 1.0 mL/min, λ = 254 nm, retention time: 30.16 min 

(major), 37.24 min (minor). 1H NMR (300 MHz, Chloroform-d) δ 8.04-7.99 (m, 1H), 

7.95-7.79 (m, 2H), 7.80-7.70 (m, 1H), 7.20 (d, J = 8.3 Hz, 1H), 7.09 (t, J = 7.9 Hz, 1H), 

6.65 - 6.40 (m, 2H), 4.06 (ddd, J = 12.6, 7.6, 4.1 Hz, 1H), 3.51 (ddd, J = 16.4, 13.8, 2.2 

Hz, 1H), 3.00 (ddd, J = 17.0, 7.6, 1.6 Hz, 1H). 13C NMR (101 MHz, Chloroform-d) δ 

185.4 (dd, 2JC-F = 25.6, 23.9 Hz), 172.6, 146.4 (d, 3JC-F = 7.8 Hz), 138.4, 134.6, 133.5 

(dd, 4JC-F = 4.4, 2.4 Hz), 132.4 (d, 4JC-F = 1.9 Hz), 132.1, 129.9, 129.0, 128.7, 128.7, 

126.4 (d, 4JC-F = 3.2 Hz), 124.7, 115.5 (dd, 1JC-F = 273.5, 261.9 Hz), 86.5 (dd, 2JC-F = 

21.4, 16.8 Hz), 52.0, 31.8 (d, 4JC-F = 2.7Hz). 19F NMR (282 MHz, Chloroform-d) δ -

109.1 (d, J = 271.8 Hz), -128.6 (d, J = 271.8 Hz). HRMS (ESI) calcd for C18H12ClF2O3 

(M+H)+ : 349.0438, found 349.0442. 

(2S,3R)-3-(3-bromophenyl)-2',2'-difluoro-3,4-dihydro-5H-spiro[furan-2,1'-

indene]-3',5(2'H)-dione (3m). White solid, MP: 172-174 oC; 49.5 

mg, 63% yield, 97:3 er, 3.5:1 dr. [α]D
23 = -7.375 (C = 0.348 in 

CHCl3). HPLC DAICEL CHIRALCEL IC, n-hexane/2-propanol = 

90/10, flow rate = 1.0 mL/min, λ = 254 nm, retention time: for minor diastereomer: 

14.90 min (minor), 18.62 min (major); for major diastereomer: 22.99 min (major), 

28.82 min (minor). 1H NMR (400 MHz, Chloroform-d) δ 8.01 (t, J = 7.5 Hz, 1H), 7.97-

7.82 (m, 2H), 7.76 (t, J = 7.5 Hz, 1H), 7.35 (d, J = 7.9 Hz, 1H), 7.03 (t, J = 7.9 Hz, 1H), 

6.68 (s, 1H), 6.56 (d, J = 7.6 Hz, 1H), 4.06 (ddd, J = 12.6, 7.5, 4.1 Hz, 1H), 3.50 (ddd, 

J = 16.3, 13.7, 2.2 Hz, 1H), 3.00 (ddd, J = 17.0, 7.6, 1.7 Hz, 1H). 13C NMR (101 MHz, 

Chloroform-d) δ 185.3 (dd, 2JC-F = 28.3, 23.3 Hz), 172.6, 146.3 (d, 3JC-F = 7.9 Hz), 

138.4, 133.5 (dd, 4JC-F = 4.7, 2.5 Hz), 132.6 (d, 4JC-F = 1.9 Hz), 132.1, 131.9, 131.6, 
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131.6, 130.1, 126.8 (d, 4JC-F = 3.3 Hz), 124.7, 122.6, 115.5 (dd, 1JC-F = 273.6, 261.9 

Hz), 86.5 (dd, 2JC-F = 21.5, 17.0 Hz), 51.9, 31.7 (d, 4JC-F = 2.8 Hz). 19F NMR (376 MHz, 

Chloroform-d) δ -109.2 (d, J = 270.7Hz), -128.6 (d, J = 270.7Hz). HRMS (ESI) calcd 

for C18H12BrF2O3 (M+H)+ : 392.9933, 394.9912, found 392.39930, 394.9903. 

(2S,3R)-2',2'-difluoro-3-(3-methoxyphenyl)-3,4-dihydro-5H-spiro[furan-2,1'-

indene]-3',5(2'H)-dione (3n). White solid, MP: 130-132 oC; 53.0 

mg, 77% yield, 98:2 er, >20:1 dr. [α]D
23 = -11.463 (C = 0.410 in 

CHCl3). HPLC DAICEL CHIRALCEL IC, n-hexane/2-propanol 

= 80/20, flow rate = 1.0 mL/min, λ = 254 nm, retention time: 15.11 

min (major), 17.98 min (minor) 1H NMR (400 MHz, Chloroform-d) δ 7.99 (t, J = 6.9 

Hz, 1H), 7.91 (d, J = 7.8 Hz, 1H), 7.83 (d, J = 7.7 Hz, 1H), 7.73 (t, J = 7.3 Hz, 1H), 

7.06 (t, J = 8.0 Hz, 1H), 6.74 (dd, J = 8.2, 2.4 Hz, 1H), 6.20 (d, J = 7.6 Hz, 1H), 6.08 

(s, 1H), 4.06 (ddd, J = 12.8, 7.5, 4.3 Hz, 1H), 3.58 (s, 3H), 3.52 (ddd, J = 16.5, 13.9, 

2.2 Hz, 1H), 2.98 (ddd, J = 17.0, 7.6, 1.6 Hz, 1H). 13C NMR (101 MHz, Chloroform-d) 

δ 185.5 (dd, 2JC-F = 25.1, 23.3 Hz), 173.1, 159.5, 146.8 (d, 3JC-F = 8.6 Hz), 138.2, 133.6 

(dd, 4JC-F = 4.6, 2.3 Hz), 131.9, 131.6 (d, 4JC-F = 1.8 Hz), 129.7, 124.7 (d, 4JC-F = 1.7 

Hz), 124.5, 120.5 (d, 4JC-F = 3.2 Hz), 115.7 (dd, 1JC-F = 274.7, 260.3 Hz), 114.5 (d, 4JC-

F = 2.9 Hz), 113.9, 86.7 (dd, 2JC-F = 21.3, 16.8 Hz), 55.1, 52.3, 31.9 (d, 4JC-F = 2.8 Hz). 

19F NMR (376 MHz, Chloroform-d) δ -108.9 (d, J = 270.7Hz), -129.1 (d, J = 270.7Hz). 

HRMS (ESI) calcd for C19H15F2O4 (M+H)+ : 345.0933, found 345.0934. 

(2S,3R)-2',2'-difluoro-3-(m-tolyl)-3,4-dihydro-5H-spiro[furan-2,1'-indene]-

3',5(2'H)-dione (3o). White solid, MP: 128-130 oC; 38.7 mg, 59% 

yield, 96:4 er, >20:1 dr. [α]D
23 = -32.873 (C = 0.145 in CHCl3). 

HPLC DAICEL CHIRALCEL IC, n-hexane/2-propanol = 85/15, 

flow rate = 1.0 mL/min, λ = 254 nm, retention time: 14.46 min (major), 17.96 min 

(minor). 1H NMR (400 MHz, Chloroform-d) δ 7.98 (t, J = 7.5 Hz, 1H), 7.91 (d, J = 7.7 

Hz, 1H), 7.81 (d, J = 7.7 Hz, 1H), 7.72 (t, J = 7.5 Hz, 1H), 6.94 (d, J = 7.8 Hz, 2H), 

6.48 (d, J = 5.8 Hz, 2H), 4.03 (ddd, J = 13.0, 7.5, 4.3 Hz, 1H), 3.54 (ddd, J = 16.7, 14.0, 

2.4 Hz, 1H), 2.96 (ddd, J = 17.0, 7.5, 1.7 Hz, 1H), 2.25 (s, 3H). 13C NMR (101 MHz, 
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Chloroform-d) δ 185.4 (dd, 2JC-F = 25.2,23.3 Hz), 173.4, 146.8 (d, 3JC-F = 8.0Hz), 138.7, 

138.1, 133.5 (dd, 4JC-F = 4.7, 2.1 Hz), 131.8, 129.4, 128.3 (d, 4JC-F = 3.1 Hz), 126.7 (d, 

4JC-F = 1.8 Hz), 124.7 (d, 4JC-F = 1.2 Hz), 124.5, 115.8 (dd, 1JC-F = 274.7, 259.8 Hz), 

86.8 (dd, 2JC-F = 21.2, 16.7 Hz), 52.5, 31.9 (d, 4JC-F = 2.9 Hz), 21.2. 19F NMR (376 MHz, 

Chloroform-d) δ -108.9 (d, J = 270.7Hz), -129.8 (d, J = 267.0Hz). HRMS (ESI) calcd 

for C19H14F2NaO3 (M+Na)+ : 351.0804, found 351.0812. 

(2S,3R)-2',2'-difluoro-3-(2-fluorophenyl)-3,4-dihydro-5H-spiro[furan-2,1'-

indene]-3',5(2'H)-dione (3p). White solid, MP: 130-131 oC; 46.5 mg, 

70% yield, 98:2 er, >20:1 dr. [α]D
23 = -8.491 (C = 0.212 in CHCl3). 

HPLC DAICEL CHIRALCEL IG, n-hexane/Ethanol = 90/10, flow 

rate = 1.0 mL/min, λ = 254 nm, retention time: 17.61 min (major), 

21.05 min (minor). 1H NMR (400 MHz, Chloroform-d) δ 7.89-7.82 (m, 2H), 7.71 (d, 

J = 7.7 Hz, 1H), 7.61 (t, J = 7.4 Hz, 1H), 7.21-7.12 (m, 2H), 7.04 (t, J = 7.6 Hz, 1H), 

6.69 (t, J = 9.5 Hz, 1H), 4.29 (ddd, J = 12.5, 7.8, 3.7 Hz, 1H), 3.57-3.44 (m, 1H), 2.93 

(dd, J = 17.2, 7.9 Hz, 1H). 13C NMR (101 MHz, Chloroform-d) δ 185.4 (dd, 2JC-F = 

25.1, 23.3 Hz), 172.9, 161.0 (d, 1JC-F = 249.7 Hz), 146.7 (d, 3JC-F = 7.5 Hz), 138.0, 132.6, 

131.7, 130.9 (d, 3JC-F = 8.3 Hz), 130.0 (dd, 3JC-F = 7.2, 3.1 Hz), 124.7 (d, 2JC-F = 34.1 

Hz), 124.5, 117.6, 117.5, 115.9 (dd, 1JC-F = 272.6, 261.9 Hz), 115.7 (d, 2JC-F = 22.7 Hz), 

86.4 (dd, 2JC-F = 21.7, 17.1 Hz), 45.5, 34.2 (t, 4JC-F = 1.6 Hz). 19F NMR (376 MHz, 

Chloroform-d) δ -110.5 (d, J = 270.7 Hz), -114.7 (d, J = 3.8 Hz), -128.5 (dd, J= 270.7, 

3.8 Hz). HRMS (ESI) calcd for C18H12F3O3 (M+H)+ : 333.0734, found 333.0737. 

(2S,3R)-3-(2-chlorophenyl)-2',2'-difluoro-3,4-dihydro-5H-spiro[furan-2,1'-indene]-

3',5(2'H)-dione (3q). White solid, MP: 152-153 oC; 47.4 mg, 68% 

yield, 98:2 er, 3.6:1 dr. [α]D
23 = -11.779 (C = 0.416 in CHCl3). HPLC 

DAICEL CHIRALCEL IG, n-hexane/Ethanol = 90/10, flow rate = 1.0 

mL/min, λ = 254 nm, retention time: for minor diastereomer: 12.70 

min (minor), 15.08 min (major); for major diastereomer: 17.77 min (major), 19.76 

min (minor). 1H NMR (400 MHz, Chloroform-d) δ 7.97-7.85 (m, 2H), 7.76 (d, J = 7.7 

Hz, 1H), 7.70-7.63 (m, 1H), 7.52 (t, J = 7.3 Hz, 1H), 7.30 (t, J = 7.4 Hz, 1H), 7.24-7.17 
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(m, 1H), 7.15-7.12 (m, 1H), 4.63 (ddd, J = 12.2, 8.1, 3.6 Hz, 1H), 3.49 (ddd, J = 17.3, 

12.6, 2.1 Hz, 1H), 3.06 (dd, J = 17.3, 8.1 Hz, 1H).13C NMR (101 MHz, Chloroform-d) 

δ 185.2 (dd, 2JC-F = 24.8, 23.1 Hz), 172.8, 146.7 (d, 3JC-F = 7.0 Hz), 137.8, 135.8, 132.5 

(dd, 4JC-F = 4.4, 2.3 Hz), 131.8, 130.5 (d, 3JC-F = 7.0 Hz), 130.2, 130.1, 128.1, 127.2, 

125.3 (d, 4JC-F = 1.6 Hz), 124.9, 116.2 (dd, 1JC-F = 273.1, 261.6 Hz), 86.7 (dd, 2JC-F = 

22.0, 17.1 Hz), 47.2, 33.7 (d, 1JC-F = 2.3 Hz). 19F NMR (376 MHz, Chloroform-d) δ -

110.2 (d, J = 267.0 Hz), -128.1 (d, J = 267.0 Hz). HRMS (ESI) calcd for C18H12ClF2O3 

(M+H)+ : 349.0438, found 349.0442. 

(2S,3R)-3-(2-bromophenyl)-2',2'-difluoro-3,4-dihydro-5H-spiro[furan-2,1'-indene]-

3',5(2'H)-dione (3r). White solid, MP: 162-164 oC; 47.2 mg, 60% yield, 

98:2 er, 5:1 dr. [α]D
23 = -11.276 (C = 0.269 in CHCl3). HPLC DAICEL 

CHIRALCEL IG, n-hexane/Ethanol = 95/5, flow rate = 1.0 mL/min, λ 

= 254 nm, retention time: for minor diastereomer: 19.44 min (minor), 

23.66 min (major); for major diastereomer: 32.43 min (major), 35.38 min (minor). 1H 

NMR (400 MHz, Chloroform-d) δ 7.98-7.83 (m, 2H), 7.79 (d, J = 7.7 Hz, 1H), 7.73-

7.63 (m, 1H), 7.53 (t, J = 7.5 Hz, 1H), 7.36 (m, 2H), 7.14 (m, 1H), 4.66 (ddd, J = 11.8, 

8.3, 3.4 Hz, 1H), 3.44 (ddd, J = 17.5, 11.9, 2.1 Hz, 1H), 3.12 (ddd, J = 17.4, 8.3, 1.4 

Hz, 1H). 13C NMR (101 MHz, Chloroform-d) δ 185.3 (dd, 2JC-F = 24.6, 23.7 Hz), 172.8, 

146.7 (d, 3JC-F = 7.3 Hz), 137.8, 133.6, 132.6, 131.9, 130.5, 130.3, 127.9, 126.8, 125.6, 

125.0, 116.2 (dd, 1JC-F = 272.4, 262.5 Hz), 86.8 (dd, 2JC-F = 22.4, 17.2 Hz), 49.1, 34.4 

(d, 4JC-F = 1.9 Hz). 19F NMR (376 MHz, Chloroform-d) δ -111.1 (d, J = 267.0 Hz), -

127.1 (d, J = 267.0 Hz). HRMS (ESI) calcd for C18H12BrF2O3 (M+H)+ : 392.9933, 

394.9912, found 392.39930, 394.9903. 

(2S,3R)-2',2'-difluoro-3-(o-tolyl)-3,4-dihydro-5H-spiro[furan-2,1'-indene]-

3',5(2'H)-dione (3s). White solid, MP: 192-193 oC; 42.7 mg, 65% 

yield, 97.5:2.5 er, 3.6:1 dr. [α]D
23 = -17.087 (C = 0.119 in CHCl3). 

HPLC DAICEL CHIRALCEL IG, n-hexane/Ethanol = 94/6, flow rate 

= 1.0 mL/min, λ = 254 nm, retention time: for minor diastereomer: 

18.09 min (major), 23.32 min (minor); for major diastereomer: 29.70 min (major), 
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32.20 min (minor). 1H NMR (400 MHz, Chloroform-d) δ 7.98-7.83 (m, 2H), 7.79 (d, 

J = 7.7 Hz, 1H), 7.73-7.63 (m, 1H), 7.53 (t, J = 7.5 Hz, 1H), 7.36 (m, 2H), 7.14 (m, 1H), 

4.66 (ddd, J = 11.8, 8.3, 3.4 Hz, 1H), 3.44 (ddd, J = 17.5, 11.9, 2.1 Hz, 1H), 3.12 (ddd, 

J = 17.4, 8.3, 1.4 Hz, 1H). 13C NMR (101 MHz, Chloroform-d) δ 185.3 (dd, 2JC-F = 

24.6, 23.7 Hz), 172.8, 146.7 (d, 3JC-F = 7.3 Hz), 137.8, 133.6, 132.6, 131.9, 130.5, 130.3, 

127.9, 126.8, 125.6, 125.0, 116.2 (dd, 1JC-F = 272.4, 262.5 Hz), 86.8 (dd, 2JC-F = 22.4, 

17.2 Hz), 49.1, 34.4 (d, 4JC-F = 1.9 Hz). 19F NMR (376 MHz, Chloroform-d) δ -111.1 

(d, J = 267.0 Hz), -127.1 (d, J = 267.0 Hz). HRMS (ESI) calcd for C19H14F2NaO3 

(M+Na)+ : 351.0804, found 351.0812. 

(2S,3R)-2',2'-difluoro-3-(2-methoxyphenyl)-3,4-dihydro-5H-spiro[furan-2,1'-

indene]-3',5(2'H)-dione (3t). White solid, MP: 164-165 oC; 47.5 mg, 

69% yield, 96:4 er, >20:1 dr. [α]D
23 = -75.877 (C = 0.228 in CHCl3). 

HPLC DAICEL CHIRALCEL IC, n-hexane/2-propanol = 80/20, 

flow rate = 1.0 mL/min, λ = 254 nm, retention time: 15.21 min 

(major), 19.94 min (minor). 1H NMR (300 MHz, Chloroform-d) δ 7.92 (d, J = 6.4 Hz, 

2H), 7.73 (d, J = 7.7 Hz, 1H), 7.66-7.60 (m, 1H), 7.39-7.28 (m, 1H), 7.26-7.20 (m, 1H), 

6.95 (t, J = 7.6 Hz, 1H), 6.55 (d, J = 8.2 Hz, 1H), 4.50 (ddd, J = 12.7, 8.0, 3.9 Hz, 1H), 

3.53 (ddd, J = 16.4, 13.7, 2.3 Hz, 1H), 3.01 (s, 3H), 2.90 (ddd, J = 17.1, 8.0, 1.7 Hz, 

1H). 13C NMR (101 MHz, Chloroform-d) δ 185.5 (dd, 2JC-F = 24.2, 23.2 Hz), 173.7, 

157.0, 148.3 (d, 3JC-F = 7.5 Hz), 137.1, 132.6 (dd，4JC-F = 4.0, 2.0Hz), 131.0, 130.3, 

129.7 (d, 3JC-F = 8.0 Hz), 125.0 (d, 4JC-F = 1.5 Hz), 124.0, 120.7, 118.2, 116.3 (dd, 1JC-

F = 274.1, 260.1 Hz), 110.0, 86.5 (dd, 2JC-F = 21.4, 16.9 Hz), 54.5, 45.4, 32.5 (d, 4JC-F = 

2.7 Hz). 19F NMR (376 MHz, Chloroform-d) δ -109.9 (d, J = 267.0 Hz), -129.1 (d, J = 

263.2 Hz). HRMS (ESI) calcd for C19H15F2O4 (M+H)+ : 345.0933, found 345.0934. 

(2S,3R)-2',2'-difluoro-3-(naphthalen-2-yl)-3,4-dihydro-5H-spiro[furan-2,1'-

indene]-3',5(2'H)-dione (3u). White solid, MP: 213-215 oC; 42.3 mg, 

58% yield, 97:3 er, >20:1 dr. [α]D
23 = 33.452 (C = 0.278 in CHCl3). 

HPLC DAICEL CHIRALCEL IG, n-hexane/Ethanol = 80/20, flow 

rate = 1.0 mL/min, λ = 254 nm, retention time: 13.22 min (major), 
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16.01 min (minor). 1H NMR (300 MHz, Chloroform-d) δ 8.09-7.94 (m, 2H), 7.84-7.70 

(m, 3H), 7.59 (d, J = 8.3 Hz, 2H), 7.48-7.41 (m, 2H), 7.15 (s, 1H), 6.57 (dd, J = 8.6, 2.1 

Hz, 1H), 4.26 (ddd, J = 12.8, 7.5, 4.2 Hz, 1H), 3.70 (ddd, J = 16.4, 13.9, 2.3 Hz, 1H), 

3.08 (ddd, J = 16.9, 7.5, 1.6 Hz, 1H). 13C NMR (101 MHz, Chloroform-d) δ 185.4 (dd, 

2JC-F = 25.4, 24.0 Hz), 173.2, 146.8 (d, 3JC-F = 8.0 Hz), 138.2, 133.5 (dd, 4JC-F = 4.6, 2.8 

Hz), 132.94, 132.86, 131.9, 128.4, 128.1 (d, 4JC-F = 3.1 Hz), 127.9, 127.7, 127.5 (d, 4JC-

F = 1.9 Hz), 126.9, 126.8, 125.3 (d, 4JC-F = 2.8 Hz), 124.8, 124.6, 115.7 (dd, 1JC-F = 

274.1, 260.9 Hz), 86.8 (dd, 2JC-F = 21.3, 16.8 Hz), 52.6, 32.0 (d, 4JC-F = 2.9 Hz). 19F 

NMR (282 MHz, Chloroform-d) δ -109.1 (d, J = 270.7 Hz), -128.8 (d, J = 270.7 Hz). 

HRMS (ESI) calcd for C22H15F2O3 (M+H)+ : 365.0984, found 365.0991. 

(2S,3R)-2',2'-difluoro-3-(naphthalen-1-yl)-3,4-dihydro-5H-spiro[furan-2,1'-

indene]-3',5(2'H)-dione (3v). White solid, MP: 249-251 oC; 39.3 mg, 

54% yield, 97:3 er, >20:1 dr. [α]D
23 = -25.510 (C = 0.098 in CHCl3). 

HPLC DAICEL CHIRALCEL IG, n-hexane/Ethanol = 85/15, flow 

rate = 1.0 mL/min, λ = 254 nm, retention time: 12.35 min (major), 

15.09 min (minor). 1H NMR (300 MHz, DMSO-d6) δ 8.34 (d, J = 7.8 Hz, 1H), 8.14 (t, 

J = 7.8 Hz, 1H), 7.84-7.73 (m, 3H), 7.65 (t, J = 7.6 Hz, 1H), 7.47 (t, J = 7.8 Hz, 1H), 

7.33 (d, J = 7.8 Hz, 1H), 7.23 (t, J = 7.4 Hz, 1H), 6.84 -6.65 (m, 2H), 5.28 (ddd, J = 

12.6, 7.8, 4.1 Hz, 1H), 3.91 (ddd, J = 17.5, 12.9, 2.4 Hz, 1H), 3.15-3.03 (m, 1H). 13C 

NMR (101 MHz, DMSO-d6) δ 184.94 (t, 2JC-F = 23.5 Hz), 174.43, 147.0 (d, 3JC-F = 7.6 

Hz), 139.14, 133.41, 132.38, 132.06,132.0 (d, 4JC-F = 3.2 Hz), 129.58, 129.02, 128.4 (d, 

3JC-F = 8.9 Hz), 126.61, 126.16, 126.00, 125.53, 125.47, 124.61, 121.83, 116.8 (dd, 1JC-

F = 277.5, 254.4 Hz), 86.8 (dd, 2JC-F = 20.7, 16.3 Hz), 45.78, 33.08. 19F NMR (282 MHz, 

DMSO-d6) δ -108.0 (d, J = 345.9 Hz), -130.0 (d, J = 349.7 Hz). HRMS (ESI) calcd for 

C22H15F2O3 (M+H)+: 365.0984, found 365.0991. 

(2S,3S)-2',2'-difluoro-3-(thiophen-2-yl)-3,4-dihydro-5H-spiro[furan-2,1'-indene]-

3',5(2'H)-dione (3w). Yellow solid, MP: 145-146 oC; 42.9 mg, 67% 

yield, 98:2 er, >20:1 dr. [α]D
23 = 33.452 (C = 0.278 in CHCl3). HPLC 

DAICEL CHIRALCEL IG, n-hexane/Ethanol = 80/20, flow rate = 1.0 
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mL/min, λ = 254 nm, retention time: 10.67 min (major), 13.72 min (minor). 1H NMR 

(300 MHz, Chloroform-d) δ 8.03-7.93 (m, 1H), 7.88 (d, J = 8.1 Hz, 2H), 7.74 (t, J = 

7.3 Hz, 1H), 7.14 (dd, J = 5.2, 1.1 Hz, 1H), 6.86 (dd, J = 5.2, 3.6 Hz, 1H), 6.54 (s, 1H), 

4.33-4.14 (m, 1H), 3.48 (ddd, J = 16.5, 13.8, 2.5 Hz, 1H), 3.12 (ddd, J = 17.1, 7.7, 1.8 

Hz, 1H). 13C NMR (101 MHz, Chloroform-d) δ 185.4 (dd, 2JC-F = 275.2, 258.9 Hz), 

172.5, 146.0 (d, 3JC-F = 8.0 Hz), 138.2, 133.8 (dd, 4JC-F = 4.6, 2.1 Hz), 132.7 (d, 4JC-F = 

1.8 Hz), 132.0, 127.5 (d, 4JC-F = 3.4 Hz), 127.3, 126.3, 124.7 (d, 4JC-F = 1.7 Hz), 124.6, 

115.7 (dd, 1JC-F = 25.2, 23.2 Hz), 86.3 (dd, 2JC-F = 20.9, 17.0 Hz), 48.5, 33.7 (d, 4JC-F = 

3.2 Hz). 19F NMR (282 MHz, Chloroform-d) δ -108.8 (d, J = 270.7 Hz), -130.0 (d, J = 

270.7 Hz). HRMS (ESI) calcd for C16H11F2O3S (M+H)+ : 321.0392, found 321.0393. 

(2S,3S)-3-(benzo[b]thiophen-2-yl)-2',2'-difluoro-3,4-dihydro-5H-spiro[furan-2,1'-

indene]-3',5(2'H)-dione (3x). Yellow solid, MP: 213-215 oC; 39.3 

mg, 53% yield, 97:3 er, >20:1 dr. [α]D
23 = 4.977 (C = 0.221 in 

CHCl3). HPLC DAICEL CHIRALCEL IG, n-hexane/Ethanol = 

90/10, flow rate = 1.0 mL/min, λ = 254 nm, retention time: 18.06 

min (major), 21.66 min (minor).1H NMR (400 MHz, DMSO-d6) δ 8.29 (d, J = 7.8 Hz, 

1H), 8.26-8.15 (m, 1H), 8.03 (d, J = 7.7 Hz, 1H), 7.93 (t, J = 7.5 Hz, 1H), 7.82-7.71 (m, 

2H), 7.39-7.22 (m, 3H), 4.85 (ddd, J = 12.4, 7.6, 4.3 Hz, 1H), 3.67 (ddd, J = 17.2, 13.1, 

2.1 Hz, 1H), 3.29 (dd, J = 17.3, 7.7 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) δ 186.01 

(t, 2JC-F = 24.6 Hz), 172.76, 146.08 (d, 3JC-F = 7.8 Hz), 139.34, 138.72, 138.64, 135.08, 

135.06, 132.89, 132.81, 126.08, 124.72, 124.58, 124.0 (d, 4JC-F = 3.3 Hz), 123.55, 

122.27, 115.39 (dd, 1JC-F = 275.2, 258.9 Hz), 84.91 (dd, 2JC-F = 21.0, 16.3 Hz), 47.05, 

32.89. 19F NMR (376 MHz, DMSO-d6) δ -107.8 (d, J = 270.7 Hz), -128.0 (d, J = 270.7 

Hz). HRMS (ESI) calcd for C20H13F2O3S (M+H)+ : 371.0548, found 371.0551. 

(2S,3R)-4',5',6',7'-tetrachloro-3-(4-chlorophenyl)-2',2'-difluoro-3,4-dihydro-5H-

spiro[furan-2,1'-indene]-3',5(2'H)-dione (3y). White solid, MP: 208-209 oC; 52.5 mg, 

54% yield, 92:8 er, >20:1 dr. [α]D
23 = +33.452 (C = 0.278 in 

CHCl3). HPLC DAICEL CHIRALCEL IG, n-

hexane/Ethanol = 80/20, flow rate = 1.0 mL/min, λ = 254 
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nm, retention time: 7.28 min (major), 8.83 min (minor)。 1H NMR (400 MHz, 

Chloroform-d) δ 7.23 (d, J = 8.2 Hz, 2H), 6.66 (d, J = 6.0 Hz, 2H), 4.45 (ddd, J = 13.2, 

8.0, 4.2 Hz, 1H), 3.51 (ddd, J = 16.7, 13.9, 2.5 Hz, 1H), 3.03 (dd, J = 17.1, 8.0 Hz, 1H). 

13C NMR (101 MHz, Chloroform-d) δ 171.07 (t, 2JC-F = 26.9 Hz),, 162.96, 134.58, 

131.8 (d, 3JC-F = 9.0 Hz), 129.20, 126.12, 121.83, 121.53, 120.93, 120.90, 119.89, 

118.52, 105.33 (dd, 1JC-F = 274.5, 255.4 Hz), 76.6(dd, 2JC-F = 22.1, 16.7 Hz), 38.16, 

21.4(d, 4JC-F = 2.9 Hz). 19F NMR (376 MHz, Chloroform-d) δ -106.9 (d, J = 267.0 Hz), 

-131.2 (d, J = 270.7 Hz). HRMS (ESI) calcd for C18H8Cl5F2O (M+H)+
 : 484.8879, found 

484.8911. 

(R)-3-(4-chlorophenyl)-3-((S)-2,2-difluoro-1-hydroxy-3-oxo-2,3-dihydro-1H-

inden-1-yl)propanoic acid (6). White solid, MP: 163-165 oC; 66.0 

mg, 90% yield, 97:3 er, >20:1 dr. [α]D
23 = 537.143 (C = 0.070 in 

CHCl3). HPLC DAICEL CHIRALCEL IC, n-hexane/2-propanol 

= 90/10, flow rate = 1.0 mL/min, λ = 254 nm, retention time: 6.69 

min (minor), 8.54 min (major). 1H NMR (400 MHz, DMSO-d6) δ 12.23 (s, 1H), 7.95 

(m, J = 7.4, 1.5 Hz, 1H), 7.66 (m, J = 22.0, 14.7, 7.7 Hz, 3H), 7.13 (d, J = 8.3 Hz, 2H), 

6.81 (d, J = 8.0 Hz, 2H), 3.79-3.68 (m, 1H), 3.41 (s, 1H), 3.02 (d, J = 16.5 Hz, 1H), 

2.78-2.66 (m, 1H). 13C NMR (101 MHz, DMSO-d6) δ 188.3 (dd, 2JC-F = 25.9, 24.1 Hz), 

172.54, 151.8 (d, 3JC-F = 9.8 Hz), 137.76, 135.71, 131.82, 131.49, 131.28, 130.75, 

127.61, 126.24, 123.50, 117.4 (dd, 1JC-F = 274.3, 254.2 Hz), 77.9 (dd, 2JC-F = 20.8, 17.7 

Hz), 49.75, 33.5 (d, 4JC-F = 5.1 Hz). 19F NMR (376 MHz, DMSO-d6) δ -108.6 (d, J = 

270.7 Hz), -129.5 (d, J = 267.0Hz). HRMS (ESI) calcd for C18H14ClF2O4 (M+H)+ : 

367.0543, found 367.0543. 

2,2-difluoro-4'-phenylspiro[indene-1,2'-pyran]-3,6'(2H,3'H)-dione (8). White solid, 

MP: 185-187 oC; 56.8 mg, 87% yield, 90:10 er. [α]D
23 = 83.162 (C = 

0.679 in CHCl3). HPLC DAICEL CHIRALCEL IC, n-hexane/2-

propanol = 60/40, flow rate = 1.0 mL/min, λ = 254 nm, retention time: 

13.23 min (major), 19.35 min (minor) 。 1H NMR (300 MHz, 

Chloroform-d) δ 7.92 (m, 3H), 7.72 (t, J = 7.0 Hz, 1H), 7.56 (m, 2H), 7.52-7.40 (m, 
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3H), 6.49 (d, J = 2.4 Hz, 1H), 3.50 (dq, J = 17.9, 3.2 Hz, 1H), 3.27 (dd, J = 17.9, 2.7 

Hz, 1H). 13C NMR (101 MHz, Chloroform-d) δ 187.9 (t, 2JC-F = 26.4 Hz), 162.53, 

152.80, 148.4 (t, 4JC-F = 4.0 Hz), 138.20, 135.32, 132.17, 132.0 (t, 4JC-F = 3.8 Hz), 

131.24, 129.20, 126.30, 125.77, 125.21, 114.3 (dd, 1JC-F = 273.2, 265.2 Hz), 111.61, 

81.1 (dd, 2JC-F = 23.5, 18.2 Hz), 31.2 (d, 3JC-F = 6.4 Hz). 19F NMR (282 MHz, 

Chloroform-d) δ -115.8 (d, J = 279.7 Hz), -117.7 (d, J = 280.0 Hz). HRMS (ESI) calcd 

for C19H13F2O3 (M+H)+ : 327.0827, found 327.0827. 

References: 

1. Zhang, J.; Liang, Z.; Zhang, S.; Du, D. Org. Chem. Front. 2022, 9, 3763-3768. 

2. Matarlo, J.; Evans, C.; Sharma I; Tonge, P. Biochem. 2015, 54, 6514-6524. 
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8. Copies of the NMR Spectra 

3a 1H NMR (300 MHz, Chloroform-d)/ 13C{1H} NMR (101 MHz, Chloroform-d) 
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3a 19F NMR (376 MHz, Chloroform-d) 
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3b 1H NMR (400 MHz, Chloroform-d)/ 13C{1H} NMR (101 MHz, Chloroform-d) 
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3b 19F NMR (376 MHz, Chloroform-d)
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3c 1H NMR (400 MHz, Chloroform-d)/ 13C{H} NMR (101 MHz, Chloroform-d) 
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3c 19F NMR (376 MHz, Chloroform-d)
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3d 1H NMR (400 MHz, Chloroform-d)/ 13C{H} NMR (101 MHz, Chloroform-d) 
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3d 19F NMR (376 MHz, Chloroform-d)
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3e 1H NMR (400 MHz, Chloroform-d)/ 13C{1H} NMR (101 MHz, Chloroform-d) 
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3e 19F NMR (376 MHz, Chloroform-d)
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3f 1H NMR (400 MHz, Chloroform-d)/ 13C{H} NMR (101 MHz, Chloroform-d) 
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3f 19F NMR (376 MHz, Chloroform-d) 
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3g 1H NMR (400 MHz, Chloroform-d)/ 13C{H} NMR (101 MHz, Chloroform-d) 
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3g 19F NMR (376 MHz, Chloroform-d) 
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3h 1H NMR (300 MHz, Chloroform-d)/ 13C{H} NMR (101 MHz, Chloroform-d) 
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3h 19F NMR (282 MHz, Chloroform-d) 
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3i 1H NMR (300 MHz, DMSO-d6)/
13C{H} NMR (101 MHz, DMSO-d6) 
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3i 19F NMR (282 MHz, DMSO-d6)
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3j 1H NMR (400 MHz, Chloroform-d)/13C{H} NMR (101 MHz, Chloroform-d) 
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3j 19F NMR (376 MHz, Chloroform-d)
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3k 1H NMR (400 MHz, Chloroform-d)/13C{H} NMR (101 MHz, Chloroform-d) 
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3k 19F NMR (376 MHz, Chloroform-d) 
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3l 1H NMR (300 MHz, Chloroform-d)/13C{1H} NMR (101 MHz, Chloroform-d) 
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3l 19F NMR (282 MHz, Chloroform-d)
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3m 1H NMR (400 MHz, Chloroform-d)/13C{H} NMR (101 MHz, Chloroform-d) 
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3m 19F NMR (376 MHz, Chloroform-d)
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3n 1H NMR (400 MHz, Chloroform-d)/13C{H} NMR (101 MHz, Chloroform-d) 
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3n 19F NMR (376 MHz, Chloroform-d)
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3o 1H NMR (400 MHz, Chloroform-d)/13C{H} NMR (101 MHz, Chloroform-d) 
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3o 19F NMR (376 MHz, Chloroform-d)
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3p 1H NMR (400 MHz, Chloroform-d)/13C{H} NMR (101 MHz, Chloroform-d) 

 

  



S52 

 

3p 19F NMR (376 MHz, Chloroform-d)
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3q 1H NMR (400 MHz, Chloroform-d)/13C{H} NMR (101 MHz, Chloroform-d) 
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3q 19F NMR (376 MHz, Chloroform-d)
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3r 1H NMR (400 MHz, Chloroform-d)/13C{H} NMR (101 MHz, Chloroform-d) 
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3r 19F NMR (376 MHz, Chloroform-d)
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3s 1H NMR (400 MHz, Chloroform-d)/13C{H} NMR (101 MHz, Chloroform-d) 
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3s 19F NMR (376 MHz, Chloroform-d)
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3t 1H NMR (300 MHz, Chloroform-d)/13C{H} NMR (101 MHz, Chloroform-d) 
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3t 19F NMR (376 MHz, Chloroform-d)
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3u 1H NMR (300 MHz, Chloroform-d)/13C{H} NMR (101 MHz, Chloroform-d) 
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3u 19F NMR (282 MHz, Chloroform-d)
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3v 1H NMR (300 MHz, DMSO-d6)/
13C{H} NMR (101 MHz, DMSO-d6) 
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3v 19F NMR (282 MHz, DMSO-d6)

 

  



S65 

 

3w 1H NMR (300 MHz, Chloroform-d)/ 13C{1H} NMR (101 MHz, Chloroform-d) 
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3w 19F NMR (282 MHz, Chloroform-d)
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3x 1H NMR (400 MHz, DMSO-d6)/
13C{H} NMR (101 MHz, DMSO-d6) 
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3x 19F NMR (376 MHz, DMSO-d6) 
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3y 1H NMR (400 MHz, Chloroform-d)/13C{H} NMR (101 MHz, Chloroform-d) 
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3y 19F NMR (376 MHz, Chloroform-d)
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6 1H NMR (400 MHz, DMSO-d6)/
13C{H} NMR (101 MHz, DMSO-d6) 
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6 19F NMR (376 MHz, DMSO-d6)
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8 1H NMR (300 MHz, Chloroform-d)/13C{H} NMR (101 MHz, Chloroform-d) 
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8 19F NMR (282 MHz, Chloroform-d)
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9. Copies of the HPLC spectra 
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