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1. General Methods.

Unless otherwise stated, all reagents were purchased from commercial suppliers and used without 

purification. All solvents were obtained from commercial sources and were purified according to standard 

procedures. TLC was carried out on silica gel plates (HSGF 254), which were visualized with UV light 

and/or staining with phosphomolybdic acids solution. Purification of reaction products was carried out by 

column chromatography using silica gel (200-300 mesh). 1H, 13C NMR, and 19F NMR spectra were recorded 

on a Varian Mercury-300BB (300 MHz) and a Bruker NMR Spectrometer (400 MHz). All chemical shifts 

(δ) were given in ppm. Chemical shifts are relative to the resonance of the deuterated solvent as the internal 

standard (CDCl3, δ7.26 ppm for proton NMR , δ77.16 ppm for carbon NMR; DMSO, δ2.50 ppm for proton 

NMR, δ39.52 ppm for carbon NMR). Date are presented as follows: chemical shift, integration, multiplicity 

(s = singlet, d = double, t = triplet, q = quartet, m = multiplet), and coupling constant in hertz. Mass spectra 

were recorded on a Bruker Agilent 1290 MicrOTOF-QⅡ instrument. Melting points were measured on a 
melting points apparatus and were uncorrected. The enantioselectivity value determination was carried out 

using chiral HPLC (Waters) instrumentation with a Chiracel OD-H column and IC-3 column. Optical 

rotations were measured on a Shanghai ShenGuang SGW-2 polarimeter at λ = 589 nm. Optical rotations are 

reported as follows: [α]D
25 (c = g/100mL, solvent).
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2. Starting Materials.

1a-1q, 1t-1v were prepared according to literature procedures(1, 2); catalysts 3a-3h(3-5) and  substrate 2b(6) 

were prepared according to the reported procedures. Synthesis of racemates based on previous literature 

report(7).

3. Characterization Data of Products 2b, 3a-3h and 4a-4u,4o-1.

4-fluoro-1H-indene-1,3(2H)-dione (2b). White solid, 128.6 mg, 51% yield. 1H NMR (400 MHz, 
DMSO) δ 8.06 – 7.88 (m, 1H), 7.80 – 7.65 (m, 2H), 3.37 (s, 2H). HRMS (ESI) calculated for 
C9H5FO2 [M+H]+: 165.0307, found 165.0274.

3-(((1S)-(6-methoxyquinolin-4-yl)(5-vinylquinuclidin-2-
yl)methyl)amino)-4-((4-nitrophenyl)amino)cyclobut-3-ene-1,2-

dione (3a). Yellow solid, 189.0 mg, 78% yield, m. p. = 212-214 °C, [α]D
25 = 

-58.6 (c = 0.1, CHCl3). 1H NMR (400 MHz, DMSO) δ 10.23 (s, 1H), 8.83 (d, J 
= 4.4 Hz, 1H), 8.42 (s, 1H), 8.29 – 8.09 (m, 2H), 7.99 (d, J = 9.2 Hz, 1H), 
7.74 (s, 1H), 7.68 (d, J = 4.6 Hz, 1H), 7.57 (m, 2H), 7.46 (m, 1H), 6.24 – 5.70 
(m, 2H), 5.16 – 4.90 (m, 2H), 4.42 (s, 1H), 3.95 (s, 3H), 3.48 (s, 1H), 3.30 – 3.09 (m, 2H), 2.85 – 2.55 (m, 
2H), 2.30 (s, 1H), 1.57 (d, J = 29.8 Hz, 4H), 0.68 (s, 1H). HRMS (ESI) calculated for C30H29N5O5 [M+H]+: 
540.2202, found 540.5804.

1-((1S)-(6-methoxyquinolin-4-yl)(5-vinylquinuclidin-2-yl)methyl)-3-(4-
nitrophenyl)urea (3b). Yellow solid, 102.8 mg, 82% yield, m. p. = 216-218 °C, [α]D

25 = 
-62.8 (c = 0.1, CHCl3). 1H NMR (400 MHz, DMSO) δ 9.67 (s, 1H), 8.73 (d, J = 4.5 Hz, 
1H), 8.26 – 8.01 (m, 2H), 7.97 (d, J = 9.2 Hz, 1H), 7.82 – 7.67 (m, 1H), 7.62 – 7.48 (m, 
3H), 7.48 – 7.38 (m, 1H), 7.16 (s, 1H), 6.03 – 5.76 (m, 1H), 5.38 (s, 1H), 5.10– 4.84 (m, 
2H), 3.95 (s, 3H), 3.51 – 3.32 (m, 2H), 3.27 – 3.19 (m, 1H), 2.76 (d, J = 11.8 Hz, 2H), 2.34 
(s, 1H), 1.86 – 1.50 (m, 3H), 1.39 (s, 1H), 1.02 – 0.71 (m, 1H). HRMS (ESI) calculated 

for C27H29N5O4 [M+H]+: 488.2253, found 488.2257.
1-((1S)-(6-methoxyquinolin-4-yl)(5-vinylquinuclidin-2-yl)methyl)-3-(4-
nitrophenyl)thiourea (3c). Yellow solid, 135.0 mg, 73% yield, m. p. = 220-222 °C, [α]D

25 
= -54.8 (c = 0.1, CHCl3). 1H NMR (400 MHz, DMSO) δ 10.43 (s, 1H), 9.00 (s, 1H), 8.76 
(d, J = 4.2 Hz, 1H), 8.15 (d, J = 9.2 Hz, 2H), 8.00 – 7.77 (m, 4H), 7.61 (d, J = 4.3 Hz, 1H), 
7.45 (m, 1H), 6.34 – 5.67 (m, 2H), 5.17 – 4.82 (m, 2H), 3.97 (s, 3H), 3.27 – 3.08 (m, 1H), 
2.91 – 2.62 (m, 2H), 2.39 – 2.10 (m, 1H), 1.76 – 1.16 (m, 5H), 0.98 – 0.73 (m, 2H). HRMS 

(ESI) calculated for C27H29N5O3S [M+H]+: 504.2025, found 504.2017.
3-(((1S)-(6-methoxyquinolin-4-yl)(5-vinylquinuclidin-2-yl)methyl)amino)-4-
((4-(trifluoromethyl)phenyl)amino)cyclobut-3-ene-1,2-dione (3d). White solid, 
216.0 mg, 83% yield, m. p. = 211-213°C, [α]D

25 = -70.6 (c = 0.1, DMSO). 1H NMR 
(400 MHz, DMSO) δ 9.96 (s, 1H), 8.83 (d, J = 4.5 Hz, 1H), 8.32 (s, 1H), 7.99 (d, J 
= 9.2 Hz, 1H), 7.76 (s, 1H), 7.72 – 7.62 (m, 3H), 7.56 (d, J = 8.4 Hz, 2H), 7.51 – 
7.42 (m, 1H), 6.24 – 5.81 (m, 2H), 5.18 – 4.86 (m, 2H), 3.96 (s, 3H), 3.48 (d, J =7.7 

Hz, 1H), 3.32 – 3.12 (m, 2H), 2.90 – 2.57 (m, 2H), 2.29 (s, 1H), 1.56 (d, J = 30.8 Hz, 4H), 0.67 (s, 1H). 19F 
NMR (377 MHz, DMSO) δ -60. 20. HRMS (ESI) calculated for C31H29F3N4O3 [M+H]+: 563.2225, found 
563.2214.

3-((3,5-bis(trifluoromethyl)phenyl)amino)-4-(((1S)-(6-methoxyquinolin-4-
yl)(5-vinylquinuclidin-2-yl)methyl)amino)cyclobut-3-ene-1,2-dione (3e). White 
solid, 206 mg, 77% yield. m. p. = 225-227 °C, [α]D

25 = -50.6 (c = 0.1, DMSO). 1H 
NMR (400 MHz, DMSO) δ 10.18 (s, 1H), 8.82 (d, J = 4.5 Hz, 1H), 8.32 (s, 1H), 
8.08 – 7.86 (m, 3H), 7.75 (s, 1H), 7.70 – 7.59 (m, 2H), 7.46 (m, 1H), 6.22 – 5.87 
(m, 2H), 5.02 (m, 2H), 3.95 (s, 3H), 3.48 (d, J = 8.3 Hz, 1H), 3.20 (m, 2H), 2.68 (m, 
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2H), 2.30 (s, 1H), 1.57 (d, J = 29.8 Hz, 4H), 0.67 (s, 1H). 19F NMR (377 MHz, DMSO) δ -61. 74. HRMS 
(ESI) calculated for C32H28F6N4O3 [M+H]+: 631.2099, found 631.5981.

3-((3,5-bis(trifluoromethyl)phenyl)amino)-4-(((1S)-quinolin-4-yl(5-
vinylquinuclidin-2-yl)methyl)amino)cyclobut-3-ene-1,2-dione (3f).  White 
solid, 236.0 mg, 83% yield, m. p. = 233-235 °C, [α]D

25 = -89.8 (c = 0.1, DMSO). 
1H NMR (400 MHz, DMSO) δ 10.26 (s, 1H), 8.98 (d, J = 4.5 Hz, 1H), 8.45 (m, 
2H), 8.09 (d, J = 8.0 Hz, 1H), 7.98 (s, 2H), 7.82 (m, 1H), 7.78 – 7.68 (m, 2H), 7.66 
(s, 1H), 6.22 – 5.73 (m, 2H), 5.19 – 4.83 (m, 2H), 3.53 – 3.37 (m, 1H), 3.20 (m, 

2H), 2.83 – 2.59 (m, 2H), 2.29 (s, 1H), 1.55 (d, J = 33.3 Hz, 3H), 1.38 (s, 1H), 0.74 (s, 1H). 19F NMR (377 
MHz, DMSO) δ -61.74. HRMS (ESI) calculated for C31H26F6N4O2 [M+H]+: 601.1994, found 601.5799.

3-((3,5-bis(trifluoromethyl)phenyl)amino)-4-(((1R,2R)-2-
(dimethylamino)cyclohexyl)amino)cyclobut-3-ene-1,2-dione (3g). White solid, 
196.0 mg, 52% yield, m. p. =223-225 °C, [α]D

25 = +59.8 (c = 0.1, DMSO). 1H NMR 
(400 MHz, DMSO) δ 10.47 (s, 1H), 8.08 (s, 2H), 7.94 (s, 1H), 7.66 (s, 1H), 3.89 (s, 
1H), 2.25 (s, 6H), 2.10 (d, J = 12.3 Hz, 1H), 1.95 – 1.81 (m, 1H), 1.81 – 1.59 (m, 

2H), 1.46 – 1.11 (m, 5H). 19F NMR (377 MHz, DMSO) δ -61. 74. HRMS (ESI) calculated for C20H21F6N3O2 
[M+H]+: 450.1572, found 450.1580.

3-((3,5-bis(trifluoromethyl)phenyl)amino)-4-(((1S,2S)-2-(dimethylamino)-
1,2-diphenylethyl)amino)cyclobutane-1,2-dione (3h). White solid, 256.0 mg, 
68% yield, m. p. = 226-228 °C, [α]D

25 = -52.6 (c = 0.1,  DMSO). 1H NMR (400 
MHz, DMSO) δ 10.34 (s, 1H), 8.48 (s, 1H), 8.07 (s, 2H), 7.67 (s, 1H), 7.26 (m, 
4H), 7.22 – 7.14 (m, 5H), 7.10 (m, 1H), 5.94 – 5.63 (m, 1H), 4.20 (d, J = 11.3 Hz, 

1H), 2.13 (s, 6H). 19F NMR (377 MHz, DMSO) δ -61. 72. HRMS (ESI) calculated for C28H25F6N3O2 
[M+H]+: 550.1885, found 550.1767.

(R)-2-amino-1'-benzyl-2',5-dioxo-5H-spiro[indeno[1,2-b]pyran-4,3'-indoline]-3-
carbonitrile (4a). Yellow solid, 39.7 mg, 92% yield, after recrystallization (85% yield), m. 
p. = 173-175 °C, [α]D

25 = +224.8 (c =0.1, CHCl3). ee = 76% (Chiralpak IC-3, hexane/EtOH 
= 80:20, 254 nm, 1 mL/min, tmajor = 12.070 min, tminor = 20.155 min). 1H NMR (400 
MHz, DMSO) δ 7.79 (s, 2H), 7.58 (m, 1H), 7.52 – 7.15 (m, 10H), 7.03 (m, 1H), 6.86 (d, J 
= 7.8 Hz, 1H), 5.18 – 4.79 (m, 2H). 13C NMR (101 MHz, DMSO) δ 189.84, 175.83, 168.60, 
161.23, 141.67, 135.85, 135.66, 134.16, 133.74, 131.93, 131.03, 129.61, 129.01, 127.89, 

127.80, 127.41, 125.48, 122.82, 119.50, 117.78, 111.37, 106.73, 56.86, 46.73, 43.81. HRMS (ESI) 
calculated for C27H17N3O3 [M+H]+: 432.1343, found 432.1367. recrystallized 4q

(R)-2-amino-1'-benzyl-4'-chloro-2',5-dioxo-5H-spiro[indeno[1,2-b]pyran-4,3'-
indoline]-3-carbonitrile (4b). Yellow solid, 41.5 mg, 89% yield, after recrystallization 
(80% yield), m. p. = 158-160 °C, [α]D

25 = +186.4 (c = 0.1, CHCl3). ee = 61% (Chiralpak 
IC-3, hexane/EtOH = 80:20, 254 nm, 1 mL/min, tmajor = 9.626 min, tminor =17.856 min). 
1H NMR (400 MHz, DMSO) δ 7.92 (s, 2H), 7.62 (m, 1H), 7.54 – 7.22 (m, 9H), 7.06 (d, J 
= 8.2 Hz, 1H), 6.90 (d, J = 7.5 Hz, 1H), 5.10 – 4.95 (m, 2H). 13C NMR (101 MHz, DMSO) 

δ 189.66, 175.16, 169.02, 161.83, 144.59, 135.80, 135.13, 134.38 , 132.19, 131.59, 130.83, 130.58, 129.02, 
127.94, 127.45, 126.54, 124.12, 123.05, 119.60, 117.48, 109.24, 105.48, 54.85, 46.92, 43.98. HRMS (ESI) 
calculated for C27H16ClN3O3 [M+H]+: 466.0953, found 466.4237.

(R)-2-amino-1'-benzyl-4'-bromo-2',5-dioxo-5H-spiro[indeno[1,2-b]pyran-4,3'-
indoline]-3-carbonitrile (4c). Yellow solid, 44.4 mg, 87% yield, after recrystallization 
(81% yield), m. p. = 218-220 °C, [α]D

25 = +179.6 (c = 0.1, CHCl3). ee = 60% (Chiralpak 
IC-3, hexane/EtOH = 80:20, 254 nm, 1 mL/min, tmajor = 10.052 min, tminor =18.735 
min). 1H NMR (400 MHz, DMSO) δ 7.93 (s, 2H), 7.60 (m, 1H), 7.54 – 7.14 (m, 10H), 
7.02 – 6.86 (m, 1H), 5.76 (s, 1H), 5.20 – 4.84 (m, 2H).  13C NMR (101 MHz, DMSO) δ 
189.62, 175.19, 169.18, 161.91, 144.80, 135.78, 135.16, 134.38, 132.20, 131.76, 130.83, 

129.02, 127.95, 127.93, 127.43, 127.16, 123.04, 119.60, 119.46, 117.48, 109.67, 105.39, 54.85, 48.12, 
43.89. HRMS (ESI) calculated for C27H16BrN3O3 [M+H]+: 510.0448, found 510.3886.

(R)-2-amino-1'-benzyl-5'-fluoro-2',5-dioxo-5H-spiro[indeno[1,2-b]pyran-4,3'-
indoline]-3-carbonitrile (4d). Yellow solid, 40.9 mg, 91% yield, after recrystallization 
(85% yield), m. p. = 148-150 °C, [α]D

25 = +214.4 (c = 0.1, CHCl3). ee = 78% (Chiralpak 
IC-3, hexane/EtOH = 80:20, 254 nm, 1 mL/min, tmajor = 10.201 min, tminor =17.233 
min). 1H NMR (400 MHz, DMSO) δ 7.89 (s, 2H), 7.61 (m, 1H), 7.54 – 7.20 (m, 9H), 7.19 
– 7.03 (m, 1H), 6.88 (m, 1H), 5.16 – 4.87 (m, 2H).13C NMR (101 MHz, DMSO) δ 189.82, 
176.01, 168.51, 161.21, 158.30, 138.98, 135.98, 135.61, 134.14, 133.56 (d, J = 8.0 Hz), 
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131.92, 131.01, 129.00, 127.87, 127.44, 122.81, 119.48, 117.79, 116.04 (d, J = 23.6 Hz), 113.19 (d, J = 25.2 
Hz), 110.82 (d, J = 8.0 Hz), 106.90, 57.03, 46.95, 43.86. 19F NMR (377 MHz, DMSO) δ -120.02. HRMS 
(ESI) calculated for C27H16FN3O3 [M+H]+: 450.1248, found 510.3886.

 (R)-2-amino-1'-benzyl-5'-chloro-2',5-dioxo-5H-spiro[indeno[1,2-b]pyran-4,3'-
indoline]-3-carbonitrile (4e). Yellow solid, 41.9 mg, 90% yield, after recrystallization 
(84% yield), m. p. = 155-158 °C, [α]D

25 = +246.8 (c = 0.1, CHCl3). ee = 76% (Chiralpak 
IC-3, hexane/EtOH = 80:20, 254 nm, 1 mL/min, tmajor = 8.566 min, tminor = 14.477 
min). 1H NMR (400 MHz, DMSO) δ 7.86 (s, 2H), 7.68 – 7.53 (m, 2H), 7.52 – 7.20 (m, 
9H), 6.88 (d, J = 8.4 Hz, 1H), 5.12 – 4.90 (m, 2H). 13C NMR (101 MHz, DMSO) δ 

189.84, 175.83, 168.60, 161.23, 141.67, 135.85, 135.66, 134.16, 133.74, 131.93, 131.03, 129.61, 129.01, 
127.89, 127.80, 127.41, 125.48, 122.82, 119.50, 117.78, 111.37, 106.73, 56.86, 46.73, 43.81. HRMS (ESI) 
calculated for C27H16ClN3O3 [M+H]+: 466.0953, found 466.0971.

(R)-2-amino-1'-benzyl-5'-bromo-2',5-dioxo-5H-spiro[indeno[1,2-b]pyran-4,3'-
indoline]-3-carbonitrile (4f). Yellow solid, 46.9 mg, 92% yield, after recrystallization 
(82% yield), m. p. = 169-171 °C, [α]D

25 = +273.6 (c = 0.1, CHCl3). ee = 73% (Chiralpak 
IC-3, hexane/EtOH = 80:20, 254 nm, 1 mL/min, tmajor = 8.853 min, tminor = 15.038 
min). 1H NMR (400 MHz, DMSO) δ 7.86 (s, 2H), 7.69 (d, J = 2.0 Hz, 1H), 7.63 – 7.55 
(m, 1H), 7.53 – 7.20 (m, 9H), 6.83 (d, J = 8.4 Hz, 1H), 5.10 – 4.90 (m, 2H). 13C NMR 
(101 MHz, DMSO) δ 189.86, 175.71, 168.62, 161.22, 142.08, 135.82, 135.68, 134.17, 

134.06, 132.46, 131.93, 131.03, 129.01, 128.17, 127.89, 127.40, 122.82, 119.51, 117.80, 115.55, 111.88, 
106.71, 56.85, 46.66, 43.77. HRMS (ESI) calculated for C27H16BrN3O3 [M+H]+: 510.0448, found 510.3676.

(R)-2-amino-1'-benzyl-5'-iodo-2',5-dioxo-5H-spiro[indeno[1,2-b]pyran-4,3'-
indoline]-3-carbonitrile (4g). Yellow solid, 51.3 mg, 92% yield, after recrystallization 
(84% yield), m. p. = 163-165 °C, [α]D

25 = +278.0 (c = 0.1, CHCl3). ee = 77% (Chiralpak 
IC-3, hexane/EtOH = 80:20, 254 nm, 1 mL/min, tmajor = 9.572 min, tminor = 16.746 
min). 1H NMR (400 MHz, DMSO) δ 7.85 (s, 2H), 7.79 (d, J = 1.6 Hz, 1H), 7.59 (m, 2H), 
7.54 – 7.22 (m, 8H), 6.71 (d, J = 8.3 Hz, 1H), 5.16 – 4.82 (m, 2H). 13C NMR (101 MHz, 
) δ 189.86, 175.51, 168.57, 161.18, 142.56, 138.23, 135.81, 135.69, 134.17, 134.14, 

133.46, 131.89, 131.02, 128.98, 127.86, 127.36, 122.79, 119.48, 117.81, 112.32, 106.75, 86.92, 56.91, 
46.45, 43.70. HRMS (ESI) calculated for C27H16IN3O3 [M+H]+: 558.0309, found 558.3913.

(R)-2-amino-1'-benzyl-5'-methyl-2',5-dioxo-5H-spiro[indeno[1,2-b]pyran-4,3'-
indoline]-3-carbonitrile (4h). Yellow solid, 41.9 mg, 94% yield, after recrystallization 
(85% yield), m. p. = 181-183 °C, [α]D

25 = +272.4 (c = 0.1, CHCl3). ee = 72% (Chiralpak 
IC-3, hexane/EtOH = 80:20, 254 nm, 1 mL/min, tmajor = 11.776 min, tminor = 21.937 
min). 1H NMR (400 MHz, DMSO) δ 7.76 (s, 2H), 7.66 – 7.52 (m, 1H), 7.51 – 7.21 (m, 
8H), 7.16 (s, 1H), 7.03 (d, J = 7.3 Hz, 1H), 6.72 (d, J = 8.0 Hz, 1H), 5.11 – 4.83 (m, 2H), 
2.21 (s, 3H). 13C NMR (101 MHz, DMSO) δ 189.83, 175.88, 168.16, 161.03, 140.40, 

136.26, 135.59, 134.18, 132.72, 131.85,131.82, 130.97, 129.90, 128.92, 127.74, 127.41, 125.52, 122.78, 
119.38, 117.87, 109.68, 107.56, 57.67, 46.62, 43.74, 20.98. HRMS (ESI) calculated for C28H19N3O3 
[M+H]+: 446.1499, found 446.1886.

(R)-2-amino-1'-benzyl-5'-methoxy-2',5-dioxo-5H-spiro[indeno[1,2-b]pyran-4,3'-
indoline]-3-carbonitrile (4i). Yellow solid, 42.5 mg, 92% yield, after recrystallization 
(83% yield), m. p. = 156-158 °C, [α]D

25 = +249.6 (c = 0.1, CHCl3). ee = 72% (Chiralpak 
IC-3, hexane/EtOH = 80:20, 254 nm, 1 mL/min, tmajor = 11.776 min, tminor = 21.937 
min). 1H NMR (400 MHz, DMSO) δ 7.78 (s, 2H), 7.67 – 7.54 (m, 1H), 7.53 – 7.16 (m, 
8H), 7.05 (d, J = 2.5 Hz, 1H), 6.78 (m, 2H), 5.16 – 4.80 (m, 2H), 3.67 (s, 3H). 13C NMR 

(101 MHz, DMSO) δ 189.84, 175.77, 168.28, 161.06, 156.53, 136.28, 136.05, 135.68, 134.11, 133.05, 
131.84, 131.05, 128.93, 127.74, 127.42, 122.74, 119.36, 117.90, 114.28, 112.02,  110.39, 107.44, 57.64, 
55.99, 46.99, 43.78. HRMS (ESI) calculat-ed for C28H19N3O4 [M+H]+: 462.1448, found 462.4724.

(R)-2-amino-1'-benzyl-6'-fluoro-2',5-dioxo-5H-spiro[indeno[1,2-b]pyran-4,3'-
indoline]-3-carbonitrile (4j). Yellow solid, 41.8 mg, 93% yield, after recrystallization 
(86% yield), m. p. = 145-147 °C, [α]D

25 = +136.8 (c = 0.1, CHCl3). ee = 79% (Chiralpak 
IC-3, hexane/EtOH = 80:20, 254 nm, 1 mL/min, tmajor = 8.735 min, tminor = 13.176 
min). 1H NMR (400 MHz, DMSO) δ 7.82 (s, 2H), 7.59 (m, 1H), 7.52 – 7.22 (m, 9H), 7.02 
– 6.67 (m, 2H), 5.00 (s, 2H). 13C NMR (101 MHz, DMSO) δ 189.80, 176.46, 168.33, 
161.12, 144.55 (d, J = 12.4 Hz), 135.90, 135.55, 134.20, 131.94, 130.94, 128.99, 127.91, 

127.52, 126.69 (d, J = 12.0 Hz), 122.82, 119.47, 117.74, 109.71, 109.59 (d, J = 22.5 Hz), 107.08, 98.70, 
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98.56 (d, J = 27.9 Hz), 57.16, 46.22, 43.81. 19F NMR (377 MHz, DMSO) δ -111. 07. HRMS (ESI) calculated 
for C27H16FN3O3 [M+H]+: 450.1248, found 450.4484. 

(R)-2-amino-1'-benzyl-6'-chloro-2',5-dioxo-5H-spiro[indeno[1,2-b]pyran-4,3'-
indoline]-3-carbonitrile (4k). Yellow solid, 44.3 mg, 95% yield, after recrystallization 
(85% yield), m. p. = 178-180 °C, [α]D

25 = +168.0 (c = 0.1, CHCl3). ee = 75% (Chiralpak 
IC-3, hexane/EtOH = 80:20, 254 nm, 1 mL/min, tmajor = 8.617 min, tminor = 13.442 
min). 1H NMR (400 MHz, DMSO) δ 7.86 (s, 2H), 7.50 – 7.43 (m, 2H), 7.43 – 7.34 (m, 
5H), 7.34 – 7.25 (m, 3H), 7.09 (m, 1H), 7.01 (d, J = 1.8 Hz, 1H), 5.02 (s, 2H). 13C NMR 

(101 MHz, DMSO) δ 189.79, 176.14, 168.45, 161.18, 144.27, 135.85, 135.52, 134.22, 134.10, 131.98, 
130.94, 130.52, 129.02, 127.93, 127.45, 126.66, 123.33, 122.85, 119.52, 117.72, 110.24, 106.85, 56.85, 
46.31, 43.72. HRMS (ESI) calculated for C27H16ClN3O3 [M+H]+: 466.0953, found 466.0964.

(R)-2-amino-1'-benzyl-6'-bromo-2',5-dioxo-5H-spiro[indeno[1,2-b]pyran-4,3'-
indoline]-3-carbonitrile (4l). Yellow solid, 47.0 mg, 92% yield, after recrystallization 
(80% yield), m. p. = 155-157 °C, [α]D

25 = +281.2 (c = 0.1, CHCl3). ee = 71% (Chiralpak 
IC-3, hexane/EtOH = 80:20, 254 nm, 1 mL/min, tmajor = 8.754 min, tminor = 13.796 
min). 1H NMR (400 MHz, DMSO) δ 7.87 (s, 2H), 7.68 – 7.53 (m, 1H), 7.54 – 7.17 (m, 
10H), 7.14 (d, J = 1.6 Hz, 1H), 5.20 – 4.86 (m, 2H). 13C NMR (101 MHz, DMSO) δ 
189.79, 176.77, 168.46, 161.14, 138.66, 137.73, 135.47, 134.85, 134.26, 132.03, 132.00, 

130.90, 128.88, 127.41, 126.30, 125.13, 124.54, 122.91, 119.60, 117.78, 114.66, 106.87, 57.07, 46.46, 
45.38. HRMS (ESI) calculated for C27H16BrN3O3 [M+H]+: 510.0448, found 510.3895.

(R)-2-amino-1'-benzyl-7'-chloro-2',5-dioxo-5H-spiro[indeno[1,2-b]pyran-4,3'-
indoline]-3-carbonitrile (4m). Yellow solid, 43.8 mg, 94% yield, after recrystallization 
(81% yield), m. p. = 150-152 °C, [α]D

25 = +166.8 (c = 0.1, CHCl3). ee = 71% (Chiralpak 
IC-3, hexane/EtOH = 80:20, 254 nm, 1 mL/min, tmajor = 8.478 min, tminor = 18.664 min). 
1H NMR (400 MHz, DMSO) δ 7.91 (s, 2H), 7.59 (m, 1H), 7.55 – 7.16 (m, 10H), 7.09 (m, 
1H), 5.49 – 5.06 (m, 2H). 13C NMR (101 MHz, DMSO) δ 189.84, 175.83, 168.60, 161.23, 
141.67, 135.85, 135.66, 134.16, 133.74, 131.93, 131.03, 129.61, 129.01, 127.89, 127.80, 

127.41, 125.48, 122.82, 119.50, 117.78, 111.37, 106.73, 56.86, 46.73, 43.81. HRMS (ESI) calcu-lated for 
C27H16ClN3O3 [M+H]+: 466.0953, found 466.4251.

(R)-2-amino-1'-benzyl-7'-bromo-2',5-dioxo-5H-spiro[indeno[1,2-b]pyran-4,3'-
indoline]-3-carbonitrile (4n). Yellow solid, 48.0 mg, 94% yield, after recrystallization 
(79% yield), m. p. = 221-223 °C, [α]D

25 = +212.4 (c = 0.1, CHCl3). ee = 65% (Chiralpak 
IC-3, hexane/EtOH = 80:20, 254 nm, 1 mL/min, tmajor = 8.559 min, tminor = 20.833 
min). 1H NMR (400 MHz, DMSO) δ 7.90 (s, 2H), 7.65 – 7.54 (m, 1H), 7.52 – 7.18 (m, 
10H), 7.02 (m, 1H), 5.33 (d, J = 16.9 Hz, 2H). 13C NMR (101 MHz, DMSO) δ 189.78, 
176.94, 168.46, 161.14, 140.11, 137.67, 135.47, 135.38, 135.17, 134.27, 132.04, 130.89, 

128.85, 127.35, 126.31, 125.51, 125.05, 122.91, 119.60, 117.78, 106.90, 102.05, 57.12, 46.40, 45.10. 
HRMS (ESI) calculated for C27H16BrN3O3 [M+H]+: 510.0448, found 510.3890.

(R)-2-amino-1'-benzyl-7'-methyl-2',5-dioxo-5H-spiro[indeno[1,2-b]pyran-4,3'-
indoline]-3-carbonitrile (4o). Yellow solid, 42.3 mg, 95% yield, after recrystallization 
(87% yield), m. p. = 223-225 °C, [α]D

25 = +207.6 (c = 0.1, CHCl3). ee = 82% (Chiralpak 
IC-3, hexane/EtOH = 80:20, 254 nm, 1 mL/min, tmajor = 11.415 min, tminor = 31.109 
min). 1H NMR (400 MHz, DMSO) δ 7.79 (s, 2H), 7.57 (m, 1H), 7.51 – 7.14 (m, 9H), 
6.98 (m, 2H), 5.39 – 5.07 (m, 2H), 2.21 (s, 3H). 13C NMR (101 MHz, DMSO) δ 189.88, 
176.99, 168.18, 160.99, 140.78, 138.22, 135.56, 134.18, 133.51, 132.63, 131.88, 130.94, 
129.11, 127.49, 126.04, 123.67, 123.17, 122.78, 119.97, 119.41, 117.99, 107.66, 57.96, 

46.11, 45.34, 18.38. HRMS (ESI) calculated for C28H19N3O3 [M+H]+: 446.1499, found 446.4718.
(R)-2-amino-1'-benzyl-2',5-dioxo-7'-(trifluoromethyl)-5H-spiro[indeno[1,2-
b]pyran-4,3'-indoline]-3-carbonitrile (4p). Yellow solid, 45.9 mg, 92% yield, after 
recrystallization (78% yield), m. p. = 221-223 °C, [α]D

25 = +158.6 (c = 0.1, CHCl3). ee = 
64% (Chiralpak OD-H, hexane/ EtOH =90:10, 254 nm, 1 mL/min, tmajor = 12.293 min, 
tminor = 20.889 min). 1H NMR (300 MHz, dmso) δ 7.97 (s,2H), 7.86 – 7.75 (m, 1H), 
7.74 – 7.64 (m, 1H), 7.65 – 7.55 (m, 1H), 7.53 – 7.38 (m, 2H), 7.38 – 7.15 (m, 7H), 5.15 
(s, 2H). 13C NMR (101 MHz, DMSO) δ 189.74, 177.53, 168.70, 161.31, 140.78, 136.41, 

135.44, 134.74, 134.30, 132.09, 130.87, 130.12, 128.65, 127.82 (q, J = 11.1, 5.5 Hz), 127.14, 125.69, 
123.89, 122.94, 119.67, 117.72, 111.80, 111.47, 106.59, 56.72, 46.11, 45.27. 19F NMR (377 MHz, DMSO) 
δ -53.50. HRMS (ESI) calculated for C28H16F3N3O3 [M+H]+: 500.1177, found 500.1802.
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(R)-2-amino-1'-methyl-2',5-dioxo-5H-spiro[indeno[1,2-b]pyran-4,3'-indoline]-3-
carbonitrile (4q). Yellow solid, 33.1 mg, 93% yield, after recrystallization (86% yield), 
m. p. = 209-211 °C, [α]D

25 = +78.4 (c = 0.1, CHCl3). ee = 80% (Chiralpak IC-3, 
hexane/EtOH = 80:20, 254 nm, 1 mL/min, tmajor = 24.583 min, tminor = 33.464 min). 
1H NMR (400 MHz, DMSO) δ 7.74 (s, 2H), 7.57 (m, 1H), 7.49 – 7.22 (m, 5H), 7.15 – 
7.00 (m, 2H), 3.21 (s, 3H). 13C NMR (101 MHz, DMSO) δ 189.69, 175.68, 168.02, 
161.08, 143.75, 135.55, 134.15, 131.84, 131.66, 130.93, 129.80, 124.77, 123.46, 122.67, 

119.35, 117.68, 109.23, 107.55, 57.26, 46.50, 27.03. HRMS (ESI) calculated for C21H13N3O3 [M+H]+: 
356.1030, found 356.3911. 

(R)-2-amino-1'-benzyl-6-fluoro-2',5-dioxo-5H-spiro[indeno[1,2-b]pyran-4,3'-
indoline]-3-carbonitrile (4r). Yellow solid, 17.5 mg, 39% yield, m. p. = 155-157 °C, 
[α]D

25 = +176.2 (c = 0.1, CHCl3). ee = 35% (Chiralpak IC-3, hexane/EtOH = 80:20, 254 
nm, 1 mL/min, tmajor = 13.069 min, tminor = 21.281 min). 1H NMR (400 MHz, DMSO) 
δ 7.80 (s, 2H), 7.58 – 7.40 (m, 4H), 7.40 – 7.15 (m, 6H), 7.11 – 6.93 (m, 1H), 6.86 (d, J 
= 7.8 Hz, 1H), 5.18 – 4.81 (m, 2H). 13C NMR (101 MHz, DMSO) δ 188.63, 175.87, 
166.90, 160.94, 155.73, 153.18, 142.75, 136.18 , 135.03 (d, J = 6.7 Hz), 133.20, 131.63, 

129.75, 128.96, 127.80, 127.43 , 125.14, 123.54 (d, J = 11.6 Hz), 120.38 (d, J = 12.8 Hz), 119.41, 117.69, 
109.90, 107.78, 57.2, 46.47, 43.74. 19F NMR (377 MHz, DMSO) δ -117.86. HRMS (ESI) calculated for 
C27H16FN3O3 [M+H]+: 450.1209, found 450.1174. 

(R)-2-amino-1'-benzyl-9-fluoro-2',5-dioxo-5H-spiro[indeno[1,2-b]pyran-4,3'-
indoline]-3-carbonitrile (4s). Yellow solid, 22.5 mg, 50% yield, m. p. = 145-147 °C, 
[α]D

25 = +184.4 (c = 0.1, CHCl3). ee = 38% (Chiralpak IC-3, hexane/EtOH = 80:20, 254 
nm, 1 mL/min, tmajor = 12.423 min, tminor = 20.031 min). 1H NMR (400 MHz, DMSO) 
δ 7.82 (s, 2H), 7.74 – 7.54 (m, 1H), 7.43 (d, J = 7.3 Hz, 2H), 7.38 – 7.12 (m, 7H), 7.09 – 
6.96 (m, 1H), 6.86 (d, J = 7.8 Hz, 1H), 4.99 (s, 2H). 13C NMR (101 MHz, DMSO) δ 
186.21, 175.82, 166.96, 160.97, 157.95, 155.35, 142.76, 137.59 (d, J = 18.9, 6.3 Hz), 
136.17, 131.50, 129.77, 128.96, 127.81, 127.43, 125.11, 123.60, 121.28 (d, J = 21.3 Hz), 

117.72, 116.29, 115.36 (d, J = 14.0 Hz), 109.93, 107.99, 57.40, 46.59, 43.75. 19F NMR (377 MHz, DMSO) 
δ -114.24. HRMS (ESI) calculated for C27H16FN3O3 [M+H]+: 450.1209, found 450.2005. 

Ethyl (R, Z)-N-(1'-benzyl-3-cyano-7'-methyl-2',5-dioxo-5H-
spiro[indeno[1,2-b]pyran-4,3'-indolin]-2-yl)formimidate (4o-1). Compound 4o (1.0 
eq, 44.6 mg) was put into a round bottom flask, added triethoxymethane (1.5 eq, 22.5 
mg) and 0.5 mL AcOH, heated and stirred at 120°C for about 4 hours. After the reaction 
was complete, the solvent was evaporated in vacuo, Separation and purification of 
compound 4o-1 by column chromatography. Yellow solid, 49.1 mg, 98% yield, m. p. 
= 209-211 °C, [α]D

25 = +198.2 (c = 0.1, CHCl3), ee = 95%（Chiralpak IC-3, 
hexane/EtOH = 80:20, 254 nm, 1 mL/min, tmajor = 14.755 min, tminor =22.287 min). 1H NMR (300 MHz, 
CDCl3) δ 8.51 (s, 1H), 7.51 – 7.18 (m, 9H), 7.18 – 6.81 (m, 3H), 5.31 (q, J = 17.1 Hz, 2H), 4.44 (q, J = 7.1 
Hz, 2H), 2.28 (s, 3H), 1.40 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 189.26, 175.57, 167.90, 
160.43, 158.92, 140.83, 137.09, 135.56, 134.14, 133.00, 131.27, 131.10, 130.92, 128.96, 127.19, 125.84, 
123.63, 122.65, 122.60, 120.60, 118.96, 114.95, 107.37, 83.03, 64.99, 47.66, 46.08, 18.67, 13.88. HRMS 
(ESI) calculated for C31H23N3O4 [M+H]+: 502.1722, found 502.1809. 

(R)-2-amino-2',5-dioxo-5H-spiro[indeno[1,2-b]pyran-4,3'-indoline]-3-carbonitrile 
(4t). Yellow solid, 32.0 mg, 94% yield, after recrystallization (84% yield), m. p. = 178-
180 °C, [α]D

25 = +198.6 (c = 0.1, CHCl3). ee = 66% (Chiralpak IC-3, hexane/i-PrOH = 
90:10, 254 nm, 1 mL/min, tmajor = 26.254 min, tminor = 38.945 min). 1H NMR (400 
MHz, DMSO) δ 10.69 (s, 1H), 7.71 (s, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.44 (t, J = 7.4 Hz, 
1H), 7.37 (d, J = 7.1 Hz, 1H), 7.31 (d, J = 7.2 Hz, 1H), 7.24 (t, J = 7.6 Hz, 2H), 6.97 (t, J 

= 7.5 Hz, 1H), 6.89 (d, J = 7.6 Hz, 1H). 13C NMR (101 MHz, DMSO) δ 189.82, 177.31, 167.96, 160.93, 
142.30, 135.58, 134.11, 132.49, 131.78, 130.96, 129.62, 125.06, 122.73, 122.66, 119.27, 117.82, 110.22, 
107.71, 57.68, 46.86. 

(R)-2-amino-2',5-dioxo-1'-trityl-5H-spiro[indeno[1,2-b]pyran-4,3'-indoline]-3-
carbonitrile (4u). Yellow solid, 59.9 mg, 96% yield, after recrystallization (82% yield), 
m. p. = 165-167 °C, [α]D

25 = +242.4 (c = 0.1, CHCl3). ee = 63% (Chiralpak IC-3, 
hexane/EtOH = 90:10, 254 nm, 1 mL/min, tmajor = 20.150 min, tminor = 45.032 min). 1H 
NMR (400 MHz, DMSO) δ 7.76 (s, 2H), 7.60 – 7.53 (m, 1H), 7.53 – 7.41 (m, 8H), 7.35 – 
7.17 (m, 11H), 7.01 – 6.85 (m, 2H), 6.31 – 6.19 (m, 1H). 13C NMR (101 MHz, DMSO) δ 
189.93, 176.87, 168.14, 161.06, 143.20, 142.23, 135.56, 134.15, 131.98, 131.90, 130.93, 
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129.57, 128.06, 127.23, 124.65, 123.10, 122.90, 119.37, 118.19, 115.99, 107.71, 74.73, 58.00, 47.32.
tert-butyl (R)-2-amino-3-cyano-2',5-dioxo-5H-spiro[indeno[1,2-b]pyran-4,3'-

indoline]-1'-carboxylate. Yellow solid, 22.9 mg, 52% yield, m. p. = 179-181 °C, [α]D
25 

= +166.2 (c = 0.1, CHCl3). ee = 14% (Chiralpak IA, hexane/EtOH = 95:5, 254 nm, 1 

mL/min, tmajor = 32.394 min, tminor = 35.553 min).  1H NMR (400 MHz, DMSO) δ 

7.93 (s, 2H), 7.80 (d, J = 8.2 Hz, 1H), 7.59 (t, J = 7.2 Hz, 1H), 7.51 – 7.31 (m, 5H), 7.21 

(t, J = 7.4 Hz, 1H), 1.59 (s, 9H). 13C NMR (101 MHz, DMSO) δ 189.75, 174.65, 168.12, 161.03, 

148.74, 139.26, 135.38, 134.28, 132.08, 130.77, 130.35, 130.08, 125.69, 125.41, 122.88, 119.68, 

117.61, 114.96, 107.15, 84.98, 57.33, 47.34, 28.07.
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5. NMR spectra of catalyst, substrate 2b and addition products 4a-4u,4o-1
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