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I. General experimental information 

All reagents were purchased from commercial sources and were used without further purification. 

Aryl/alkenyl enaminones (1)
1,2

, diazo homophthalimides (2)
3,4

 and [RhCp*Cl2]2 were prepared based on 

literature procedures. Melting points were recorded with a micro melting point apparatus and uncorrected. 

The 
1
H NMR spectra were recorded at 400 MHz or 600 MHz. The 

13
C NMR spectra were recorded at 100 

MHz or 150 MHz. The 
19

F NMR spectra were recorded at 376 MHz. Chemical shifts were expressed in 

parts per million (δ), and were reported as s (singlet), d (doublet), t (triplet), dd (doublet of doublets), m 

(multiplet), etc. The coupling constants J were given in Hz. High resolution mass spectra (HRMS) were 

obtained via ESI mode by using a MicrOTOF mass spectrometer. All reactions were monitored by thin layer 

chromatography (TLC) using silica gel plates (silica gel 60 F254 0.25 mm), and components were visualized 

by observation under UV light (254 and 365 nm). 
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II. Experimental procedures and spectroscopic data 

1. Typical procedure for the synthesis of 3aa and spectroscopic data of 3aa-3ap 

To a reaction tube equipped with a stir bar were added (E)-3-(dimethylamino)-1-phenylprop-2-en-1-one 

(1a, 35.0 mg, 0.2 mmol), [RhCp*Cl2]2 (5.0 mg, 0.008 mmol), AgNTf2 (31.1 mg, 0.08 mmol), 4-diazo-2- 

methylisoquinoline-1,3(2H,4H)-dione (2a, 80.4 mg, 0.4 mmol) and DCE (2 mL). The tube was then sealed, 

and the mixture was stirred at 60 °C (oil bath) under air for 12 h. Upon completion, it was cooled to room 

temperature, filtered through a pad of celite and concentrated under reduced pressure. The residue was 

purified by silica gel column chromatography using petroleum ether/ethyl acetate (8:1) as eluent to afford 

3aa. Other products 3ba-3ap were obtained in a similar manner. 

 

2-Methyl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3aa) 

Eluent: petroleum ether/ethyl acetate (8:1). White solid (49.1 mg, 81%), mp 215.1-216.6 ℃. 
1
H NMR (600 

MHz, CDCl3): δ 8.38-8.36 (m, 1H), 8.27-8.26 (m, 1H), 7.54-7.51 (m, 2H), 7.48-7.43 (m, 2H), 6.93-6.91 (m, 

1H), 6.86-6.85 (m, 1H), 6.83 (d, J = 9.6 Hz, 1H), 6.69 (d, J = 9.6 Hz, 1H), 3.43 (s, 3H). 
13

C{
1
H} NMR (150 

MHz, CDCl3): δ 184.0, 169.8, 164.0, 145.2, 142.8, 138.7, 134.7, 133.4, 131.5, 129.7, 129.4, 128.9, 128.7, 

128.3, 127.9, 127.3, 124.4, 54.3, 28.0.
 
HRMS (ESI) m/z: [M+Na]

+
 Calcd for C19H13NNaO3 326.0788; Found 

326.0786. 

 

2,7'-Dimethyl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3ba) 

Eluent: petroleum ether/ethyl acetate (9:1). Yellow solid (50.1 mg, 79%), mp 227.9-229.6 ℃.
 1

H NMR (400 

MHz, CDCl3): δ 8.39-8.36 (m, 1H), 8.17 (d, J = 8.0 Hz, 1H), 7.53-7.51 (m, 2H), 7.28-7.26 (m, 1H), 
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6.91-6.89 (m, 1H), 6.76 (d, J = 10.0 Hz, 1H), 6.65 (d, J = 10.0 Hz, 1H), 6.60 (s, 1H), 3.45 (s, 3H), 2.26 (s, 

3H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 183.9, 170.0, 164.0, 144.9, 144.5, 143.0, 138.9, 134.7, 129.9, 

129.6, 129.4, 129.3, 128.8, 128.3, 128.1, 127.3, 124.3, 54.2, 28.0, 21.8. HRMS (ESI) m/z: [M+Na]
+
 Calcd 

for C20H15NNaO3 340.0944; Found 340.0944. 

 

7'-Ethyl-2-methyl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3ca) 

Eluent: petroleum ether/ethyl acetate (8:1). Yellow solid (50.3 mg, 76%), mp 185.4-187.2 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.39-8.36 (m, 1H), 8.19 (d, J = 8.4 Hz, 1H), 7.54-7.50 (m, 2H), 7.31 (d, J = 8.0 Hz, 1H), 

6.91-6.89 (m, 1H), 6. 77 (d, J = 10.0 Hz, 1H), 6.65 (d, J = 10.0 Hz, 1H), 6.60 (s, 1H), 3.45 (s, 3H), 2.55 (q, J 

= 7.6 Hz, 2H ), 1.10 (t, J = 7.6 Hz, 3H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 183.9, 170.0, 164.1, 150.5, 

144.9, 143.0, 139.0, 134.7, 129.7, 129.5, 129.4, 128.8, 128.5, 128.3, 127.4, 127.0, 124.4, 54.3, 28.9, 28.0, 

14.9. HRMS (ESI) m/z: [M+Na]
+
 Calcd for C21H17NNaO3 354.1101; Found 354.1101. 

 

7'-(tert-Butyl)-2-methyl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3da) 

Eluent: petroleum ether/ethyl acetate (10:1). White solid (41.6 mg, 58%), mp 164.2-165.8 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.39-8.37 (m, 1H), 8.19 (d, J = 8.4 Hz, 1H), 7.54-7.49 (m, 3H), 6.92-6.90 (m, 1H), 

6.80-6.78 (m, 2H), 6.67 (d, J = 10.0 Hz, 1H), 3.45 (s, 3H), 1.15 (s, 9H). 
13

C{
1
H} NMR (100 MHz, CDCl3): 

δ 183.9, 170.1, 164.1, 157.3, 145.0, 142.5, 139.0, 134.6, 129.9, 129.4, 129.2, 128.8, 128.1, 127.1, 126.1, 

124.4, 124.3, 54.5, 35.1, 30.9, 28.0. HRMS (ESI) m/z: [M+Na]
+
 Calcd for C23H21NNaO3 382.1414; Found 

382.1414. 
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7'-Methoxy-2-methyl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3ea) 

Eluent: petroleum ether/ethyl acetate (6:1). Yellow solid (48.0 mg, 72%), mp 182.8-184.6 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.37-8.35 (m, 1H), 8.25 (d, J = 8.8 Hz, 1H), 7.53-7.51 (m, 2H), 6.99 (dd, J1 = 8.8 Hz, J2 = 

2.4 Hz, 1H), 6.93-6.91 (m, 1H), 6.74 (d, J = 10.0 Hz, 1H), 6.63 (d, J = 10.0 Hz, 1H), 6.26 (d, J = 2.4 Hz, 

1H), 3.72 (s, 3H), 3.44 (s, 3H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 183.2, 169.9, 164.0, 163.3, 144.9, 

144.4, 138.9, 134.7, 129.8, 129.7, 129.4, 128.9, 128.2, 125.1, 124.3, 114.2, 113.2, 55.5, 54.3, 28.0. HRMS 

(ESI) m/z: [M+Na]
+
 Calcd for C20H15NNaO4 356.0893; Found 356.0893.  

 

2-Methyl-7'-phenyl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3fa) 

Eluent: petroleum ether/ethyl acetate (4:1). Yellow solid (54.6 mg, 72%), mp 196.2-197.5 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.40-8.37 (m, 1H), 8.34 (d, J = 8.4 Hz, 1H), 7.70 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 

7.56-7.52 (m, 2H), 7.39-7.35 (m, 5H), 6.98-6.95 (m, 2H), 6.82 (d, J = 10.0 Hz, 1H), 6.70 (d, J = 10.0 Hz, 

1H), 3.46 (s, 3H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 183.8, 169.9, 164.0, 146.3, 145.2, 143.4, 139.2, 

138.8, 134.8, 130.4, 129.7, 129.5, 129.0, 128.9, 128.6, 128.3, 127.9, 127.6, 127.3, 126.4, 124.4, 54.5, 28.1. 

HRMS (ESI) m/z: [M+Na]
+
 Calcd for C25H17NNaO3 402.1101; Found 402.1099. 

 

7'-Fluoro-2-methyl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3ga) 
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Eluent: petroleum ether/ethyl acetate (8:1). Yellow solid (39.8 mg, 62%), mp 203.3-204.7 ℃. 
1
H NMR (600 

MHz, CDCl3): δ 8.39-8.38 (m, 1H), 8.31 (dd, J1 = 8.4 Hz, J2 = 5.4 Hz, 1H), 7.56-7.55 (m, 2H), 7.17 (td, J1 = 

8.4 Hz, J2 = 2.4 Hz, 1H), 6.92-6.90 (m, 1H), 6.80 (d, J = 10.2 Hz, 1H), 6.67 (d, J = 10.2 Hz, 1H), 6.51 (dd, 

J1 = 9.0 Hz, J2 = 2.4 Hz, 1H), 3.44 (s, 3H). 
13

C{
1
H} NMR (150 MHz, CDCl3): δ 182.7, 169.3, 165.4 (d, 

1
JC-F 

= 254.9 Hz), 163.7, 145.4 (d, 
3
JC-F = 8.7 Hz), 145.0, 138.1, 134.9, 130.4 (d, 

3
JC-F = 9.8 Hz), 129.7, 129.5, 

129.2, 128.3 (d, 
4
JC-F = 3.3 Hz), 128.2, 124.3, 116.7 (d, 

2
JC-F = 21.9 Hz), 114.6 (d, 

2
JC-F = 23.0 Hz), 54.4 (d, 

4
JC-F = 2.1 Hz), 28.1. 

19
F NMR (376 MHz, CDCl3): δ -103.07 - -103.13 (m). HRMS (ESI) m/z: [M+Na]

+
 

Calcd for C19H12FNNaO3 344.0693; Found 344.0693. 

 

7'-Chloro-2-methyl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3ha) 

Eluent: petroleum ether/ethyl acetate (6:1). Yellow soild (36.4 mg, 54%), mp 223.4-224.9 ℃. 
1
H NMR (400 

MHz, CDCl3): δ
 
8.40-8.38 (m, 1H), 8.22 (d, J = 8.4 Hz, 1H), 7.57-7.55 (m, 2H), 7.45 (dd, J1 = 8.4 Hz, J2 = 

1.6 Hz, 1H), 6.90-6.88 (m, 1H), 6.80-6.76 (m, 2H), 6.66 (d, J = 10.0 Hz, 1H), 3.45 (s, 3H). 
13

C{
1
H} NMR 

(100 MHz, CDCl3): δ 183.0, 169.3, 163.7, 145.1, 144.3, 139.9, 138.0, 134.9, 130.1, 129.7, 129.4, 129.2, 

128.9, 128.2, 127.9, 124.4, 54.2, 28.2. HRMS (ESI) m/z: [M+Na]
+
 Calcd for C19H12ClNNaO3 360.0398; 

Found 360.0399. 

 

7'-Bromo-2-methyl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3ia) 

Eluent: petroleum ether/ethyl acetate (8:1). Yellow soild (51.8 mg, 68%), mp 242.5-244.3 ℃. 
1
H NMR (400 

MHz, CDCl3): δ
 
8.40-8.38 (m, 1H), 8.14 (d, J = 8.4 Hz, 1H), 7.61 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 

7.57-7.55 (m, 2H), 6.96 (d, J = 2.0 Hz, 1H), 6.90-6.88 (m, 1H), 6.76 (d, J = 10.0 Hz, 1H), 6.65 (d, J = 10.0 
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Hz, 1H), 3.45 (s, 3H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 183.1, 169.3, 163.7, 145.1, 144.4, 138.0, 134.9, 

132.3, 130.9, 130.6, 129.7, 129.3, 129.2, 128.9, 128.6, 128.3, 124.4, 54.2, 28.2. HRMS (ESI) m/z: [M+Na]
+
 

Calcd for C19H12BrNNaO3 403.9893; Found 403.9893.  

 

2-Methyl-7'-(trifluoromethyl)-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3ja) 

Eluent: petroleum ether/ethyl acetate (9:1). Yellow solid (48.2 mg, 65%), mp 172.1-173.8 ℃. 
1
H NMR (400 

MHz, CDCl3): δ
 
8.42-8.40 (m, 2H), 7.74 (d, J = 8.4 Hz, 1H), 7.58-7.55 (m, 2H), 7.07 (s, 1H), 6.86-6.83 (m, 

2H), 6.69 (d, J = 10.0 Hz, 1H), 3.45 (s, 3H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 182.8, 169.2, 163.6, 145.9, 

143.3, 137.7, 135.0, 134.5 (q, 
2
JC-F = 26.7 Hz), 129.9, 129.4, 129.2, 128.2, 128.1, 125.6 (q, 

3
JC-F = 3.6 Hz), 

125.1 (q, 
3
JC-F = 3.6 Hz), 124.5, 123.1 (q, 

1
JC-F = 271.6 Hz), 54.6, 28.2. 

19
F NMR (376 MHz, CDCl3): δ 

-63.06 (s). HRMS (ESI) m/z: [M+Na]
+
 Calcd for C20H12F3NNaO3 394.0661; Found 394.0661. 

 

Methyl 2-methyl-1,3,4'-trioxo-2,3-dihydro-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-7'-carboxylate 

(3ka) 

Eluent: petroleum ether/ethyl acetate (7:1). White solid (36.8 mg, 51%), mp 213.3-215.1 ℃. 
1
H NMR (400 

MHz, CDCl3): δ
 
8.41-8.39 (m, 1H), 8.35 (d, J = 8.4 Hz, 1H), 8.12 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 

7.55-7.52 (m, 2H), 7.49 (d, J = 1.6 Hz, 1H), 6.85-6.81 (m, 2H), 6.68 (d, J = 10.0 Hz, 1H), 3.85 (s, 3H), 3.45 

(s, 3H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 183.3, 169.5, 165.5, 163.7, 145.9, 142.9, 138.1, 134.8, 134.7, 

134.3, 129.7, 129.5, 129.4, 129.3, 129.2, 128.2, 127.5, 124.5, 54.6, 52.6, 28.2. HRMS (ESI) m/z: [M+Na]
+
 

Calcd for C21H15NNaO5 384.0842; Found 384.0837. 
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2-Methyl-7'-nitro-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3la) 

Eluent: petroleum ether/ethyl acetate (5:1). Brown solid (31.3 mg, 45%), mp 197.2-198.7 ℃. 
1
H NMR (400 

MHz, CDCl3): δ
 
8.48-8.42 (m, 2H), 8.31 (dd, J1 = 8.4 Hz, J2 = 2.0 Hz, 1H), 7.69 (d, J = 2.0 Hz, 1H), 

7.62-7.55 (m, 2H), 6.89 (d, J = 10.0 Hz, 1H), 6.86-6.84 (m, 1H), 6.71 (d, J = 10.0 Hz, 1H), 3.46 (s, 3H). 

13
C{

1
H} NMR (100 MHz, CDCl3): δ 182.2, 168.9, 163.3, 150.3, 146.3, 144.1, 137.2, 135.9, 135.0, 130.1, 

129.6, 129.2, 129.0, 128.1, 124.6, 123.6, 123.5, 54.8, 28.3. HRMS (ESI) m/z: [M+Na]
+
 Calcd for 

C19H12N2NaO5 371.0638; Found 371.0637.  

 

2-Methyl-1,3,4'-trioxo-2,3-dihydro-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-7'-carbonitrile (3ma) 

Eluent: petroleum ether/ethyl acetate (5:1). White solid (38.7 mg, 59%), mp 237.6-239.2 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.44-8.41 (m, 1H), 8.38 (d, J = 8.4 Hz, 1H), 7.75 (dd, J1 = 8.4 Hz, J2 = 0.8 Hz, 1H), 

7.60-7.57 (m, 2H), 7.14 (s, 1H), 6.87-6.85 (m, 2H), 6.72 (d, J = 10.0 Hz, 1H), 3.45 (s, 3H). 
13

C{
1
H} NMR 

(100 MHz, CDCl3): δ 182.4, 168.8, 163.3, 145.7, 143.6, 137.3, 135.1, 134.5, 132.2, 131.8, 130.0, 129.6, 

129.4, 128.1, 128.0, 124.5, 117.3, 116.8, 54.2, 28.3. HRMS (ESI) m/z: [M+Na]
+
 Calcd for C20H12N2NaO3 

351.0740; Found 351.0740. 

 

2,6'-Dimethyl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3na) 
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Eluent: petroleum ether/ethyl acetate (7:1). White solid (31.1 mg, 49%), mp 248.6-250.2 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.37-8.35 (m, 1H), 8.08 (s, 1H), 7.52-7.50 (m, 2H), 7.27-7.25 (m, 1H), 6.92-6.90 (m, 1H), 

6.80 (d, J = 10.0 Hz, 1H), 6.73 (d, J = 8.0 Hz, 1H), 6.68 (d, J = 10.0 Hz, 1H), 3.43 (s, 3H), 2.40 (s, 3H). 

13
C{

1
H} NMR (100 MHz, CDCl3): δ 184.2, 170.0, 164.0, 145.1, 140.1, 138.9, 138.8, 134.6, 134.4, 131.2, 

129.9, 129.4, 128.8, 128.2, 127.7, 127.4, 124.4, 54.1, 28.0, 21.1. HRMS (ESI) m/z: [M+Na]
+
 Calcd for 

C20H15NNaO3 340.0944; Found 340.0945. 

 

8'-Methoxy-2-methyl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3oa) 

Eluent: petroleum ether/ethyl acetate (5:1). White solid (30.6 mg, 46%), mp 204.6-206.3 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.31 (dd, J1 = 7.6 Hz, J2 = 2.0 Hz, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.51 (t, J = 8.0 Hz, 1H), 

7.46-7.39 (m, 2H), 7.03 (d, J = 8.0 Hz, 1H), 6.76-6.72 (m, 1H), 6.69 (d, J = 10.0 Hz, 1H), 6.52 (d, J = 10.0 

Hz, 1H), 3.48 (s, 3H), 3.47 (s, 3H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 184.1, 170.8, 164.4, 155.4, 145.6, 

138.4, 134.0, 133.0, 132.3, 129.7, 129.1, 128.1, 127.8, 126.4, 124.8, 119.1, 116.0, 56.0, 52.3, 27.7. HRMS 

(ESI) m/z: [M+Na]
+
 Calcd for C20H15NNaO4 356.0893; Found 356.0894. 

 

8'-Fluoro-2-methyl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3pa) 

Eluent: petroleum ether/ethyl acetate (7:1). Yellow solid (27.0 mg, 42%), mp 221.3-222.7 ℃. 
1
H NMR (600 

MHz, CDCl3): δ 8.35-8.34 (m, 1H), 8.13 (d, J = 7.8 Hz, 1H), 7.55 (td, J1 = 8.4 Hz, J2 = 5.4 Hz, 1H), 

7.52-7.47 (m, 2H), 7.23 (t, J = 9.0 Hz, 1H), 6.80-6.78 (m, 1H), 6.72 (d, J = 10.2 Hz, 1H), 6.55 (d, J = 10.2 

Hz, 1H), 3.48 (s, 3H). 
13

C{
1
H} NMR (150 MHz, CDCl3): δ 182.7 (d, 

4
JC-F  = 3.3 Hz), 169.7, 163.8, 159.0 (d, 

1
JC-F = 249.3 Hz), 145.2, 137.2, 134.4, 133.4 (d, 

4
JC-F  = 2.3 Hz), 130.6 (d, 

2
JC-F = 13.1 Hz), 130.3 (d, 

3
JC-F = 
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8.9 Hz), 129.7, 128.8, 128.0, 126.8, 124.4, 122.8 (d, 
4
JC-F  = 3.3 Hz), 120.4 (d, 

2
JC-F = 20.7 Hz), 51.7, 28.0. 

19
F NMR (376 MHz, CDCl3): δ -112.90 (dd, J1 = 9.8 Hz, J2 = 5.6 Hz). HRMS (ESI) m/z: [M+Na]

+
 Calcd for 

C19H12 FNNaO3 344.0693; Found 344.0693.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

 

6',7'-Dimethoxy-2-methyl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3qa)  

Eluent: petroleum ether/ethyl acetate (6:1). White solid (37.1 mg, 51%), mp 231.6-233.5 ℃. 
1
H NMR (600 

MHz, CDCl3): δ 8.37-8.36 (m, 1H), 7.72 (s, 1H), 7.54-7.52 (m, 2H), 6.90-6.89 (m, 1H), 6.74 (d, J = 9.6 Hz, 

1H), 6.61 (d, J = 9.6 Hz, 1H), 6.15 (s, 1H), 3.98 (s, 3H), 3.68 (s, 3H), 3.46 (s, 3H). 
13

C{
1
H} NMR (150 MHz, 

CDCl3): δ 183.3, 170.1, 164.0, 153.6, 149.6, 144.8, 138.9, 137.0, 134.8, 129.5, 129.2, 128.9, 128.1, 125.7, 

124.4, 109.1, 108.0, 56.2, 56.1, 54.4, 28.1. HRMS (ESI) m/z: [M+Na]
+
 Calcd for C21H17NNaO5 386.0999; 

Found 386.0996. 

 

7',8'-Dimethoxy-2-methyl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3qa') 

Eluent: petroleum ether/ethyl acetate (6:1). White solid (13.1 mg, 18%), mp 231.6-233.5 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.35-8.33 (m, 1H), 8.08 (d, J = 8.8 Hz, 1H), 7.45-7.43 (m, 2H), 7.11 (d, J = 8.8 Hz, 1H), 

6.79-6.77 (m, 1H), 6.64 (d, J = 10.0 Hz, 1H), 6.47 (d, J = 10.0 Hz, 1H), 3.88 (s, 3H), 3.49 (s, 3H), 3.18 (s, 

3H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ183.4, 170.7, 164.3, 156.6, 150.0, 144.2, 139.1, 137.4, 134.0, 

129.3, 128.3, 127.9, 126.9, 125.5, 124.6, 123.6, 112.9, 59.4, 55.8, 52.5, 27.8. HRMS (ESI) m/z: [M+Na]
+
 

Calcd for C21H17NNaO5 386.0999; Found 386.0996.  
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2-Methyl-1H,6'H-spiro[isoquinoline-4,9'-naphtho[1,2-d][1,3]dioxole]-1,3,6'(2H)-trione (3ra) 

Eluent: petroleum ether/ethyl acetate (6:1). Yellow solid (36.1 mg, 52%), mp 214.3-215.9 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.32-8.30 (m, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.52-7.47 (m, 2H), 6.97 (d, J = 8.4 Hz, 1H), 

6.94-6.91 (m, 1H), 6.65 (d, J = 10.0 Hz, 1H), 6.54 (d, J = 10.0 Hz, 1H), 5.88 (d, J = 1.2 Hz, 1H), 5.72 (d, J = 

1.2 Hz, 1H), 3.46 (s, 3H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 182.4, 169.7, 164.1, 151.8, 144.0, 143.9, 

137.0, 134.3, 129.2, 129.0, 128.7, 127.4, 125.7, 124.7, 124.3, 123.2, 109.4, 102.6, 51.4, 27.9. HRMS (ESI) 

m/z: [M+Na]
+
 Calcd for C20H13NNaO5 370.0686; Found 370.0685. 

 

2'-Methyl-1'H,4H-spiro[anthracene-1,4'-isoquinoline]-1',3',4(2'H)-trione (3sa) 

Eluent: petroleum ether/ethyl acetate (6:1). Yellow solid (53.0 mg, 75%), mp 239.6-241.1 ℃. 
1
H NMR (600 

MHz, CDCl3): δ 8.50 (s, 1H), 8.43-8.41 (m, 1H), 8.02-8.01 (m, 1H), 7.65-7.64 (m, 1H), 7.55-7.51 (m, 4H), 

7.26 (s, 1H), 6.99-6.97 (m, 1H), 6.87 (d, J = 10.2 Hz, 1H), 6.79 (d, J = 10.2 Hz, 1H), 3.44 (s, 3H). 
13

C{
1
H} 

NMR (150 MHz, CDCl3): δ 184.3, 170.3, 164.1, 145.2, 139.8, 138.5, 135.1, 134.8, 132.3, 130.3, 129.8, 

129.4, 129.1, 129.0, 128.9, 128.6, 128.5, 127.7, 127.6, 127.4, 124.4, 54.0, 28.1. HRMS (ESI) m/z: [M+Na]
+
 

Calcd for C23H15NNaO3 376.0944; Found 376.0944. 

 

2'-Methyl-1'H,7H-spiro[benzo[b]thiophene-4,4'-isoquinoline]-1',3',7(2'H)-trione (3ta)  
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Eluent: petroleum ether/ethyl acetate (5:1). Brown solid (26.0 mg, 42%), mp 202.8-204.6 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.37-8.34 (m, 1H), 7.63 (d, J = 5.2 Hz, 1H), 7.54-7.52 (m, 2H), 6.93-6.91 (m, 1H), 6.83 (d, 

J = 9.6 Hz, 1H), 6.65-6.63 (m, 2H), 3.44 (s, 3H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 179.1, 168.6, 163.9, 

148.5, 145.1, 137.5, 136.6, 134.7, 134.2, 129.8, 129.2, 127.3, 126.2, 124.2, 54.4, 28.1. HRMS (ESI) m/z: 

[M+Na]
+
 Calcd for C17H11NNaO3S 332.0352; Found 332.0350. 

 

2-Methyl-5',6',7',8'-tetrahydro-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3ua)  

Eluent: petroleum ether/ethyl acetate (4:1). White solid (29.5 mg, 48%), mp 183.2-184.6 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.32 (d, J = 7.2 Hz, 1H), 7.61 (t, J = 7.2 Hz, 1H), 7.53 (t, J = 7.2 Hz, 1H), 7.08 (d, J = 8.0 

Hz, 1H), 6.62 (d, J = 9.6 Hz, 1H), 6.42 (d, J = 9.6 Hz, 1H), 3.44 (s, 3H), 2.50 (br, 2H), 1.94-1.87 (m, 1H), 

1.77-1.67 (m, 2H), 1.65-1.60 (m, 2H), 1.54-1.45 (m, 1H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 185.4, 169.3, 

163.8, 151.3, 145.1, 136.4, 136.1, 134.8, 129.7, 129.0, 128.7, 126.6, 124.9, 56.7, 27.8, 27.5, 22.3, 21.7, 21.5. 

HRMS (ESI) m/z: [M+Na]
+
 Calcd for C19H17NNaO3 330.1101; Found 330.1101. 

 

2-Ethyl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3ab)  

Eluent: petroleum ether/ethyl acetate (8:1). White solid (49.5 mg, 78%), mp 163.3-164.5 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.38-8.36 (m, 1H), 8.30-8.26 (m, 1H), 7.54-7.49 (m, 2H), 7.48-7.43 (m, 2H), 6.92-6.90 (m, 

1H), 6.86-6.82 (m, 2H), 6.71 (d, J = 10.0 Hz, 1H), 4.10 (q, J = 7.2 Hz, 2H), 1.23 (t, J = 7.2 Hz, 3H). 
13

C{
1
H} 

NMR (100 MHz, CDCl3): δ 184.0, 169.3, 163.5, 145.2, 142.8, 138.7, 134.6, 133.4, 131.4, 129.8, 129.5, 

128.8, 128.6, 128.2, 127.7, 127.4, 124.6, 54.2, 36.5, 13.1. HRMS (ESI) m/z: [M+Na]
+
 Calcd for 

C20H15NNaO3 340.0944; Found 340.0944. 
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2-Propyl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3ac)  

Eluent: petroleum ether/ethyl acetate (6:1). Yellow solid (48.3 mg, 73%), mp 128.1-129.8 ℃. 
1
H NMR (600 

MHz, CDCl3): δ 8.37-8.36 (m, 1H), 8.28-8.27 (m, 1H), 7.52-7.51 (m, 2H), 7.48-7.43 (m, 2H), 6.91-6.90 (m, 

1H), 6.85-6.82 (m, 2H), 6.70 (d, J = 9.6 Hz, 1H), 4.00 (t, J = 7.2 Hz, 2H), 1.68-1.61 (m, 2H), 0.93 (t, J = 7.2 

Hz, 3H). 
13

C{
1
H} NMR (150 MHz, CDCl3): δ 184.0, 169.5, 163.7, 145.2, 142.9, 138.7, 134.6, 133.4, 131.5, 

129.8, 129.5, 128.8, 128.6, 128.2, 127.7, 127.3, 124.6, 54.3, 42.8, 21.2, 11.3. HRMS (ESI) m/z: [M+Na]
+
 

Calcd for C21H17NNaO3 354.1101; Found 354.1101. 

 

2-Isopropyl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3ad)  

Eluent: petroleum ether/ethyl acetate (6:1). White solid (51.0 mg, 77%), mp 201.6-203.1 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.36-8.34 (m, 1H), 8.28-8.26 (m, 1H), 7.52-7.44 (m, 4H), 6.90-6.88 (m, 2H), 6.85 (d, J = 

10.4 Hz, 1H), 6.71 (d, J = 10.0 Hz, 1H), 5.24-5.17 (m, 1H), 1.48 (d, J = 6.8 Hz, 3H), 1.42 (d, J = 6.8 Hz, 

3H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 184.0, 169.8, 164.0, 145.4, 142.7, 138.6, 134.4, 133.3, 131.4, 

129.8, 129.6, 128.8, 128.6, 127.9, 127.6, 127.4, 125.1, 54.8, 46.6, 19.7, 19.3. HRMS (ESI) m/z: [M+Na]
+
 

Calcd for C21H17NNaO3 354.1101; Found 354.1101. 

 

2-Benzyl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3ae)  
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Eluent: petroleum ether/ethyl acetate (6:1). White solid (56.9 mg, 75%), mp 176.3-177.6 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.37-8.35 (m, 1H), 8.27-8.25 (m, 1H), 7.52-7.35 (m, 6H), 7.29-7.22 (m, 3H), 6.92 -6.89 (m, 

1H), 6.81-6.75 (m, 2H), 6.69 (d, J = 10.0 Hz, 1H), 5.25 (d, J = 14.0 Hz, 1H), 5.17 (d, J = 13.6 Hz, 1H). 

13
C{

1
H} NMR (100 MHz, CDCl3): δ 183.9, 169.7, 163.6, 145.0, 142.6, 138.7, 136.5, 134.7, 133.3, 131.4, 

129.9, 129.6, 129.0, 128.9, 128.7, 128.6, 128.2, 127.8, 127.7, 127.4, 124.5, 54.3, 44.4. HRMS (ESI) m/z: 

[M+Na]
+
 Calcd for C25H17NNaO3 402.1101; Found 402.1097.  

 

2-(4-Methoxybenzyl)-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3af)  

Eluent: petroleum ether/ethyl acetate (6:1). White solid (55.6 mg, 68%), mp 186.4-187.9 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.37-8.33 (m, 1H), 8.26 (dd, J1 = 8.0 Hz, J2 = 1.2 Hz, 1H), 7.52-7.43 (m, 3H), 7.39-7.34 (m, 

3H), 6.91-6.87 (m, 1H), 6.81-6.73 (m, 4H), 6.69 (d, J = 10.0 Hz, 1H), 5.19 (d, J = 13.6 Hz, 1H), 5.10 (d, J = 

13.2 Hz, 1H), 3.76 (s, 3H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 183.9, 169.7, 163.6, 159.2, 145.1, 142.7, 

138.6, 134.7, 133.3, 131.4, 130.7, 129.9, 129.6, 128.8, 128.7, 128.6, 128.2, 127.8, 127.3, 124.6, 113.8, 55.2, 

54.3, 43.9. HRMS (ESI) m/z: [M+Na]
+
 Calcd for C26H19NNaO4 432.1206; Found 432.1206.  

 

2-(2,4-Dimethoxybenzyl)-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3ag)  

Eluent: petroleum ether/ethyl acetate (5:1). White solid (63.2 mg, 72%), mp 195.3-196.9 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.36-8.32 (m, 1H), 8.25 (dd, J1 = 7.6 Hz, J2 = 1.6 Hz, 1H), 7.51-7.38 (m, 4H), 7.15-7.13 (m, 

1H), 6.90-6.82 (m, 3H), 6.67 (d, J = 10.0 Hz, 1H), 6.41-6.38 (m, 2H), 5.18 (s, 2H), 3.76 (s, 3H), 3.65 (s, 3H). 

13
C{

1
H} NMR (100 MHz, CDCl3): δ 184.1, 169.2, 163.7, 160.4, 158.4, 145.5, 142.8, 138.8, 134.5, 133.2, 
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131.5, 130.4, 129.6, 129.5, 128.8, 128.5, 128.2, 128.1, 127.2, 124.8, 116.8, 104.0, 98.4, 55.4, 55.3, 54.6, 

40.1. HRMS (ESI) m/z: [M+Na]
+
 Calcd for C27H21NNaO5 462.1312; Found 462.1312. 

 

2-(2-Morpholinoethyl)-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3ah) 

Eluent: petroleum ether/ethyl acetate (2:1). Brown oil (37.0 mg, 46%), mp 180.5-182.4 ℃. 
1
H NMR (400 

MHz, CDCl3): 8.37-8.34 (m, 1H), 8.28 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 7.54-7.42 (m, 4H), 6.96-6.94 (m, 

1H), 6.91-6.86 (m, 2H), 6.70 (d, J = 10.0 Hz, 1H), 4.29-4.17 (m, 2H), 3.58 (br s, 4H), 2.63 (t, J = 6.0 Hz, 

2H), 2.54 (s, 2H), 2.48 (s, 2H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 184.0, 169.8, 163.7, 145.4, 142.9, 

138.7, 134.7, 133.3, 131.5, 129.6, 129.5, 128.8, 128.7, 128.2, 128.1, 127.3, 124.4, 66.9, 55.8, 54.3, 53.8, 

37.6. HRMS (ESI) m/z: [M+H]
+
 Calcd for C24H23N2O4 403.1652; Found 403.1651. 

 

2-Phenyl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3ai)  

Eluent: petroleum ether/ethyl acetate (8:1). White solid (46.7 mg, 64%), mp 208.1-209.6 ℃. 
1
H NMR (600 

MHz, CDCl3): 8.41 (dd, J1 = 7.8 Hz, J2 = 1.8 Hz, 1H), 8.28 (dd, J1 = 7.2 Hz, J2 = 1.2 Hz, 1H), 7.60-7.46 (m, 

6H), 7.44-7.43 (m, 1H), 7.17 (d, J = 7.2 Hz, 2H), 7.08-7.07 (m, 1H), 7.02 (dd, J1 = 7.8 Hz, J2 = 1.2 Hz, 1H), 

6.99 (d, J = 9.6 Hz, 1H), 6.75 (d, J = 10.2 Hz, 1H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 183.8, 169.5, 163.9, 

144.8, 142.5, 138.9, 135.1, 134.7, 133.5, 131.4, 130.3, 129.9, 129.4, 129.1, 128.9, 128.8, 128.3, 128.2, 127.6, 

124.8, 54.7. HRMS (ESI) m/z: [M+Na]
+
 Calcd for C24H15NNaO3 388.0944; Found 388.0944.  
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2-(p-Tolyl)-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3aj)  

Eluent: petroleum ether/ethyl acetate (7:1). White solid (57.6 mg, 76%), mp 234.4-235.9 ℃. 
1
H NMR (400 

MHz, CDCl3): 8.41- 8.39 (m, 1H), 8.29-8.26 (m, 1H), 7.58-7.48 (m, 4H), 7.28-7.26 (m, 2H), 7.08-6.97 (m, 

5H), 6.75 (d, J = 10.0 Hz, 1H), 2.39 (s, 3H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 183.9, 169.5, 164.0, 144.9, 

142.6, 139.0, 138.9, 135.0, 133.5, 132.0, 131.4, 130.2, 130.1, 129.9, 129.0, 128.8, 128.2, 127.8, 127.6, 127.5, 

124.8, 54.7, 21.3. HRMS (ESI) m/z: [M+Na]
+
 Calcd for C25H17NNaO3 402.1101; Found 402.1099. 

 

2-(4-Methoxyphenyl)-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3ak) 

Eluent: petroleum ether/ethyl acetate (7:1). White solid (61.6 mg, 78%), mp 193.2-194.6 ℃. 
1
H NMR (400 

MHz, CDCl3): 8.41-8.39 (m, 1H), 8.29-8.26 (m, 1H), 7.60-7.47 (m, 4H), 7.09-7.05 (m, 3H), 7.02-6.97 (m, 

4H), 6.75 (d, J = 10.0 Hz, 1H), 3.82 (s, 3H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 183.9, 169.7, 164.1, 159.7, 

144.9, 142.6, 138.8, 135.0, 133.4, 131.4, 130.2, 129.9, 129.1, 129.0, 128.7, 128.2, 127.6, 127.5, 127.2, 124.8, 

114.7, 55.5, 54.8. HRMS (ESI) m/z: [M+Na]
+
 Calcd for C25H17NNaO4 418.1050; Found 418.1050. 

 

2-(4-Fluorophenyl)-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3al)  

Eluent: petroleum ether/ethyl acetate (10:1). White solid (61.3 mg, 80%), mp 253.2-254.8 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.41-8.39 (m, 1H), 8.29-8.27 (m, 1H), 7.62-7.48 (m, 4H), 7.16-7.14 (m, 4H), 7.06-7.01 (m, 

2H), 6.97 (d, J = 10.0 Hz, 1H), 6.75 (d, J = 10.0 Hz, 1H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 183.7, 169.6, 

163.9, 162.6 (d, 
1
JC-F = 247.7 Hz), 144.6, 142.4, 138.9, 135.2, 133.5, 131.4, 130.5 (d, 

4
JC-F = 3.7 Hz), 130.3, 

130.0 (d, 
3
JC-F = 8.7 Hz), 129.9, 129.1, 128.9, 128.3, 127.6, 127.5, 124.6, 116.5 (d, 

2
JC-F = 23.1 Hz), 54.7. 
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19
F NMR (376 MHz, CDCl3): δ -112.19 - -112.26 (m). HRMS (ESI) m/z: [M+Na]

+
 Calcd for 

C24H14FNNaO3 406.0850; Found 406.0846. 

 

2-(4-Bromophenyl)-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3am)  

Eluent: petroleum ether/ethyl acetate (9:1). White solid (71.8 mg, 81%), mp 226.6-228.1 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.39 (dd, J1 = 7.6 Hz, J2 = 1.6 Hz, 1H), 8.29-8.27 (m, 1H), 7.61-7.56 (m, 4H), 7.52-7.49 (m, 

2H), 7.07-7.00 (m, 4H), 6.96 (d, J = 10.0 Hz, 1H), 6.75 (d, J = 10.0 Hz, 1H). 
13

C{
1
H} NMR (100 MHz, 

CDCl3): δ 183.7, 169.4, 163.7, 144.6, 142.4, 138.9, 135.2, 133.7, 133.5, 132.6, 131.4, 130.3, 130.0, 129.9, 

129.1, 128.9, 128.3, 127.6, 127.5, 124.5, 123.1, 54.7. HRMS (ESI) m/z: [M+Na]
+
 Calcd for C24H14BrNNaO3 

466.0049; Found 466.0049. 

 

2-(4-(Frifluoromethyl)phenyl)-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3an)  

Eluent: petroleum ether/ethyl acetate (9:1). White solid (65.8 mg, 76%), mp 241.6-243.1 ℃. 
1
H NMR (600 

MHz, CDCl3): δ 8.40 (d, J = 7.2 Hz, 1H), 8.29-8.28 (m, 1H), 7.74 (d, J = 8.4 Hz, 2H), 7.62-7.56 (m, 2H), 

7.54-7.49 (m, 2H), 7.32 (d, J = 8.4 Hz, 2H), 7.06 (d, J = 7.2 Hz, 1H), 7.04 (d, J = 7.8 Hz, 1H ), 6.98 (d, J = 

9.6 Hz, 1H), 6.76 (d, J = 10.2 Hz, 1H). 
13

C{
1
H} NMR (150 MHz, CDCl3): δ 183.7, 169.4, 163.7, 144.4, 

142.3, 138.9, 137.9, 135.4, 133.6, 131.4, 131.2 (q, 
2
JC-F = 32.1 Hz), 130.4, 129.9, 129.2, 129.0, 128.9, 128.4, 

127.7, 127.5, 126.5 (q, 
3
JC-F = 3.3 Hz), 124.4, 123.7 (q, 

1
JC-F = 270.1 Hz), 54.7. 

19
F NMR (376 MHz, 

CDCl3): δ -62.72 (s). HRMS (ESI) m/z: [M+Na]
+
 Calcd for C25H14F3NNaO3 456.0818; Found 456.0819. 



S19 

 

2-(Naphthalen-2-yl)-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3ao) 

Eluent: petroleum ether/ethyl acetate (9:1). White solid (53.9 mg, 65%), mp 283.6-285.1 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.42 (d, J = 7.2 Hz, 1H), 8.29 (d, J = 7.6 Hz, 1H), 7.93 (d, J = 8.8 Hz, 1H), 7.87 (d, J = 8.0 

Hz, 1H), 7.82 (d, J = 7.2 Hz, 1H), 7.69 (s, 1H), 7.60-7.48 (m, 6H), 7.25-7.22 (m, 1H), 7.14 (d, J = 7.6 Hz, 

1H), 7.04-7.01 (m, 2H), 6.76 (d, J = 10.0 Hz, 1H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 183.8, 169.7, 164.1, 

144.8, 142.6, 139.0, 135.1, 133.5, 133.4, 133.2, 132.1, 131.4, 130.3, 129.9, 129.4, 129.1, 128.8, 128.3, 128.2, 

127.9, 127.7, 127.6, 127.4, 127.0, 126.6, 125.5, 124.8, 54.8. HRMS (ESI) m/z: [M+Na]
+
 Calcd for 

C28H17NNaO3 438.1101; Found 438.1101.  

 

2,6-Dimethyl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (3ap)  

Eluent: petroleum ether/ethyl acetate (10:1). White solid (32.3 mg, 51%), mp 176.8-178.6 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.28-8.25 (m, 1H), 8.17 (d, J = 0.8 Hz, 1H), 7.47-7.43 (m, 2H), 7.33 (dd, J1 = 8.0 Hz, J2 = 

1.6 Hz, 1H), 6.85-6.78 (m, 3H), 6.68 (d, J = 10.0 Hz, 1H), 3.42 (s, 3H), 2.44 (s, 3H). 
13

C{
1
H} NMR (100 

MHz, CDCl3): δ 184.0, 170.0, 164.2, 145.4, 143.0, 139.1, 135.8, 135.7, 133.4, 131.5, 129.6, 129.5, 128.6, 

128.1, 127.8, 127.3, 124.2, 54.1, 28.0, 21.1. HRMS (ESI) m/z: [M+Na]
+
 Calcd for C20H15NNaO3 340.0944; 

Found 340.0944. 
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III. Structural elaborations 

1. Synthesis of 4  

 

To a flask containing a solution of 3aa (30.3 mg, 0.1 mmol) in MeOH (1.5 mL) was charged with NaBH4 

(3.0 mg, 0.08 mmol) at 0 °C. The resulting mixture was stirred at 0 °C for 10 min, and then at rt for 4 h. 

Upon completion, it was concentrated under reduced pressure. The residue was purified by column 

chromatography on silica gel with petroleum ether/ethyl acetate (5:1) as the eluent to give 4. 

 

Methyl (2-(4-hydroxynaphthalen-1-yl)benzoyl)(methyl)carbamate (4)  

Eluent: petroleum ether/ethyl acetate (5:1). White solid (21.8 mg, 65%), mp 202.5-203.9 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.25 (d, J = 7.6 Hz, 1H), 7.68 (d, J = 8.0 Hz, 1H), 7.59 (dd, J1 = 7.2 Hz, J2 = 1.2 Hz, 1H), 

7.55-7.38 (m, 5H), 7.12 (d, J = 7.6 Hz, 1H), 6.73 (d, J = 8.0 Hz, 1H), 6.23 (s, 1H), 3.23 (s, 3H), 2.63 (s, 3H). 

13
C{

1
H} NMR (100 MHz, CDCl3): δ 173.5, 154.4, 151.6, 138.5, 137.0, 132.7, 131.2, 129.9, 129.6, 127.6, 

127.5, 127.1, 126.5, 126.1, 125.2, 124.4, 121.9, 107.7, 53.2, 31.4. HRMS (ESI) m/z: [M+Na]
+
 Calcd for 

C20H17NNaO4 358.1050; Found 358.1050. 

2. Synthesis of 5
5
 

 

To a flask containing a solution of Na2CO3 (31 mg, 0.3 mmol) in H2O (1.5 mL) were charged with 30% 

H2O2 (31 μL, 0.3 mmol) and a solution of 3aa (30.3 mg, 0.1 mmol) in acetone (1 mL) in a dropwise manner 

at 0 °C. After being stirred at room temperature for 0.5 h, it was quenched with saturated Na2S2O3 solution 
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and extracted with dichloromethane (10 mL × 3). The combined organic layers were washed with water and 

brine, dried over anhydrous Na2SO4, filtered and concentrated under reduced pressure. The crude product 

thus obtained was purified by column chromatography on silica gel using petroleum ether/ethyl acetate (1:1) 

as eluent to afford 5. 

 

N-Methyl-2-(7-oxo-1a,2,7,7a-tetrahydronaphtho[2,3-b]oxiren-2-yl)benzamide (5)  

Eluent: petroleum ether/ethyl acetate (1:1). White solid (10.6 mg, 36%), mp 250.1-251.9 ℃. 
1
H NMR (600 

MHz, CDCl3): δ 8.31-8.30 (m, 1H), 8.08 (d, J = 7.8 Hz, 1H), 7.90 (d, J = 7.2 Hz, 1H), 7.85 (t, J = 7.8 Hz, 

1H), 7.56 (t, J = 7.8 Hz, 1H), 7.36 (t, J = 7.2 Hz, 1H), 7.31 (t, J = 7.2 Hz, 1H), 6.84 (d, J = 6.6 Hz, 1H), 6.04 

(br s, 1H), 4.11 (dd, J1 = 13.2 Hz, J2 = 4.8 Hz, 1H), 3.07 (dd, J1 = 17.4 Hz, J2 = 4.2 Hz, 1H), 2.95 (s, 3H), 

2.36 (dd, J1 = 17.4 Hz, J2 = 12.6 Hz, 1H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 194.2, 163.2, 143.6, 138.5, 

134.4, 132.7, 130.9, 129.1, 129.0, 128.7, 128.3, 128.1, 127.4, 127.3, 71.5, 65.1, 40.9, 34.0. HRMS (ESI) 

m/z: [M+Na]
+
 Calcd for C18H15NNaO3 316.0944; Found 316.0943. 

3. Synthesis of 6
6
 

 

To a reaction tube equipped with a stir bar were charged with 3ia (38.1 mg, 0.1 mmol), styrene (11.5 µL, 

0.1 mmol), Pd(dppf)Cl2 (7.3 mg, 0.01 mmol), Et3N (20.2 mg, 0.2 mmol) and DMF (0.5 mL). The tube was 

then sealed and the resulting mixture was stirred at 100 °C (oil bath) under argon for 24 h. Upon completion, 

it was diluted with water and extracted with ethyl acetate (10 mL × 3). The combined organic layers were 

dried over anhydrous Na2SO4, filtered and concentrated under reduced pressure. The residue was purified by 

column chromatography on silica gel with petroleum ether/ethyl acetate (5:1) as the eluent to give 6. 
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(E)-2-Methyl-7'-styryl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (6)  

Eluent: petroleum ether/ethyl acetate (5:1). White solid (29.2 mg, 72%), mp 187.9-189.6 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.41-8.39 (m, 1H), 8.26 (d, J = 8.0 Hz, 1H), 7.68 (d, J1 = 8.0 Hz, J2 = 1.2 Hz, 1H), 

7.56-7.51 (m, 2H), 7.45 (d, J = 7.2 Hz, 2H), 7.33 (t, J = 7.2 Hz, 2H), 7.28-7.25 (m, 1H), 7.07 (d, J = 16.4 Hz, 

1H), 6.96-6.91 (m, 2H), 6.82 (d, J = 1.2 Hz, 1H), 6.78 (d, J = 10.0 Hz, 1H), 6.67 (d, J = 10.0 Hz, 1H), 3.47 

(s, 3H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 183.5, 169.9, 164.0, 144.9, 143.4, 142.5, 138.8, 136.3, 134.8, 

132.3, 130.5, 129.7, 129.5, 128.9, 128.8, 128.6, 128.3, 127.8, 126.9, 126.8, 126.5, 125.8, 124.4, 54.4, 28.1. 

HRMS (ESI) m/z: [M+Na]
+
 Calcd for C27H19NNaO3 428.1257; Found 428.1256. 

4. Synthesis of 7
7
 

 

To a reaction tube equipped with a stir bar were added with 3ia (38.1 mg, 0.1 mmol), phenylboronic acid 

(18.3 mg, 0.15 mmol), PPh3 (15.7 mg, 0.06 mmol), K2CO3 (55.3 mg, 0.4 mmol), Pd(OAc)2 (2.2 mg, 0.01 

mmol) and dioxane (1 mL). The tube was then sealed, and the mixture was stirred at 80 °C (oil bath) under 

argon for 24 h. Upon completion, it was diluted with water and extracted with ethyl acetate (10 mL × 3). The 

organic layer was dried over anhydrous Na2SO4 and concentrated under reduced pressure. The residue was 

purified by column chromatography on silica gel with petroleum ether/ethyl acetate (4:1) as eluent to give 7. 

 

2-Methyl-7'-phenyl-1H,4'H-spiro[isoquinoline-4,1'-naphthalene]-1,3,4'(2H)-trione (7) 
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Eluent: petroleum ether/ethyl acetate (4:1). Yellow solid (21.2 mg, 56%), mp 196.2-197.9 ℃. 
1
H NMR (400 

MHz, CDCl3): δ 8.40-8.37 (m, 1H), 8.34 (d, J = 8.4 Hz, 1H), 7.70 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 

7.56-7.52 (m, 2H), 7.39-7.35 (m, 5H), 6.98-6.95 (m, 2H), 6.82 (d, J = 10.0 Hz, 1H), 6.70 (d, J = 10.0 Hz, 

1H), 3.46 (s, 3H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 183.8, 169.9, 164.0, 146.3, 145.2, 143.4, 139.2, 

138.8, 134.8, 130.4, 129.7, 129.5, 129.0, 128.9, 128.6, 128.3, 127.9, 127.6, 127.3, 126.4, 124.4, 54.5, 28.1. 

HRMS (ESI) m/z: [M+Na]
+
 Calcd for C25H17NNaO3 402.1101; Found 402.1099. 

5. Gram-scale synthesis of 3aa 

 

To a reaction tube equipped with a stir bar were added 1a (875.0 mg, 5 mmol), [RhCp*Cl2]2 (124 mg, 0.2 

mmol), AgNTf2 (776 mg, 2 mmol), 2a (2010 mg, 10 mmol) and DCE (20 mL). The tube was then sealed, 

and the mixture was stirred at 60 °C (oil bath) under air for 16 h. Upon completion, it was cooled to room 

temperature, filtered through a pad of celite and concentrated under reduced pressure. The residue was 

purified by silica gel column chromatography using petroleum ether/ethyl acetate (8:1) as eluent to afford 

3aa (954 mg, 63%). 
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IV. Mechanism studies 

1. Studies on the reversibility of C−H bond activation 

 

 

To a reaction tube equipped with a stir bar were charged with 1a (35.0 mg, 0.2 mmol), [RhCp*Cl2]2 (5.0 

mg, 0.008 mmol), AgNTf2 (31.1 mg, 0.08 mmol), DCE (2 mL) and D2O (36.2 uL, 2 mmol). The tube was 

then sealed, and the resulting mixture was stirred at 60 °C (oil bath) under air for 0.5 h. Afterwards, it was 

cooled to room temperature, filtered through a pad of celite and concentrated under reduced pressure. The 

residue was purified by column chromatography on silica gel using petroleum ether/ethyl acetate (2:1) as 

eluent to give a mixture of 1a and 1a-dn. Upon analyzing the 
1
H NMR spectrum of the mixture, the 

deuteration ratio on the ortho-positions of 1a was determined to be 23%. 

 

 

  
7

.9
0

1

  
7

.8
8

4
  
7

.8
8

1
  
7

.8
2

0
  
7

.7
8

9
  
7

.4
6

8
  
7

.4
5

0
  
7

.4
4

4
  
7

.4
3

3
  
7

.4
1

9
  
7

.4
0

0
  
7

.3
8

4
  
7

.2
6

5
  
5

.7
3

1
  
5

.7
0

0

  
3

.1
2

1
  
2

.9
2

5

 1.00

 2.99

 3.03

 2.91

 1.00

 1.54

10 8 6 4 2 0 PPM



S25 

 

To a reaction tube equipped with a stir bar were charged with 1a (35.0 mg, 0.2 mmol), [RhCp*Cl2]2 (5.0 

mg, 0.008 mmol), AgNTf2 (31.1 mg, 0.08 mmol), 2a (80.1 mg, 0.4 mmol), DCE (2 mL) and D2O (36.2 uL, 

2 mmol). The resulting mixture was stirred at 60 °C (oil bath) under air for 12 h. Afterwards, it was cooled 

to room temperature, filtered through a pad of celite, and concentrated under reduced pressure. The residue 

was purified by column chromatography on silica gel using petroleum ether/ethyl acetate (8:1) as eluent to 

give a mixture of 3aa and 3aa-dn (33.9 mg, 56%). Upon analyzing the 
1
H NMR spectrum of the mixture, the 

deuteration percentages at different positions were determined as 84% and 20%. 
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2. Kinetic isotope effect experiments 

 

 

To a reaction tube equipped with a stir bar were charged with 1a (35.0 mg, 0.2 mmol), 1a-d5 (36.0 mg, 0.2 

mmol), [RhCp*Cl2]2 (5.0 mg, 0.008 mmol), AgNTf2 (31.1 mg, 0.08 mmol), 2a (80.1 mg, 0.4 mmol) and 

DCE (2 mL). The resulting mixture was stirred at 60 ℃ (oil bath) under argon for 0.5 h. Afterwards, it was 

cooled to room temperature, quenched with water and extracted with dichloromethane (10 mL × 3). The 

combined organic phases were dried over anhydrous Na2SO4, filtered and concentrated under reduced 

pressure. The residue was purified by silica gel column chromatography using petroleum ether/ethyl acetate 

(8:1) as eluent to give a mixture of 3aa and 3aa-d4. Upon analyzing the 
1
H NMR spectrum of the mixture, 

the ratio of 3aa to 3aa-d4 was determined to be about 0.9:0.1. Accordingly, the intermolecular KIE (kH/kD) 

was calculated to be 9. 
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3. Electronic competition experiment  

 

 

To a reaction tube equipped with a stir bar were added (E)-3-(dimethylamino)-1-(4-methoxyphenyl) 

prop-2-en-1-one (1e, 41.0 mg, 0.2 mmol), (E)-3-(dimethylamino)-1-(4-(trifluoromethyl)phenyl)prop-2-en 

-1-one (1j, 48.6 mg, 0.2 mmol), [RhCp*Cl2]2 (5.0 mg, 0.008 mmol), AgNTf2 (31.1 mg, 0.08 mmol), 2a 

(40.2 mg, 0.2 mmol) and DCE (2 mL). The tube was then sealed, and the mixture was stirred at 60 °C (oil 

bath) under air for 12 h. Upon completion, it was cooled to room temperature, filtered through a pad of celite 

and concentrated under reduced pressure. The residue was purified by silica gel column chromatography 

using petroleum ether/ethyl acetate (8:1) as eluent to afford 3ea (16.1 mg, 24%) and 3ja (11.9 mg, 15%). 

4. Control Experiments 

 

4.1. To a reaction tube equipped with a stir bar were charged with (E)-3-(diethylamino)-1-phenylprop-2-e 

n-1-one (1w, 40.6 mg, 0.2 mmol), [RhCp*Cl2]2 (5.0 mg, 0.008 mmol), AgNTf2 (31.1 mg, 0.08 mmol), 2a 

(80.1 mg, 0.4 mmol) and DCE (2 mL). The resulting mixture was stirred at 60 ℃ under argon for 12 h. 

From the resulting mixture, the formation of diethylamine was detected by HPLC-MS, and 3aa was isolated 

in 51% yield. 
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4.2. To a reaction tube equipped with a stir bar were charged with (E)-3-(diphenylamino)-1-phenylprop-2- 

en-1-one (1x, 59.8 mg, 0.2 mmol), [RhCp*Cl2]2 (5.0 mg, 0.008 mmol), AgNTf2 (31.1 mg, 0.08 mmol), 2a 

(80.1 mg, 0.4 mmol) and DCE (2 mL). The resulting mixture was stirred at 60 °C (oil bath) under air for 12 

h. From the resulting mixture, diphenylamine was isolated in 30% yield, and 3aa was isolated in 41% yield. 

 

Diphenylamine 

Eluent: petroleum ether/ethyl acetate (20:1). White solid (10.2 mg, 30%), 
1
H NMR (400 MHz, CDCl3): δ 

7.28-7.24 (m, 4H), 7.09-7.06 (m, 4H), 6.94-6.91 (m, 2H), 5.70 (s, 1H). 
13

C{
1
H} NMR (100 MHz, CDCl3): δ 

143.1, 129.4, 121.0, 117.8. HRMS (ESI) m/z: [M+H]
+
 Calcd for C12H12N 170.0964; Found 170.0966. 
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V. X-Ray crystal structure and data for 3aa 

         

Fig. S1. X-ray crystal structure of 3aa with 50% ellipsoid probability 

 

X-Ray structure determination. Single crystals suitable for X-ray diffraction were obtained by slow 

evaporation of the solvent from a petroleum ether/dichloromethane (3:1) solution of 3aa. Crystal data 

collection and refinement parameters of 3aa are summarized in Table S1. Intensity data were collected at 

293 K on a SuperNova Dual diffractometer using mirror-monochromated Cu Kα radiation, λ = 1.54184 Å. 

The data were corrected for decay, Lorentz, and polarization effects as well as absorption and beam 

corrections based on the multi-scan technique. Using Olex2, the structure was solved with the SHELXS 

structure solution program using Direct Methods and refined with the SHELXL refinement package using 

Least Squares minimisation. Nonhydrogen atoms were refined with anisotropic displacement parameters. 

The H-atoms were either located or calculated and subsequently treated with a riding model. 

Table S1. Crystallographic data and structure refinement results of 3aa 

Empirical formula C19H13NO3 

Formula weight 303.30 

Temperature/K 293(2) 

Crystal system monoclinic 

Space group Ia 

a/Å 8.4176(2) 

b/Å 11.4940(3) 
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c/Å 15.1975(4) 

α/° 90 

β/° 94.974(2) 

γ/° 90 

Volume/Å
3
 1464.85(6) 

Z 4 

ρcalcg/cm
3
 1.375 

μ/mm
-1

 0.765 

F(000) 632.0 

Crystal size/mm
3
 0.2 × 0.18 × 0.1 

Radiation Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 9.662 to 143.04 

Index ranges -10 ≤ h ≤ 9, -14 ≤ k ≤ 11, -17 ≤ l ≤ 18 

Reflections collected 6526 

Independent reflections 2600 [Rint = 0.0236, Rsigma = 0.0255] 

Data/restraints/parameters 2600/2/209 

Goodness-of-fit on F
2
 1.093 

Final R indexes [I>=2σ (I)] R1 = 0.0323, wR2 = 0.0831 

Final R indexes [all data] R1 = 0.0339, wR2 = 0.0846 

Largest diff. peak/hole / e Å
-3

 0.13/-0.12 

Flack parameter 0.06(17) 

 

 

  



S32 

VI. Copies of NMR spectra of 3aa-3ap 
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VII. Copies of NMR spectra of 4-7 
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