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General Information: 

All solvents were purified and dried by standard techniques, and distilled prior to use. All reactions under standard 

conditions were carried out under argon, dry atmosphere and monitored by thin-layer chromatography (TLC) on 

gel F254 plates. All products were purified through silica gel (200~300 mesh) or neutral alumina (200~300 mesh) 

column chromatography with light petroleum ether (bp. 60~90 ºC), ethyl acetate and dichloromethane as eluent. 1H 

and 13C NMR spectra were recorded in CDCl3 solution or C6D6 solution on Bruker AM-400 MHz. The spectral 

data were reported in ppm and calibrated by using residual undeuterated solvent CHCl3 (7.27 ppm), C6H6 (7.16 

ppm), or tetramethylsilane (0.00 ppm) as internal reference for 1H NMR and the deuterated solvent CDCl3 (77.0 

ppm) or C6D6 (128.4 ppm) as internal standard for 13C NMR. The MS data were obtained with SHIMADZU 

GCMS-QP2010 SE by means of EI (70 eV) technique and signals were given in m/z with relative intensity (%) in 

brackets. IR spectra were recorded on Nicolet FT-170SX spectrometer. High-resolution mass spectral analysis 

(HRMS) data were determined on a Bruker Daltonics APEXII 47e FT-ICR spectrometer. The X-ray single-crystal 

determination was performed on an Agilent SuperNova Eos diffractometer. The substrates S-1, S-2, S-3, S-7, S-8, 

S-10, S-11, S-12, 1a, 5a are known compounds, and S-9 is commercial available.  

 

1. Experimental details for new compounds 

 

1.1 General procedure A: for the preparation of a series of propargyl acetates: 

 
 

Substrate R1 R2 Product Yield (%) 

S-1 OTBDPS  H S-4 90 

S-2 H 

 
S-5 85 

 

To a stirred solution of the propargylic alcohol S-11 (3.38 g, 10.0 mmol) in DCM (35 mL) was successively added 

Et3N (2.1 mL, 15.1 mmol), Ac2O (1.42 mL, 15.0 mmol), and 4-DMAP (122 mg, 1.0mmol) at 0 ºC. The mixture 

was allowed to warm to room temperature and stirred for 2 h. After fully consumption of substrate S-1, the 

reaction was quenched with saturated aqueous NaHCO3 and extracted with ethyl acetate (2 x 50 mL). The 

combined organic layer was washed with brine, dried over Na2SO4 and concentrated under vacuum. The crude 

product was purified by column chromatography (EtOAc: petroleum ether = 1:80) to give product S-4 (3.42 g, 9.0 

mmol, 90 %) as a colorless oil. 

 
5-(tert-butyldiphenylsilyloxy)pent-2-ynyl acetate (S-4):  

IR (neat) 2933, 2858, 2240, 1747, 1590, 1379, 1225, 1110, 823, 740, 705, 612 cm-1; 1H NMR (400 MHZ, CDCl3) 

δ 7.76~7.74 (m, 4 H), 7.49~7.41 (m, 6 H), 4.69 (t, J = 2.0 Hz, 2 H), 3.84 (t, J = 7.0 Hz, 2 H), 2.57~2.54 (m, 2 H), 

2.10 (s, 3 H), 1.13 (s, 9 H); 13C NMR (100 MHZ, CDCl3) δ 170.0, 135.5, 133.4, 129.6, 127.6, 84.4, 75.1, 62.1, 52.5, 

26.7, 22.8, 20.6, 19.1; EI MS m/z (%) = 323 (22), 281 (57), 241 (90), 199 (100), 181 (61); HRMS ESI Calcd for 

C23H28O3Si [M+NH4]+: 398.2146, Found: 398.2143, Error: 0.8 ppm. 
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S-5  

1-(1-tosyl-1H-indol-3-yl)prop-2-yn-1-yl acetate (S-5):  

According to the general procedure A: S-5 (85 % yield) was obtained as a yellow soild from S-22. mp: 120-122 ºC; 

IR (neat) 3290, 3058, 2929, 2127, 1740, 1597, 1447, 1371, 1224, 1174, 976, 814, 746, 584 cm-1; 1H NMR (400 

MHZ, CDCl3) δ 7.97 (d, J = 8.0 Hz, 1 H), 7.82 (s, 1H), 7.77 (d, J = 8.0 Hz, 2H), 7.66 (d, J = 8.0 Hz, 1H), 7.33 (dd, 

J = 7.6 and 7.6 Hz, 1H), 7.25 (dd, J = 7.6 and 7.6 Hz, 1H), 7.16 (d, J = 8.0 Hz, 2 H), 6.70 (s, 1 H), 2.68 (s, 1 H), 

2.26 (s, 3 H), 2.06 (s, 3 H); 13C NMR (100 MHZ, CDCl3) δ 169.4, 145.1, 135.1, 134.8, 129.8, 127.9, 126.8, 125.8, 

125.1, 123.4, 120.0, 117.9, 113.5, 79.0, 74.8, 58.1, 21.3, 20.7; EI MS m/z (%) = 367 (M+, 14), 307 (37), 155 (44), 

91 (100), 65 (19); HRMS ESI Calcd for C20H17NO4S [M+Na]+: 390.0770, Found: 390.0782, Error: 3.1 ppm. 

 

 
Substrate S-33 (981 mg, 3.2 mmol) was dissolved in THF (15 mL) under argon at room temperature. The solution 

was cooled to -78 ºC and then n-BuLi (2.5 M in hexane, 1.4 mL, 3.5 mmol) was solwly added. The mixture was 

allowed to warm to room temperature and stirred for another 30 min. After the mixture was cooled to -78 ºC, 

benzaldehyde (0.36 mL, 3.5 mmol) was added and the mixture was stirred for an additional 2 h. Then the reaction 

was quenched with saturated aqueous NH4Cl and extracted with ethyl acetate (2 x 40 mL). The combined organic 

layer was washed with brine, dried over Na2SO4 and concentrated under vacuum. Without purification, the crude 

product was dissolved in DCM (20 mL) at 0 ºC. Then Et3N (0.65 mL, 4.7 mmol), Ac2O (0.44 mL, 4.7 mmol), and 

4-DMAP (39 mg, 0.32 mmol) were successively added to the solution. The cool bath was then removed, and the 

mixture was stirred at room temperature for 2 h. After fully consumption of substrate S-3, the reaction was 

quenched with saturated aqueous NaHCO3 and extracted with ethyl acetate (2 x 50 mL). The combined organic 

layer was washed with brine, dried over Na2SO4 and concentrated under vacuum. The crude product was purified 

by column chromatography (EtOAc: petroleum ether = 1:80) to give product S-6 (1.0 g, 2.2 mmol, 68 % yield of 

two steps) as a colorless oil. 

 
5-(tert-butyldiphenylsilyloxy)-1-phenylpent-2-ynyl acetate (S-6): 

IR (neat) 3070, 2956, 2933, 2858, 2239, 1742, 1428, 1369, 1226, 1111, 823, 739, 703, 613 cm-1; 1H NMR (400 

MHZ, CDCl3) δ 7.91 (d, J = 6.0 Hz, 4 H), 7.74 (d, J = 6.8 Hz, 2 H), 7.55~7.44 (m, 9 H), 6.75 (s, 1 H), 4.00 (t, J = 

6.2 Hz, 2 H), 2.72 (t, J = 6.2 Hz, 2 H), 2.16 (s, 3 H), 1.30 (s, 9 H); 13C NMR (100 MHZ, CDCl3) δ 169.2, 137.4, 

135.3, 133.2, 129.5, 128.4, 128.3, 127.5, 127.4, 85.1, 77.8, 65.6, 61.8, 26.6, 22.8, 20.6, 18.9; EI MS m/z (%) = 

399 (1), 357 (12), 319 (20), 199 (17), 141 (100); HRMS ESI Calcd for C29H32O3Si [M+NH4]+: 474.2459, Found: 

474.2468, Error: 1.9 ppm. 

 

1.2 General procedure B: for the preparation of a series of allylic silylethers 1b-1g: 
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To a stirred solution of 3, 4-dihydro-2H-pyran (4.6 mL, 50.0 mmol) in dry THF (60 mL) was slowly added n-BuLi 

(2.5 M in hexane, 5 mL, 12.5 mmol) at 0 ºC. Then the mixture was allowed to warm to room temperature. After 

stirring at the same temperature for 4 h, the mixture was cooled to -78 ºC and cyclopentanone (1.05 g, 12.5 mmol) 

in THF (20 mL) was added. The resulting solution was stirred at the same temperature for 0.5 h, then quenched 

with saturated aqueous NH4Cl and extracted with ethyl acetate (2 x 150 mL). The combined organic layer was 

washed with water and brine, dried over Na2SO4 and concentrated under vacuum. Without purification, the crude 

product was dissolved in DCM (20 mL) at 0 ºC, then Et3N (3.5 mL, 25.0 mmol) and TMSCl (2.4 mL, 18.7 mmol) 

were successively added to this solution. The mixture was allowed to warm to room temperature and stirred 

overnight. After fully consumption of the substrate, the reaction was quenched with saturated aqueous NaHCO3 

and extracted with ethyl acetate (2 x 60 mL). The combined organic layer was washed with brine, dried over 

Na2SO4 and concentrated under vacuum. The crude product was purified by flash column chromatography (EtOAc: 

petroleum ether = 1:200) to give product 1e (1.68 g, 7.0 mmol, 56 % yield, two steps based on cyclopentanone) as 

a colorless oil.  

 
6-(1-trimethylsilyloxycyclopentyl)-3,4-dihydro-2H-pyran (1e):   

IR (neat) 2956, 2872, 1669, 1450, 1249, 1067, 869, 840, 753 cm-1; 1H NMR (400 MHZ, CDCl3) δ 4.80 (dd, J = 

3.6 and 4.0 Hz, 1 H), 3.99 (dd, J = 5.2 and 5.2 Hz, 2 H), 2.04 (dd, J = 6.4 and 10.0 Hz, 2 H), 1.85~1.72 (m, 8 H), 

1.62~1.60 (m, 2 H), 0.11 (s, 9 H); 13C NMR (100 MHZ, CDCl3) δ 156.9, 94.4, 84.6, 66.0, 38.5, 23.2, 22.3, 20.1, 

2.0; EI MS m/z (%) = 240 (M+, 1), 215 (19), 159 (43), 85 (40), 73 (100); HRMS ESI Calcd for C13H24O2Si 

[M+H]+: 241.1618, Found: 241.1630, Error: 5.0 ppm. 

 
6-(1-trimethylsilyloxy-3-phenylcyclobutyl)-3,4-dihydro-2H-pyran (1b): 

According to the general procedure B: 1b (62 % yield, two steps) was obtained as a colorless oil from 

3-phenylcyclobutanone4. IR (neat) 2950, 2870, 1941, 1868, 1801, 1667, 1603, 1495, 1246, 1119, 1090, 840, 753, 

698 cm-1; 1H NMR (400 MHZ, CDCl3) δ 7.07~6.91 (m, 5 H), 4.78 (dd, J = 3.6 and 3.6 Hz, 1 H), 3.83 (dd, J = 4.8 

and 5.2 Hz, 2 H), 2.87~2.78 (m, 1 H), 2.62 (ddd, J = 2.8, 8.4 and 16.8 Hz, 2 H), 2.04 (ddd, J = 2.4, 9.2 and 19.2 Hz, 

2 H), 1.88 (dd, J = 6.4 and 10.0 Hz, 2 H), 1.62~1.56 (m, 2 H), -0.06 (s, 9 H); 13C NMR (100 MHZ, CDCl3) δ 155.1, 

144.8, 128.0, 126.3, 125.6, 95.2, 72.2, 65.8, 43.0, 31.2, 21.8, 20.0, 1.4; EI MS m/z (%) = 302 (M+, 31), 198 (100), 

155 (49), 141 (39), 73 (58); HRMS ESI Calcd for C18H26O2Si [M+H]+: 303.1775, Found: 303.1771, Error: 1.3 

ppm. 

 

6-(1-trimethylsilyloxy-3,3-diphenylcyclobutyl)-3,4-dihydro-2H-pyran (1c): 

According to the general procedure B: 1c (55 % yield of two steps) was obtained as a colorless oil from 

3,3-diphenylcyclobutanone4; IR (neat) 2948, 2875, 1948, 1876, 1821, 1709, 1599, 1493, 1250, 1083, 840, 753, 

702 cm-1; 1H NMR (400 MHZ, CDCl3) δ 7.49~7.37 (m, 8 H), 7.27~7.21 (m, 2 H), 4.76 (dd, J = 3.6 and 4.0 Hz, 1 

H), 4.02 (dd, J = 4.8 and 5.2 Hz, 2 H), 3.57 (d, J = 12.6 Hz, 2 H), 3.08 (d, J = 12.6 Hz, 2 H), 1.90 (dd, J = 6.0 and 

10.0 Hz, 2 H), 1.75~1.69 (m, 2 H), 0.23 (s, 9 H); 13C NMR (100 MHZ, CDCl3) δ 154.5, 151.0, 148.2, 128.2, 127.8, 
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126.6, 125.9, 125.2, 125.1, 97.9, 72.7, 66.0, 47.5, 43.4, 21.7, 20.0, 1.5; EI MS m/z (%) = 378 (M+, 16), 198 (100), 

155 (35), 141 (38), 73 (55); HRMS ESI Calcd for C24H30O2Si [M+H]+: 379.2088, Found: 379.2086, Error: 0.5 

ppm. 

 
6-(2-trimethylsilyloxyspiro[3.6]decan-2-yl)-3,4-dihydro-2H-pyran (1d): 

According to the general procedure B: 1d (56 % yield of two steps) was obtained as a colorless oil from 

spiro[3.6]decan-2-one5; IR (neat) 2926, 2852, 1667, 1460, 1248, 1153, 1067, 840,754 cm-1; 1H NMR (400 MHZ, 

CDCl3) δ 4.75 (dd, J = 3.6 and 3.6 Hz, 1 H)，3.95 (dd, J = 4.8 and 5.2 Hz, 2 H), 2.23 (d, J = 12.8 Hz, 2 H), 2.01 (dd, 

J = 6.0 and 10.0 Hz, 2 H), 1.84 (d, J = 12.8 Hz, 2 H), 1.75~1.65 (m, 4 H), 1.52~1.49 (m, 2 H), 1.43~1.34 (m, 8 H), 

0.05 (s, 9 H); 13C NMR (100 MHZ, CDCl3) δ 157.1, 95.0, 72.2, 65.8, 46.3, 43.3, 40.6, 33.6, 27.5, 27.4, 23.0, 22.8, 

21.9, 19.9, 1.5; EI MS m/z (%) = 308 (M+, 18), 198 (100), 155 (30), 141 (33), 73 (44); HRMS ESI Calcd for 

C18H32O2Si [M+K]+: 347.1803, Found: 347.1813, Error: 2.9 ppm. 

 
6-(1-trimethylsilyloxybenzyl)-3,4-dihydro-2H-pyran (1f): 

 

O
OH

Ph
O

OTMS

Ph

TMSOTf, 2,6-lutidine
DCM, -78 oC

S-7 1f  
Substrate S-76 (500 mg, 2.63 mmol) was dissolved in DCM (8 mL) at room temperature. The solution was cooled 

to -78 ºC. Then 2, 6-lutidine (0.46 mL, 3.95 mmol) and TMSOTf (0.52 mL, 2.88 mmol) were successively added. 

After stirring at the same temperature for 0.5 h, the mixture was quenched with saturated aqueous NaHCO3 and 

extracted with ethyl acetate (2 x 50 mL). The combined organic layer was washed with brine, dried over Na2SO4 

and concentrated under vacuum. The crude product was purified by flash column chromatography (EtOAc: 

petroleum ether = 1:200) to give product 1f (413 mg, 1.58 mmol, 60 %) as a colorless oil. IR (neat) 2955, 2929, 

2870, 2850, 1678, 1493, 1452, 1251, 1159, 1098, 1066, 881, 840, 708 cm-1; 1H NMR (400 MHZ, CDCl3) δ 

7.13~6.94 (m, 5 H), 4.73 (s, 1 H), 4.58 (dd, J = 3.6 and 4.0 Hz, 1 H), 3.66 (ddd, J = 4.8, 10.4 and 22.4 Hz, 2 H), 

1.77 (dd, J = 6.0 and 10.4 Hz, 2 H), 1.52~1.46 (m, 2 H), -0.15 (s, 9 H); 13C NMR (100 MHZ, CDCl3) δ 155.2, 

142.2, 127.9, 127.1, 126.4, 97.3, 74.9, 66.3, 22.3, 20.0, 0.1; EI MS m/z (%) = 262 (M+,56), 219 (41), 205 (17), 

185 (28), 73 (100); HRMS ESI Calcd for C15H22NO2Si [M+H]+: 263.1462, Found: 263.1466, Error: 1.5 ppm. 

 

5-(1-trimethylsilyloxy-(cyclobutyl))-1-tosyl-2,3-dihydro-1H-pyrrole (1g) 

 

 

To a stirred solution of substrate S-87 (100 mg, 0.341 mmol) in DCM (2.5 mL) was successively added Et3N 

(0.095 mL, 0.68 mmol) and TMSCl (0.064 mL, 0.511 mmol) at room temperature. After stirring for an additional 

27 h, the mixture was quenched with saturated aqueous NaHCO3 and extracted with ethyl acetate (2 x 30 mL). The 

combined organic layer was washed with brine, dried over Na2SO4 and concentrated under vacuum. The crude 

product was purified by flash column chromatography (EtOAc: petroleum ether = 1:30) to give product 1g (71 mg, 

0.195 mmol, 57 % yield, 80 % yield based on consumed starting material) as a colorless oil. IR (neat) 2953, 1633, 
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1356, 1250, 1166, 1142, 1092, 992, 839 cm-1; 1H NMR (400 MHZ, C6D6+CCl4) δ 7.71 (d, J = 8.0 Hz, 2 H), 7.03 (d, 

J = 8.0 Hz, 2 H), 5.17 (brs, 1 H), 3.59 (dd, J = 8.4 and 8.4 Hz, 2 H), 2.47 (dd, J = 8.4 and 8.4 Hz, 2 H), 2.28 (dd, J 

= 9.6 and 20.4 Hz, 2 H), 2.21 (s, 3 H), 1.84 (dd, J = 6.0 and 8.4 Hz, 2 H), 1.70~1.63 (m, 1 H), 1.41 (ddd, J = 8.4, 

8.8 and 28.0 Hz, 1 H), 0.10 (s, 9 H); 13C NMR (100 MHZ, C6D6+CCl4) δ 150.7, 142.9, 138.0, 129.6, 128.7, 115.1, 

96.9 (CCl4), 75.9, 52.4, 38.6, 28.1, 22.1, 14.2, 3.1; EI MS m/z (%) = 365 (M+, 1), 258 (22), 210 (100), 91 (18), 73 

(62); HRMS ESI Calcd for C18H27NO3SSi [M+H]+: 366.1554, Found: 366.1565, Error: 3.0 ppm. 

 

1.3 General procedure C: for the preparation of a series of hexacarbonyldicobalt alkyne complexes: 

 

 
Entry Substrate R1 R2 

1 S-4  H 

2a S-5 H 

 

3 S-6  Ph 

4 S-9 H H 

5 S-108 Ph H 

6 S-119 H Ph 

a Reaction solvent was DCM. 

To a stirred solution of alkyne (0.31 mmol) in n-hexane (5 mL) was added octacarbonyldicobalt (116 mg, 0.34 

mmol). The mixture was stirred at room temperature for 3-4 h and then filtered through a pad of neutral alumina 

(Et2O as eluent). Without purification, the crude product was concentrated under vacuum immediately for 

subsequent reaction.  

 

1.4 General procedure D: for the Nicholas/semipinocal reaction of dihydropyran-type and dihydropyrrole-type 

allylic silylethers 1a-g: 

 

 
Cobalt complex 2a (crude, 93 mg, about 0.24 mmol) was dissolved in DCM (1.6 mL), followed by addtion of 

SnCl4 (1 M in DCM, 0.23 mL, 0.23 mmol) at 0 ºC. After stirring at the same temperature for 1.5 h, the mixture was 

cooled to -78 ºC and 1a10 (50 mg, 0.22 mmol) in DCM (2 mL) was added. The resulting mixture was allowed to 

stir for an additional 10 min and filtered through a plug of silica gel (DCM: EtOAc = 1:1, 30 mL). The filtrate was 

concentrated under vacuum. The crude product was purified by flash column chromatography (EtOAc: petroleum 

ether = 1:100) to give cobalt complex intermediate. Then cobalt complex was immediately dissolved in ethanol (5 

mL), and Fe(NO3)3·9H2O (404 mg, 1.0 mmol) was added to the solution at room temperature. After stirring at the 

same temperature for 2-3 h, the reaction was quenched with water and extracted with ethyl acetate (2 x 30 mL). 

The combined organic layer was washed with water and brine, dried over Na2SO4 and concentrated under vacuum. 
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The crude product was purified by flash column chromatography (EtOAc: petroleum ether = 1:50) to give product 

3a (30 mg, 0.156 mmol, 71 % yield of two steps) as a white soild. 

 
10-(prop-2-ynyl)-6-oxaspiro[4.5]decan-1-one (3a): 

mp: 36-38 ºC; IR (neat) 3291, 2949, 2873, 2118, 1735, 1157, 1084, 638 cm-1; 1H NMR (400 MHZ, CDCl3) δ 

3.69~3.58 (m, 2 H), 2.43~2.36 (m, 1 H), 2.27~2.20 (m, 2 H), 2.16~1.77 (m, 9 H), 1.68~1.54 (m, 2 H); 13C NMR 

(100 MHZ, CDCl3) δ 214.8, 82.7, 80.1, 69.7, 63.3, 37.9, 37.5, 35.6, 24.9, 24.3, 20.3, 17.6; EI MS m/z (%) = 192 

(M+, 7), 135 (93), 121 (100), 93 (63), 79 (90); HRMS ESI Calcd for C12H16O2 [M+H]+: 193.1223, Found: 

193.1227, Error: 2.1 ppm. 

 
3-phenyl-10-(prop-2-ynyl)-6-oxaspiro[4.5]decan-1-one (3b): 

According to the general procedure D: 3b (44 mg, 0.164 mmol, 75 % yield of two steps) was obtained as a white 

soild from 1b (67 mg, 0.22 mmol). mp: 59-61 ºC; IR (neat) 3294, 2929, 2872, 2116, 1734, 1544, 1224, 1073, 755, 

700, 643 cm-1; 1H NMR (400 MHZ, CDCl3) δ 7.34~7.31 (m, 2 H), 7.24~7.23 (m, 3 H), 3.78~3.76 (m, 1 H), 

3.71~3.60 (m, 2 H), 2.83 (ddd, J = 2.4, 7.6 and 18.8 Hz, 1 H), 2.38~2.17 (m, 4 H), 2.14~2.07 (m, 1 H), 2.01~1.88 

(m, 4 H), 1.68~1.64 (m, 2 H); 13C NMR (100 MHZ, CDCl3) δ 212.8, 143.1, 128.6, 126.7, 126.6, 82.5, 81.2, 70.0, 

63.3, 46.1, 44.1, 38.2, 36.9, 25.8, 24.8, 21.1; EI MS m/z (%) = 268 (M+, 17), 135 (100), 121 (45), 93 (36), 79 (49); 

HRMS ESI Calcd for C18H20O2 [M+Na]+: 291.1356, Found: 291.1353, Error: 1.0 ppm.  

 

3,3-diphenyl-10-(prop-2-ynyl)-6-oxaspiro[4.5]decan-1-one (3c): 
According to the general procedure D: 3c (57 mg, 0.166 mmol, 75 % yield of two steps) was obtained as a 

colorless oil from 1c (83 mg, 0.22 mmol). IR (neat) 3301, 2944, 2873, 2117, 1736, 1599, 1446, 1083, 1067, 737, 

710, 642 cm-1; 1H NMR (400 MHZ, CDCl3) δ 7.30~7.22 (m, 2 H), 7.21~7.10 (m, 8 H), 3.74~3.68 (m, 1 H), 

3.50~3.48 (m, 1 H), 3.34 (d, J = 17.6 Hz, 1 H), 3.04~2.92 (m, 3 H), 2.06~1.88 (m, 5 H), 1.77~1.70 (m, 1 H), 

1.64~1.52 (m, 2 H); 13C NMR (100 MHZ, CDCl3) δ 213.1, 148.3, 147.6, 128.6, 128.1, 126.8, 126.5, 126.4, 125.9, 

82.4, 80.4, 69.9, 62.9, 51.9, 48.9, 47.8, 39.1, 24.2, 24.0, 19.8 ; EI MS m/z (%) = 344 (M+, 6), 305 (7), 149 (34), 

135 (100), 79 (54); HRMS ESI Calcd for C24H24O2 [M+H]+: 345.1849, Found: 345.1861, Error: 3.5 ppm. 

 
3,3-cycloheptyl-10-(prop-2-ynyl)-6-oxaspiro[4.5]decan-1-one (3d): 
According to the general procedure D: 3d (39 mg, 0.142 mmol, 65 % yield of two steps) was obtained as a white 

soild from 1d (68 mg, 0.22 mmol). mp: 49-51 ºC; IR (neat) 3307, 3291, 2925, 2854, 2118, 1731, 1462, 1446, 1086, 

1071, 969, 632 cm-1; 1H NMR (400 MHZ, CDCl3) δ 3.76 (ddd, J = 2.8, 10.8 and 11.6 Hz, 1 H), 3.67~3.62 (m, 1 H), 

2.45~2.40 (m, 1 H), 2.26 (ddd, J = 2.8, 4.0 and 16.8 Hz, 1 H), 2.09~2.02 (m, 3 H), 1.98~1.84 (m, 4 H), 1.80~1.72 

(m, 2 H), 1.69~1.45 (m, 13 H); 13C NMR (100 MHZ, CDCl3) δ 215.9, 82.5, 81.2, 69.8, 63.0, 53.8, 48.6, 43.3, 41.4, 
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39.4, 39.1, 29.1, 28.8, 24.8, 24.2, 23.4, 22.9, 20.5 ; EI MS m/z (%) = 274 (M+, 12), 231 (26), 135 (100), 121 (55), 

79 (50); HRMS ESI Calcd for C18H26O2 [M+H]+: 275.2006, Found: 275.2007, Error: 0.4 ppm. 

O
O

3e  
5-(prop-2-ynyl)-1-oxaspiro[5.5]undecan-7-one (3e): 
According to the general procedure D: 3e (26 mg, 0.126 mmol, 57 % yield of two steps) was obtained as a white 

soild from 1e (53 mg, 0.22 mmol). mp: 41-43 ºC; IR (neat) 3295, 2944, 2862, 2116, 1713, 1451, 1434, 1087, 1073, 

991, 634 cm-1; 1H NMR (400 MHZ, CDCl3) δ 3.84~3.82 (m, 1 H), 3.31~3.24 (m, 1 H), 2.72 (ddd, J = 6.0, 12.4 and 

12.4 Hz, 1 H), 2.53 (ddd, J = 2.4, 10.4 and 17.2 Hz, 1 H), 2.33 (ddd, J = 2.8, 3.2 and 17.2 Hz, 1 H), 2.18~2.15 (m, 

1 H), 2.07~1.96 (m, 5 H), 1.87~1.82 (m, 1 H), 1.80~1.72 (m, 1 H), 1.63~1.58 (m, 5 H); 13C NMR (100 MHZ, 

CDCl3) δ 213.2, 83.8, 81.4, 68.9, 63.7, 42.7, 40.0, 38.4, 27.9, 25.2, 24.4, 20.2, 20.0 ; EI MS m/z (%) = 206 (M+, 

17), 155 (26), 147 (66), 105 (67), 75 (100); HRMS ESI Calcd for C13H18O2 [M+Na]+: 229.1199 , Found: 

229.1200, Error: 0.4 ppm. 

 

2-phenyl-3-(prop-2-ynyl)tetrahydro-2H-pyran-2-carbaldehyde (3f): 
According to the general procedure D: 3f (16 mg, 0.07 mmol, 31 % yield of two steps) was obtained as a colorless 

oil from 1f (58 mg, 0.22 mmol). IR (neat) 3296, 2944, 2882, 2117, 1716, 1680, 1449, 1276, 1072, 761, 708, 640 

cm-1; 1H NMR (400 MHZ, CDCl3) δ 9.42 (s, 1 H), 7.45~7.39 (m, 4 H), 7.38~7.32 (m, 1 H), 3.82 (dd, J = 5.2 and 

5.6 Hz, 2 H), 2.73~2.66 (m, 1 H), 2.62~2.56 (m, 1 H), 2.41~2.36 (m, 1 H), 1.99 (dd, J = 2.4 and 2.8 Hz, 1 H), 

1.94~1.80(m, 3 H), 1.49~1.43 (m, 1 H); 13C NMR (100 MHZ, CDCl3) δ 199.4, 135.4, 129.1, 128.4, 127.1, 85.4, 

82.6, 69.9, 63.9, 37.8, 22.8, 21.9, 18.1 ; EI MS m/z (%) = 199 (12), 123 (7), 105 (100), 91 (6), 77 (42); HRMS 

ESI Calcd for C15H16O2 [M+H]+: 229.1223, Found: 229.1234, Error: 4.8 ppm. 

 

10-(3-phenylprop-2-ynyl)-6-oxaspiro[4.5]decan-1-one (3g): 
According to the general procedure D: 3g (42 mg, 0.157 mmol, 71 % yield of two steps) was obtained as a white 

soild from 1a (50 mg, 0.22 mmol). mp: 92-94 ºC; IR (neat) 2955, 2925, 2870, 2378, 1734, 1598, 1462, 1276, 1083, 

1072, 1022, 756, 692 cm-1; 1H NMR (400 MHZ, CDCl3) δ 7.40~7.38 (m, 2 H), 7.29~7.27 (m, 3 H), 3.74~3.64 (m, 

2 H), 2.51~2.46 (m, 1 H), 2.44~2.29 (m, 3 H), 2.22~2.13 (m, 1 H), 2.10~1.96 (m, 4 H), 1.92~1.81 (m, 2 H), 

1.74~1.60(m, 2 H); 13C NMR (100 MHZ, CDCl3) δ 214.9, 131.4, 128.2, 127.7, 123.7, 88.3, 82.0, 80.1, 63.3, 38.4, 

37.6, 35.8, 25.1, 24.6, 21.4, 17.7; EI MS m/z (%) = 268 (M+, 3), 197 (93), 191 (89), 115 (100), 55 (44); HRMS 

ESI Calcd for C18H20O2 [M+Na]+: 291.1356, Found: 291.1354, Error: 0.7 ppm. 

O

O TBDPSO

3h  

10-(5-(tert-butyldiphenylsilyloxy)pent-2-ynyl)-6-oxaspiro[4.5]decan-1-one (3h): 
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According to the general procedure D: 3h (70 mg, 0.148 mmol, 67 % yield of two steps) was obtained as a 

colorless oil from 1a (50 mg, 0.22 mmol). IR (neat) 2934, 2862, 2373, 1735, 1589, 1428, 1105, 1081, 821, 740, 

703 cm-1; 1H NMR (400 MHZ, CDCl3) δ 7.75~7.69 (m, 4 H), 7.46~7.38 (m, 6 H), 3.76 (dd, J = 6.8 and 7.2 Hz, 2 

H), 3.70~3.61 (m, 2 H), 2.44~2.34 (m, 3 H), 2.26~2.18 (m, 2 H), 2.15~1.92 (m, 5 H), 1.86~1.77 (m, 3 H), 

1.65~1.55 (m, 2 H), 1.07 (s, 9 H); 13C NMR (100 MHZ, CDCl3) δ 214.9, 135.5, 134.8, 133.6, 129.6, 129.5, 127.6, 

80.1, 79.4, 78.6, 63.2, 62.7, 38.4, 37.6, 35.7, 26.7, 26.5, 25.0, 24.3, 22.9, 20.7, 19.1, 17.6; EI MS m/z (%) = 417 

(30), 387 (75), 199 (100), 135 (35), 91 (46); HRMS ESI Calcd for C30H38O3Si [M+Na]+: 497.2482, Found: 

497.2493, Error: 2.2 ppm. 

 
10-(1-phenylprop-2-ynyl)-6-oxaspiro[4.5]decan-1-one (3i): 
According to the general procedure D: 3i (41 mg, 0.153 mmol, 70 % yield of two steps) was obtained as a white 

soild from 1a (50 mg, 0.22 mmol). mp: 74-76 ºC; IR (neat) 3286, 2954, 2873, 2112, 1733, 1599, 1452, 1083, 1031, 

765, 702, 631 cm-1; 1H NMR (400 MHZ, CDCl3) δ 7.30~7.24 (m, 5 H), 3.62~3.61 (m, 2 H), 3.52 (dd, J = 10.8 and 

10.8 Hz, 1 H), 3.09~3.01 (m, 1 H), 2.45~2.28 (m, 3 H), 2.18~2.01 (m, 2 H), 1.90~1.88 (m, 2 H), 1.74~1.65 (m, 1 

H), 1.52~1.40 (m, 2 H), 1.34~1.31 (m, 1 H); 13C NMR (100 MHZ, CDCl3) δ 214.8, 140.4, 128.5, 128.4, 127.1, 

86.9, 80.5, 73.3, 62.9, 43.4, 39.2, 37.4, 36.8, 25.1, 24.2, 17.8; EI MS m/z (%) = 268 (M+, 6), 211 (28), 197 (42), 

115 (100), 55 (43); HRMS ESI Calcd for C18H20O2 [M+H]+: 269.1536, Found: 269.1545, Error: 3.3 ppm. 

  

10-(1-(1-tosyl-1H-indol-3-yl) prop-2-ynyl)-6-oxaspiro[4.5]decan-1-one (3j): 
According to the general procedure D: 3j (67 mg, 0.145 mmol, 66 % yield of two steps) was obtained as a white 

soild from 1a (50 mg, 0.22 mmol). mp: 180-182 ºC; IR (neat) 3292, 2955, 2925, 2870, 2113, 1732, 1597, 1447, 

1372, 1174, 1121, 1086, 812, 747, 675, 577 cm-1; 1H NMR (400 MHZ, CDCl3) δ 8.02 (d, J = 8.0 Hz, 1 H), 7.78 (d, 

J = 8.0 Hz, 2 H), 7.72 (d, J = 8.0 Hz, 1 H), 7.51 (s, 1 H), 7.36 (dd, J = 7.2 and 7.2 Hz, 1 H), 7.29 (dd, J = 7.2 and 

7.2 Hz, 1 H), 7.23 (d, J = 8.0 Hz, 2 H), 3.88 (dd, J = 2.4 and 8.8 Hz, 1 H), 3.68~3.64 (m, 1 H), 3.55 (ddd, J = 2.8, 

10.8 and 10.8 Hz, 1 H), 3.07~3.02 (m, 1 H), 2.47~2.37 (m, 2 H), 2.36 (s, 3 H), 2.33~2.30 (m, 2 H) , 2.14~2.10 (m, 

1 H), 1.96~1.90 (m, 2 H) , 1.78~1.71 (m, 1 H), 1.51~1.45 (m, 1 H), 1.42~1.35 (m, 1 H), 1.33~1.28 (m, 1 H); 13C 

NMR (100 MHZ, CDCl3) δ 214.9, 144.9, 135.5, 135.1, 129.8, 129.3, 126.8, 124.8, 124.3, 123.2, 121.2, 120.4, 

113.9, 85.1, 80.5, 73.2, 62.9, 41.9, 37.3, 36.7, 30.5, 25.1, 24.4, 21.5, 17.7; EI MS m/z (%) = 461 (M+, 10), 308 

(92), 155 (46), 91 (100), 55 (32); HRMS ESI Calcd for C27H27NO4S [M+Na]+: 484.1553, Found: 484.1558, Error: 

1.0 ppm.   

O

O TBDPSO

Ph
3k  

10-(5-(tert-butyldiphenylsilyloxy)-1-phenylpent-2-ynyl)-6-oxaspiro[4.5]decan-1-one (3k): 
According to the general procedure D: 3k (73 mg, 0.133 mmol, 60 % yield of two steps) was obtained as a 

colorless oil from 1a (50 mg, 0.22 mmol). IR (neat) 2955, 2933, 2858, 2363, 2343, 1735, 1428, 1110, 1083, 823, 
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739, 703 cm-1; 1H NMR (400 MHZ, CDCl3) δ 7.65 (d, J = 6.0 Hz, 4 H), 7.43~7.33 (m, 6 H), 7.26~7.20 (m, 5 H), 

3.70 (dd, J = 6.8 and 7.2 Hz, 2 H), 3.62~3.47 (m, 3 H), 3.08~3.00 (m, 1 H), 2.41 (ddd, J = 2.0, 6.8 and 6.8 Hz, 2 

H), 2.35~2.31 (m, 1 H), 2.25~2.16 (m, 1 H), 2.08~1.92 (m, 2 H), 1.82~1.64 (m, 3 H), 1.50~1.23 (m, 3 H), 1.04 (s, 

9 H); 13C NMR (100 MHZ, CDCl3) δ 214.7, 141.5, 135.5, 133.5, 129.6, 128.4, 128.3, 127.7, 126.8, 84.1, 82.3, 80.3, 

62.8, 62.4, 44.0, 39.8, 37.5, 37.2, 26.8, 25.3, 24.6, 23.1, 19.1, 17.9; EI MS m/z (%) = 493 (88), 463 (59), 199 

(100), 135 (88), 91 (73); HRMS ESI Calcd for C36H42O3Si [M+Na]+: 573.2795, Found: 573.2791, Error: 0.7 ppm. 

 

5-(1-(1-tosyl-1H-indol-3-yl) prop-2-ynyl)-1-oxaspiro[5.5]undecan-7-one (3l): 
According to the general procedure D: 3l (34 mg, 0.072 mmol, 33 % yield of two steps) was obtained as a white 

soild from 1e (53 mg, 0.22 mmol). mp: 94-96 ºC; IR (neat) 3296, 2944, 2862, 2113, 1710, 1598, 1447, 1371, 1174, 

744, 672 cm-1; 1H NMR (400 MHZ, CDCl3) δ 7.97 (d, J = 8.0 Hz, 1 H), 7.87 (d, J = 8.0 Hz, 1 H), 7.73 (d, J = 8.0 

Hz, 2 H), 7.54 (s, 1 H), 7.32~7.25 (m, 2 H), 7.17 (d, J = 8.0 Hz, 2 H), 4.28 (dd, J = 2.0 and 9.2 Hz, 1 H), 3.76 (d, J 

= 10.4 Hz, 1 H), 3.13 (ddd, J = 2.4, 8.4 and 8.8 Hz, 1 H), 2.83~2.76 (m, 2 H), 2.31 (s, 3 H), 2.28~2.23 (m, 2 H), 

2.12~2.04 (m, 3 H), 1.92 (dd, J = 10.0, and 10.8 Hz, 1 H), 1.78~1.63 (m, 2 H), 1.43~1.34 (m, 3 H), 1.01~0.99 (m, 

1 H); 13C NMR (100 MHZ, CDCl3) δ 213.9, 144.8, 135.4, 135.2, 130.0, 129.7, 126.8, 124.7, 124.7, 123.2, 122.0, 

120.8, 113.9, 86.8, 82.4, 71.8, 63.7, 47.8, 40.6, 40.4, 29.4, 27.9, 26.0, 24.5, 21.5, 20.3; EI MS m/z (%) = 475 (M+, 

1), 321 (11), 308 (75), 155 (46), 91 (100); HRMS ESI Calcd for C28H29NO4S [M+H]+: 476.1890, Found: 

476.1901, Error: 2.3 ppm. 

 
4-(prop-2-ynyl)-1-tosyl-1-azaspiro[4.4]nonan-6-one (3m): 
According to the general procedure D: 3m (44 mg, 0.133 mmol, 60 % yield of two steps) was obtained as a yellow 

foam from 1g (81 mg, 0.22 mmol). IR (neat) 3294, 2962, 2884, 2119, 1746, 1329, 1269, 1157, 817, 665 cm-1; 1H 

NMR (400 MHZ, CDCl3) δ 7.79 (d, J = 8.0 Hz, 2 H), 7.29 (d, J = 8.0 Hz, 2 H), 3.45 (ddd, J = 4.0, 8.4 and 8.4 Hz, 

1 H), 3.16 (dd, J = 8.0 and 15.6 Hz, 1 H), 2.76 (ddd, J = 8.0, 12.0 and 12.4 Hz, 1 H), 2.57~2.47 (m, 1 H), 2.42 (s, 3 

H), 2.35~2.28 (m, 2 H), 2.26~1.96 (m, 7 H), 1.86~1.74 (m, 1 H); 13C NMR (100 MHZ, CDCl3) δ 215.6, 143.3, 

137.0, 129.3, 127.6, 81.9, 75.3, 70.1, 48.1, 45.7, 37.5, 36.8, 29.5, 21.4, 19.7, 18.3; EI MS m/z (%) = 331 (M+, 2), 

303 (43), 275 (24), 210 (14), 120 (100); HRMS ESI Calcd for C18H21NO3S [M+H]+: 332.1315, Found: 332.1312, 

Error: 0.9 ppm. 

 
4-(1-phenylprop-2-ynyl)-1-tosyl-1-azaspiro[4.4]nonan-6-one (3n): 
According to the general procedure D: 3n (55 mg, 0.135 mmol, 61 % yield of two steps) was obtained as a white 

soild from 1g (81 mg, 0.22 mmol). mp: 175-177 ºC; IR (neat) 3282, 2957, 2881, 2371, 1744, 1598, 1330, 1156, 

736, 703, 681 cm-1; 1H NMR (400 MHZ, CDCl3) δ 7.79 (d, J = 8.0 Hz, 2 H), 7.30 (d, J = 8.0 Hz, 2 H), 7.26~7.17 

(m, 5 H), 3.52 (dd, J = 2.0 and 10.8 Hz, 1 H), 3.24 (dd, J = 8.0 and 15.6 Hz, 1 H), 3.09 (dd, J = 7.2 and 15.6 Hz, 1 
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H), 2.82~2.74 (m, 1 H), 2.61~2.53 (m, 3 H), 2.45~2.39 (m,1 H), 2.42 (s, 3 H), 2.30~2.26 (m, 2 H), 2.13~2.01 (m, 1 

H), 1.59 (ddd, J = 6.8, 13.2 and 13.6 Hz, 1 H) , 1.41 (ddd, J = 6.4, 12.4 and 12.8 Hz,1 H); 13C NMR (100 MHZ, 

CDCl3) δ 217.3, 143.2, 139.8, 137.3, 129.4, 128.7, 127.9, 127.6, 127.4, 85.5, 75.0, 73.0, 56.9, 46.1, 38.2, 38.0, 

37.2, 28.8, 21.4, 18.4; EI MS m/z (%) = 407 (M+, 1), 379 (56), 196 (100), 155 (46), 91 (86); HRMS ESI Calcd for 

C24H25NO3S [M+H]+: 408.1628, Found: 408.1640, Error: 2.9 ppm.  

 

1-tosyl-4-(1-(1-tosyl-1H-indol-3-yl) prop-2-ynyl)-1-azaspiro[4.4]nonan-6-one (3o): 
According to the general procedure D: 3o (95 mg, 0.158 mmol, 72 % yield of two steps) was obtained as a yellow 

soild from 1g (81 mg, 0.22 mmol). mp: 102-104 ºC; IR (neat) 3293, 2960, 2881, 2116, 1743, 1598, 1371, 1174, 

1157, 738, 704, 676 cm-1; 1H NMR (400 MHZ, CDCl3) δ 7.96 (d, J = 8.0 Hz, 1 H), 7.82 (d, J = 8.0 Hz, 2 H), 7.69 

(d, J = 8.0 Hz, 2 H), 7.58 (d, J = 8.0 Hz, 1 H), 7.38 (s, 1 H), 7.33~7.26 (m, 3 H), 7.21~7.14 (m, 3 H), 3.82 (d, J = 

9.2 Hz, 1 H), 3.24~3.21 (m, 1 H), 3.05 (dd, J = 7.2 and 15.6 Hz, 1 H), 2.82~2.75 (m, 2 H), 2.58~2.56 (m, 2 H), 

2.43 (s, 3 H), 2.47~2.20 (m, 3 H), 2.28 (s, 3 H), 2.06 (dd, 8.8 and 20.0 Hz, 1 H), 1.59 (dd, 6.8 and 12.8 Hz, 1 H), 

1.36 (dd, 6.0 and 12.4 Hz,1 H); 13C NMR (100 MHZ, CDCl3) δ 217.0, 145.0, 143.3, 137.0, 135.3, 134.8, 129.7, 

129.4, 128.5, 127.5, 126.6, 125.0, 124.1, 123.2, 120.2, 120.1, 113.9, 83.7, 74.9, 72.7, 54.9, 46.0, 38.1, 37.9, 28.7, 

28.5, 21.4, 21.3, 18.3; EI MS m/z (%) = 600 (M+, 1), 445 (15), 389 (36), 308 (23), 91 (100); HRMS ESI Calcd for 

C33H32N2O5S2 [M+Na]+: 623.1645, Found: 623.1638, Error: 1.1 ppm. 

 

1.5 The preparation of cyclohexenone-type allylic silylether 5b: 

 

1-(2-bromocyclohex-2-enyl) tert-butyldimethylsilyl ether (S-13): 

 

 
Allylic alcohol S-1211 (4.72 g, 26.8 mmol) was dissolved in DCM (108 mL) at 0 ºC. Then imidazole (4.37 g, 64.3 

mmol) and TBSCl (4.82 g, 32.0 mmol) were successively added. The cool bath was then removed and the mixture 

was stirred at room temperature for 4 h. After fully consumption of the substrate, the reaction was quenched with 

water and extracted with ethyl acetate (2 x 100 mL). The combined organic layer was washed with brine, dried 

over Na2SO4 and concentrated under vacuum. The crude product was purified by column chromatography (EtOAc: 

petroleum ether = 1:100) to give product S-13 (7.34 g, 25.3 mmol, 94 %) as a colorless oil.  

 

IR (neat) 2951, 2930, 2859, 2857, 2178, 1643, 1586, 1472, 1362, 1252, 1165, 1093, 1021, 836, 776 cm-1; 1H 

NMR (400 MHZ, CDCl3) δ 6.15 (dd, J = 4.0 and 4.0 Hz, 1 H), 4.20 (dd, J = 4.0 and 4.0 Hz, 1 H), 2.16~2.10 (m, 1 

H), 2.05~1.97 (m, 1 H), 1.86~1.74 (m, 3 H), 1.61~1.56 (m, 1 H), 0.93 (s, 9 H), 0.18 (s, 3 H), 0.12 (s, 3 H); 13C 

NMR (100 MHZ, CDCl3) δ 132.0, 125.8, 70.6, 33.7, 27.8, 25.8, 18.1, 17.2, -4.5, -4.7; EI MS m/z (%) = 235 (99), 

233 (100), 139 (63), 137 (62), 79 (53), 75 (70); HRMS ESI Calcd for C12H23BrOSi [M+K]+: 329.0333, Found: 
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329.0340, Error: 2.1 ppm. 

 

1-(6-(tert-butyldimethylsilyloxy)cyclohex-1-enyl)cyclobutanol (S-14): 

 

 
To a stirred solution of vinyl bromine substrate S-13 (2.98 g, 10.3 mmol) in dry THF (50 mL) was added t-BuLi 

(1.6 M in hexane, 14.1 mL, 22.6 mmol) under argon at -78 oC. After 20 min, cyclobutanone (0.86 g, 12.3 mmol) 

was added to the solution and the mixture was stirred at the same temperature for another 1h. Then the reaction 

was quenched with water and extracted with ethyl acetate (2 x 100 mL). The combined organic layer was washed 

with brine, dried over Na2SO4 and concentrated under vacuum. The crude product was purified by column 

chromatography (EtOAc: petroleum ether = 1:150 to 1:80) to give product S-14 (2.30 g, 8.2 mmol, 79 %) as a 

colorless oil. 

TBSO

S-14

OH

 

IR (neat) 3507, 3445, 2936, 2859, 1658, 1469, 1360, 1254, 1125, 1064, 835, 776 cm-1; 1H NMR (400 MHZ, 

CDCl3) δ 5.85 (dd, J = 3.6 and 3.6 Hz, 1 H)，4.57 (dd, J = 4.8 and 4.8 Hz, 1 H), 4.17 (s, 1 H), 2.44~2.37 (m, 1 H), 

2.14 (dd, J = 7.2 and 8.0 Hz, 2 H), 2.11~1.94 (m, 3 H), 1.88~1.68 (m, 4 H), 1.54~1.39 (m, 2 H), 0.88 (s, 9 H), 0.12 

(s, 6 H); 13C NMR (100 MHZ, CDCl3) δ 139.7, 124.7, 78.1, 67.7, 35.6, 32.9, 32.8, 25.8, 25.1, 18.8, 17.8, 13.2, -3.6, 

-4.7; EI MS m/z (%) = 225 (21), 133 (53), 105 (48), 91 (66), 75 (100); HRMS ESI Calcd for C16H30O2Si 

[M+Na]+: 305.1907, Found: 305.1904, Error: 1.0 ppm. 

 

1-(2-(1-(trimethylsilyloxy)cyclobutyl)cyclohex-2-enyl) tert-butyldimethylsilyl ether (S-15): 

 

 
Allylic alcohol S-14 (1.48 g, 5.25 mmol) was dissolved in DCM (50 mL) at 0 ºC, and then imidazole (0.86 g, 12.6 

mmol), TMSCl (0.8 mL, 6.3 mmol) were successively added to the solution. The cool bath was removed and the 

reation mixture was stirred at room temperature for 0.5 h. After fully consumption of the substrate, the reaction 

was quenched with water and extracted with ethyl acetate (2 x 60 mL). The combined organic layer was washed 

with brine, dried over Na2SO4 and concentrated under vacuum. The crude product was purified by flash column 

chromatography (EtOAc: petroleum ether = 1:200) to give product S-15 (1.72 g, 4.86 mmol, 93 %) as a colorless 

oil. 

 
IR (neat) 2951, 2858, 1656, 1471, 1251, 1136, 1086, 1013, 838, 773 cm-1; 1H NMR (400 MHZ, CDCl3) δ 5.82 (dd, 

J = 3.6 and 3.6 Hz, 1 H), 4.55 (dd, J = 3.2 and 3.2 Hz, 1 H), 2.52~2.40 (m, 2 H), 2.21~2.12 (m, 3 H), 2.02~1.96 (m, 

1 H), 1.89~1.70 (m, 3 H), 1.54~1.48 (m, 3 H), 0.91 (s, 9 H), 0.10 (s, 6 H), 0.08 (s, 9 H); 13C NMR (100 MHZ, 
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CDCl3) δ 141.6, 123.1, 79.1, 64.1, 38.7, 34.6, 32.6, 26.1, 25.7, 18.0, 16.8, 13.6, 1.9，-4.1, -4.3; EI MS m/z (%) = 

297 (37), 223 (24), 147 (100), 133 (66), 73 (69); HRMS ESI Calcd for C19H38O2Si2 [M+K]+: 393.2042, Found: 

393.2058, Error: 4.1 ppm. 

 

4-(tert-butyldimethylsilyloxy)-3-(1-(trimethylsilyloxy)cyclobutyl)cyclohex-2-enone (5b)12: 

 

 

To a stirred solution of substrate S-15 (1.1 g, 3.1 mmol) in DCM (13 mL) was added K2CO3 (222 mg, 1.6 mmol), 

Rh2(cap)4 (2.1 mg, 0.003 mmol) and t-BuOOH (5 M in decane, 3.1 mL, 15.5 mmol) sequentially at room 

temperature. The mixture was stirred at the same temperature for 1.5 h under oxygen atmosphere. Then another 

Rh2(cap)4 (2.1 mg, 0.003 mmol) and t-BuOOH (5 M in decane, 3.1 ml, 15.5 mmol) were added to the solution at 

the same condition. After 1.5 h, the same procedure was repeated again. After stirring for 4 h, the solution was 

filtered through a short silica gel column (DCM: EtOAc = 1:1, 150 mL) and concentrated under vacuum. The 

crude product was purified by flash column chromatography (EtOAc: petroleum ether = 1:200) to give product 5b 

(883 mg, 2.4 mmol, 77 %) as a white soild. 

 
mp: 38-40 ºC; IR (neat) 2955, 2931, 2858, 1683, 1471, 1252, 1140, 1068, 985, 840, 776 cm-1; 1H NMR (400 MHZ, 

CDCl3) δ 5.96 (s, 1 H,)，4.76 (dd, J = 3.2 and 3.2 Hz, 1 H), 2.80~2.71 (m, 1 H), 2.50~2.36 (m, 2 H), 2.32~2.21 (m, 

3 H), 2.09~2.02 (m, 1 H), 1.98~1.90 (m, 1 H), 1.81~1.71 (m, 1 H), 1.60~1.48 (m, 1 H), 0.85 (s, 9 H), 0.09 (s, 3 H), 

0.08 (s, 3 H), 0.07 (s, 9 H); 13C NMR (100 MHZ, CDCl3) δ 200.6, 164.4, 122.8, 77.6, 63.2, 38.7, 34.2, 32.1, 31.4, 

25.7, 17.9, 12.9, 1.7，-4.6, -4.6; EI MS m/z (%) = 368 (M+, 3), 311 (20), 221 (21), 147 (100), 119 (28); HRMS 

ESI Calcd for C19H36O3Si2 [M+H]+: 369.2276 Found: 369.2273, Error: 0.8 ppm. 

 

1.6 General procedure E: for the Nicholas/semipinocal reaction of cyclohexenone-type allylic silylethers 5a and 

5b: 

 

O

1.EtAlCl2,DCM, -78 oC to 0 oC
2.Fe(NO3)3•9H2O, EtOH, RT

6b

TBSOTBSO

O
5b 2a

Co(CO)3(CO)3Co

OAc
OTMS

O

 
A mixture of cobalt complex 2a (crude, 93 mg, about 0.24 mmol) and enone 5b (81 mg, 0.22 mmol) was dissolved 

in DCM (3.6 mL) at -78 ºC, followed by addition of EtAlCl2 (1.8 M in toluene, 0.16 mL, 0.29 mmol). Then the 

mixture was immediately moved to ice bath and stirred for another 6-7 h. Next, the mixture was filtered throuth a 

plug of silica gel (DCM: EtOAc = 1:1, 30 mL), and the filtrate was concentrated under vacuum. The crude product 

was purified by flash column chromatography (EtOAc: petroleum ether = 1:15) to give cobalt complex 

intermediate. Then cobalt complex was dissolved in ethanol (5 mL), and Fe(NO3)3·9H2O (404 mg, 1.0 mmol) was 

added to the solution at room temperature. After 2-3 h, the reaction was quenched with water and extracted with 

ethyl acetate (2 x 30 mL). The combined organic layer was washed with water and brine, dried over Na2SO4 and 
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concentrated under vacuum. The crude product was purified by flash column chromatography (EtOAc: petroleum 

ether = 1:15) to give product 6b (44 mg, 0.132 mmol, 60 % yield of two steps) as a colorless oil. 

 
10-(tert-butyldimethylsilyloxy)-6-(prop-2-ynyl)spiro[4.5]decane-1,7-dione (6b): 

IR (neat) 3310, 2956, 2858, 2120, 1733, 1469, 1257, 1097, 860, 838, 669 cm-1; 1H NMR (400 MHZ, CDCl3) δ 

4.00 (dd, J = 4.4 and 10.8 Hz, 1 H), 2.71~2.66 (m, 1 H), 2.49~2.40 (m, 2 H), 2.38~2.21 (m, 4 H), 2.17~1.75 (m, 7 

H), 0.83 (s, 9 H) , 0.10 (s, 3 H), 0.04 (s, 3 H); 13C NMR (100 MHZ, CDCl3) δ 220.2, 205.7, 83.2, 76.5, 69.2, 59.5, 

53.6, 40.4, 37.9, 32.5, 29.9, 25.8, 19.7, 18.0, 14.6, -4.1, -4.8; EI MS m/z (%) = 277 (37), 193 (25), 157 (28), 129 

(21), 75 (100); HRMS ESI Calcd for C19H30O3Si [M+H]+: 335.2037, Found: 335.2036, Error: 0.3 ppm. 

 
According to the general procedure E: Two separable diastereomers 6a (20 mg, 0.098 mmol, 45 %) and 6a’ (9 mg, 

0.044 mmol, 20 %) were obtained as white solids from 5a13 (52 mg, 0.22 mmol).  

 
6-(prop-2-ynyl)spiro[4.5]decane-1,7-dione (6a): 

mp: 107-109 ºC; IR (neat) 3271, 2942, 2900, 2112, 1726, 1707, 1251, 698, 664 cm-1; 1H NMR (400 MHZ, CDCl3) 

δ 2.80 (ddd, J = 2.8, 6.8 and 17.6 Hz, 1 H), 2.54~2.40 (m, 2 H), 2.38~2.23 (m, 3 H), 2.21~2.12 (m, 1 H), 2.07~2.02 

(m, 1 H), 2.02~1.96 (m, 2 H), 1.94~1.91 (m, 2 H), 1.87~1.79 (m, 3 H), 1.69~1.62 (m, 1 H); 13C NMR (100 MHZ, 

CDCl3) δ 219.0, 207.4, 83.0, 69.5, 56.2, 54.0, 39.6, 37.7, 35.2, 32.0, 21.2, 18.6, 14.6; EI MS m/z (%) = 204 (M+, 

6), 110 (100), 95 (61), 91 (55), 55 (56); HRMS ESI Calcd for C13H16O2 [M+H]+: 205.1223, Found: 205.1232, 

Error: 4.4 ppm. 

 
6-(prop-2-ynyl)spiro[4.5]decane-1,7-dione (6a’): 

mp: 75-77 ºC; IR (neat) 3299, 2952, 2870, 2119, 1736, 1713, 1268, 1186, 1159, 736, 639 cm-1; 1H NMR (400 

MHZ, CDCl3) δ 3.07 (t, J = 6.8 Hz, 1 H), 2.55 (ddd, J = 2.8, 8.0 and 16.8 Hz, 1 H), 2.44~2.39 (m, 2 H), 2.38~2.31 

(m, 1 H), 2.31~2.22 (m, 1 H), 2.09~2.06 (m, 1 H), 1.99~1.95 (m, 1 H), 1.94~1.89 (m, 2 H), 1.87~1.80 (m, 2 H), 

1.79~1.68 (m, 3 H) , 1.67~1.60 (m, 1 H); 13C NMR (100 MHZ, CDCl3) δ 219.0, 209.5, 81.9, 70.4, 56.9, 52.7, 41.4, 

37.3, 32.9, 27.6, 23.6, 18.9, 15.1; EI MS m/z (%) = 204 (M+, 13), 148 (47), 110 (100), 91 (86), 55 (83); HRMS 

ESI Calcd for C13H16O2 [M+H]+: 205.1223, Found: 205.1230, Error: 3.4 ppm. 

 

1.7 Synthesis towards the tricyclic unit of daphlongamine E: 
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To a stirred solution of substrate 6a (222 mg, 1.09 mmol) in EtOH (15 mL) at room temperature was added Lindlar 

Pd catalyst (56 mg) and quinoline (0.56 mL, 4.7 mmol) sequentially. The mixture was stirred at room temperature 

for 20 min at hydrogen atmosphere. Then the solution was filtered through filter membrane (DCM: EtOAc = 1:1, 

20 mL). The filtrate was diluted with ethyl acetate (50 mL) and the organic layer was washed with 5 % aqueous 

HCl, saturated aqueous NaHCO3 and brine. The organic phase was dried over Na2SO4 and concentrated under 

vacuum. The crude product was purified by flash column chromatography (EtOAc: petroleum ether = 1:20) to give 

product 7 (179 mg, 0.869 mmol, 80 %) as a white solid. mp: 36-38 ºC; IR (neat) 3074, 2956, 2925, 2870, 2853, 

1732, 1712, 1639, 1456, 1163, 990, 914 cm-1; 1H NMR (400 MHZ, CDCl3) δ 5.76~5.66 (m, 1 H), 5.01~4.92 (m, 2 

H), 2.54~2.44 (m, 2 H), 2.32~2.08 (m, 7 H), 1.99~1.88 (m, 3 H), 1.82~1.72 (m, 2 H), 1.58~1.51 (m, 1 H); 13C 

NMR (100 MHZ, CDCl3) δ 219.2, 209.7, 136.5, 115.9, 55.6, 54.3, 39.6, 37.8, 35.1, 31.1, 30.1, 21.8, 18.6; EI MS 

m/z (%) = 206 (M+, 23), 151 (18), 110 (100), 97 (47), 79 (30); HRMS ESI Calcd for C13H18O2 [M+H]+: 207.1380, 

Found: 207.1377, Error: 1.4 ppm. 

 

 
The flame dried round bottom flask with a Dean-Stark apparatus and a condenser was charged with the solution of 

substrate 7 (178 mg, 0.864 mmol) in benzene (5 mL), ethylene glycol (0.39 mL, 6.9 mmol) and anhydrous PTS (30 

mg, 0.17 mmol). The mixture was refluxed for 0.5 h, during which time the water produced was collected in the 

Dean-Stark apparatus. Then the residue was diluted with ethyl acetate (50 mL), and the organic layer was washed 

with saturated aqueous NaHCO3 and brine. The organic phase was dried over Na2SO4 and concentrated under 

vacuum. The crude product was purified by flash column chromatography (EtOAc: petroleum ether = 1:50) to give 

product 8 (126 mg, 0.504 mmol, 58 % yield, 75 % yield based on consumed starting material) as a white soild. mp: 

39-41 ºC; IR (neat) 3076, 2955, 2925, 2869, 2854, 1734, 1460, 1377, 1090, 1026, 949, 914, 740 cm-1; 1H NMR 

(400 MHZ, CDCl3) δ 5.72~5.63 (m, 1 H), 4.90~4.84 (m, 2 H), 3.96~3.90 (m, 2 H), 3.90~3.86 (m, 2 H), 2.85~2.79 

(m, 1 H), 2.29~2.22 (m, 3 H), 2.17~2.08 (m, 1 H), 1.89~1.85(m, 1 H), 1.84~1.79 (m, 2 H), 1.76~1.72 (m, 1 H), 

1.67~1.56 (m, 3 H), 1.56~1.45 (m, 2 H), 1.07 (d, J = 13.6 Hz, 1 H); 13C NMR (100 MHZ, CDCl3) δ 220.7, 139.4, 

114.5, 111.0, 64.3, 63.6, 52.5, 43.9, 37.7, 35.2, 31.5, 30.2, 28.9, 19.8, 17.8; EI MS m/z (%) = 250 (M+, 2), 196 (20), 

112 (59), 99 (100), 55 (27); HRMS ESI Calcd for C15H22O3 [M+H]+: 251.1642, Found: 251.1643, Error: 0.4 ppm. 

 

 
To a stirred solution of substrate 8 (86 mg, 0.344 mmol) in THF (1.6 mL) was added allylic zinc bromide (1.187 M 

in THF, 0.44 mL, 0.52 mmol)14 under argon at 0 ºC, and the mixture was stirred at the same temperature for 3 h. 

Then the reaction was quenched with water and extracted with ethyl acetate (2 x 40 mL). The combined organic 

layer was washed with brine, dried over Na2SO4 and concentrated under vacuum. Without purification, the crude 

product was dissolved in DCM (2.5 mL), and then Grubbs II catalyst 10 (9 mg, 0.011 mmol) was added. After 

refluxing for 2-3 h, the mixture was concentrated under vacuum. The crude product was purified by flash column 

chromatography (EtOAc: petroleum ether = 1:30) to give product 9 (59 mg, 0.223 mmol, 65 % yield of two steps) 

as a white soild. mp: 105-107 ºC; IR (neat) 3563, 3015, 2951, 2926, 2873, 1455, 1357, 1297, 1091, 1024 cm-1; 1H 

NMR (400 MHZ, CDCl3) δ 5.87 (dd, J = 7.6 and 10.4 Hz, 1H), 5.45 (dd, J = 8.4 and 10.4 Hz, 1 H), 3.92~3.82 (m, 
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4 H), 2.76 (d, J = 16.0 Hz, 1 H), 2.39~2.29 (m, 3 H), 2.23~2.11 (m, 2 H), 2.07~1.99 (m, 1 H), 1.88~1.78(m, 2 H), 

1.66~1.59 (m, 2 H), 1.56~1.49 (m, 4 H), 1.47~1.44 (m, 1 H), 1.42~1.34 (m, 1 H), 1.24 (d, J = 14.0 Hz, 1 H); 13C 

NMR (100 MHZ, CDCl3) δ 132.7, 125.7, 111.2, 84.9, 64.1, 63.4, 49.8, 49.5, 39.4, 39.0, 35.0, 31.1, 26.2, 23.5, 19.4, 

17.8; EI MS m/z (%) = 246 (M+, 11), 133 (22), 112 (62), 99 (100), 85 (39), 71 (51); HRMS ESI Calcd for 

C16H24O3 [M+Na]+: 287.1618, Found: 287.1614, Error: 1.5 ppm. 

 

2. Proposed stereo-controlling mechanism from 1a-1f to 3a-3l: 

O

O
R

TMSO

O
R
TMSO

O
R OTMS

O
R

OTMS

O

O

R
1a

S-I (disfavored)

S-II (disfavored)

S-III (disfavored)

S-IV (favored)

O

R

R3

Co(CO)3(CO)3Co

R4

R+ =
Fe(NO3)3•9H2O

3aOTMS

OTMS

 

 
Since the substrate 1a with a dihydropyran ring would form an oxonium intermediate after coupling with Nicholas 

cation, four conformations of oxonium intermediates were possible for the following 1,2-migration process. 

Because of the clear steric hindrance existed in forms S-I to S-III, the rearrangement took the favorable form S-IV 

to give compound 3a after decomplexation. 
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