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Experimental section 

General methods. All manipulations with air-sensitive reagents were carried out 

under a dry argon atmosphere. Unless otherwise stated, all commercial reagents were 

used without additional purification. Solvents were dried using standard methods and 

distilled before use. The Au[P(t-Bu)2(o-biphenyl)]Cl[S1] catalyst were prepared 

following literature procedures. Analytical thin layer chromatography (TLC) was 

performed on percolated silica gel 60 F254 plates. Visualization on TLC was 

achieved by use of UV light (254 nm) or iodine. NMR spectra were recorded on a 

Bruker DPX-300/400 spectrometer at 300/400 MHz for 1H NMR, 75/100 MHz for 

13C NMR in and 282 MHz for 19F NMR in CDCl3 with tetramethylsilane (TMS) as 

internal standard. The chemical shifts are expressed in ppm and coupling constants 

are given in Hz. Data for 1H NMR are recorded as follows: chemical shift (ppm), 

multiplicity (s, singlet; d, doublet; t, triplet; q, quarter; m, multiplet), coupling 

constant (Hz), integration. Data for 13C NMR are reported in terms of chemical shift 

(δ, ppm). Mass spectra were determined on a Finnigan MAT 95 mass spectrometer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S3 

 

Synthesis of starting materials 

Typical experimental procedures for the syntheses of aminoalkyne substrates (1a-1i 

and 1m) [S2] 

O

OH

R-NH2 (1.5 eq)

EDCHCl, HOBt
Et3N, CH2Cl2

O

N
H

R
LAH

THF
N
H

R

       

To a solution of EDC·HCl (2.30 g, 12.0 mmol) and HOBt (1.50 g, 11.2 mmol) in 

DCM (20 mL) was added a solution of 4-pentynoic acid (0.78 g, 8.0 mmol) in DCM 

(10 mL) followed by addition of a solution of amines (12.0 mmol) in DCM (10 mL). 

The mixture was cooled to 0 oC and Et3N (1.2 mL, 12.0 mmol) was added dropwise. 

After being slowly warmed to room temperature and stirred overnight, the reaction 

mixture was diluted with DCM, washed successively with water, aqueous HCl 5%, 

saturated NaHCO3, and brine, and dried over Na2SO4. Evaporation of the solvent 

followed by column chromatography on silica gel with EtOAc/Petroleum ether (1/2) 

as eluent afforded substituted 4-pentynoylamides in good to excellent yields. 

To a solution of substituted 4-pentynoylamide (4.0 mmol) in THF (30 mL) was 

slowly added lithium aluminum hydride (0.62 g, 16.0 mmol) at 0 oC. The reaction 

mixture was slowly warmed to room temperature and stirred for 24-30 h, and then 

quenched with Baechströms reagent (Na2SO4·10H2O) and stirred for 30 min. After 

filtration, the filtrate was evaporated and chromatographed on silica gel column with 

EtOAc/Petroleum ether (1/20) as eluent to afford substituted aminoalkynes in good to 

excellent yields. 

The experimental procedures for the syntheses of pent-3-yn-1-ol: 

 

To a solution of 3-butyn-1-ol (9.26 g, 132.1 mmol) and imidazole (21.59 g, 317.1 

mmol) in DCM (200 mL) was added tert-butyl-dimethyl-silyl chloride (TBSCl) 

(23.90 g, 158.5 mmol). After stirring at ambient temperature for 3 h, the reaction 

mixture was filtered through a pad of silica and concentrated under reduced pressure. 
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Purification by flash column chromatography afforded the desired compounds 

afforded the alkyne (24.62 g, 100%) as a clear colorless oil.  

A solution of the silyl ether prepared above (8.8 g, 48 mmol) in 200 ml 

tetrahydrofuran was cooled under an inert atmosphere to -78°C. and a solution of 

n-BuLi (20 ml, 50 mmol, 2.5 M in hexanes) was added over 15 minutes by syringe. 

The solution was stirred at -78°C for 1.5 hours, at which time iodomethane (20.31g, 

144 mmol) was added dropwise and the solution allowed to warm to room 

temperature overnight. Then, 1 N aqueous ammonium chloride solution (20 mL) was 

added, the tetrahydrofuran removed in vacuo, and the aqueous extracted twice with 

diethylether. The ether solution was washed twice with water, then brine, and dried 

over magnesium sulfate. The solvent was removed in vacuo to give the product, 

which was used without further purification. 

To the above obtained product (1.98 g, 10 mmol) in wet THF (30mL) at room 

temperature was added TBAF.3H2O (3.15g, 10mmol). The reaction was stirred until 

TLC analysis showed that desilylation had taken place. AcOEt (50 mL) and sat. aq 

NH4Cl were added. The organic phase was separated, washed with sat. aq NaCl, and 

dried over MgSO4. Purification by flash column chromatography afforded the desired 

compounds afforded the pent-3-yn-1-ol as a clear colorless oil. 

The experimental procedures for the syntheses of aminoalkynes (1n, 1o, 1p, 3, 5 and 

7): [S3] [S4] 

OH
TsCl,DMAP

DCM, 0 C, 24h
OS

O

O ArNH2 KI, K2CO3

DMF, 90 C N
H

R
n

n

n

R

R

R

To a solution of alcohol (15.8 mmol), triethylamine (2.70 mL, 19.0 mmol), and 

4-(dimethylamino) pyridine (39 mg, 0.3 mmol) in DCM (53 mL) at 0 oC was added 

p-toluenesulfonyl chloride (3.16 g, 16.6 mmol) in three portions. The reaction mixture 

was brought to rt and stirred for 15 h. Aq. NaOH (1 N, 30 mL) was added, and the 

mixture was vigorously stirred for 15 min at rt. The usual workup (DCM, brine) gave 

p-toluenesulfonate derivatives in excellent yields as yellowish oil.  
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HN
OH

5

To a solution of aniline (3.0 mmol, 1.5 eq), the above obtained p-toluenesulfonate 

derivatives (2.0 mmol, 1 eq) and KI (33 mg, 0.2 mmol, 0.1 eq.) in DMF (4 mL) was 

added K2CO3 (0.82 g, 6.0 mmol, 3 eq.). The mixture was heated to 90 °C. After the 

complete consumption of the p-toluenesulfonate derivatives (TLC), the reaction 

mixture was cooled to room temperature, quenched with a saturated solution of 

NH4Cl, extracted with AcOEt, washed with small amounts of water, dried over 

Na2SO4 and concentrated under reduced pressure. Purification by flash column 

chromatography afforded the desired compounds in moderate yields as a yellow oil. 

1H NMR (400 MHz, CDCl3) δ 6.65 (t, J = 1.6 Hz, 1H), 6.46 (d, J 

= 1.6 Hz, 2H), 3.94 (s, 1H), 3.24 (q, J = 6.4 Hz, 2H), 2.31 (td, J = 

6.8 and 2.4 Hz, 2H), 2.03 (t, J = 2.4 Hz, 1H), 1.82 (p, J = 6.8 Hz, 

2H). 13C NMR (100 MHz, Chloroform-d) δ 149.6, 135.4, 116.9, 110.7, 83.2, 69.4, 

42.4, 27.4, 16.0. 

1H NMR (400 MHz, CDCl3) δ 7.40 (dd, J = 8.4 and 1.2 Hz, 2H), 

6.61 (dd, J = 8.4 and 1.2 Hz, 2H), 4.10 (s, 1H), 3.31 (t, J = 6.8 Hz, 

2H), 2.32 (td, J = 6.8 and 2.8 Hz, 2H), 2.02 (t, J = 2.8 Hz, 1H), 1.85 (p, J = 6.8 Hz, 

2H). 13C NMR (100 MHz, CDCl3) δ 150.5, 126.5 (q, J = 3.7 Hz), 125.0 (q, J = 268.7 

Hz), 118.5 (q, J = 32.6 Hz), 111.7, 83.3, 69.2, 42.2, 27.5, 16.0. 

 1H NMR (500 MHz, CDCl3) δ 6.79 (d, J = 8.5 Hz, 2H), 6.63 (d, 

J = 8.5 Hz, 2H), 3.75 (s, 3H), 3.20 (t, J = 6.5 Hz, 2H), 2.46 – 2.39 

(m, 2H), 1.81 (t, J = 2.5 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 

152.44, 141.99, 114.93, 114.70, 77.43, 76.48, 55.81, 44.07, 19.48, 3.54. 

1H NMR (400 MHz, CDCl3) δ 7.04 (d, J = 8.4 Hz, 2H), 6.60 (d, J = 

8.4 Hz, 2H), 3.93 (br s, 1H), 3.75 (t, J = 6.8 Hz, 2H), 3.28 (t, J = 6.8 

Hz, 2H), 2.73 (t, J = 6.8 Hz, 2H), 2.47 (td, J = 6.8 Hz and 2.6 Hz, 

2H), 2.26 (br s, 1H), 2.06 (t, J = 2.6 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 145.9, 

129.7, 127.5, 113.3, 81.7, 70.0, 63.6, 42.5, 38.0, 18.9. HRMS (ESI) [M+H] calculated 

for [C12H16NO]+ 190.1232, found 190.1228. 

Aminoalkynes 1j-1L were prepared following literature procedures. [S2]  

CF3

N
H

1o
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General procedure for gold(III)-catalyzed synthesis of azaspiro polycycles: 

To a 25 mL Schlenk tube equipped with a magnetic stir bar was added 100 mg 

ultra-dried 4Å molecular sieve. Then potassium tetrachloroaurate (III) (38 mg, 0.1 

mmol) was added under argon atmosphere followed by addition of anhydrous ethanol 

(1 mL) under argon atmosphere. Finally aminoalkyne (1.0 mmol) was added to the 

reaction mixture and then stirred at the corresponding temperature as shown in 

Scheme 2. After reaction completion (monitored by TLC), the reaction mixture was 

filtered through celite. Then the solvent was removed in vacuo, and the residue was 

purified by silica gel column chromatography (EtOAc/Petroleum ether = 1/20 – 1/40) 

to give the desired products. (Compounds 2a-2g and 2i-2l). For compound 2h, the 

reaction mixture was filtered through powdered activated carbon without further 

purification to obtain pure product 2h. 

1H NMR (400 MHz, CDCl3) δ 6.73 - 6.67 (m, 2H), 6.66 - 

6.62 (m, 1H), 6.39 (d, J = 8.4 Hz, 1H), 6.31 - 6.29 (m, 2H), 

3.68 (s, 3H), 3.64 (s, 3H), 3.66 - 3.58 (m, 1H), 3.51 - 3.37 

(m, 1H), 3.27 (q, J = 7.8 Hz, 1H), 2.53 - 2.49 (m, 1H), 

2.42 - 2.28 (m, 2H), 2.24 - 2.15 (m, 1H), 2.13 - 2.03 (m, 3H), 1.92 - 1.78 (m, 2H), 

1.68 - 1.66 (m, 1H), 1.14 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 151.4, 150.5, 139.8, 

138.7, 129.2, 114.7, 114.5, 114.0, 113.0, 112.4, 63.3, 59.8, 55.8, 49.7, 46.3, 46.2, 41.9, 

40.8, 29.9, 22.8, 21.8, 21.5.  HRMS (ESI) [M+H] calculated for [C24H31N2O2]
+ 

379.2386, found 379.2380. 

1H NMR (400 MHz, CDCl3 ) δ 6.98 (t, J = 8.0 Hz, 1H), 6.95 - 

6.91 (m, 3H), 6.46 - 6.42 (m, 2H), 6.44 (d, J = 8.0 Hz, 1H), 6.32 (d, 

J=8.0 Hz, 2H), 3.59 - 3.54 (m, 1H), 3.48 - 3.44 (m, 1H), 3.41 - 

3.35 (m, 1H), 3.28 - 3.23 (m, 1H), 2.48 - 2.44 (m, 1H), 2.37 (d, J = 13.6 Hz, 1H), 2.28 

- 2.24 (m, 1H), 2.24 - 2.20 (m, 1H), 2.12 - 1.99 (m, 4H), 1.83 - 1.76 (m, 2H), 1.64 - 

1.59 (m, 1H), 1.08(s, 3H). 13C NMR (100 MHz, CDCl3) δ 144.7, 143.6, 128.4, 127.6, 

127.2, 126.8, 116.2, 115.0, 113.6, 111.5, 63.1, 59.6, 49.3, 46.0, 45.6, 41.4, 40.8, 22.37, 
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22.2, 21.4. HRMS (ESI) [M+H] calculated for [C22H27N2]
+ 319.2169, found 

319.2164. 

1H NMR (400 MHz, CDCl3) δ 6.93 - 6.81 (m, 4H), 6.37 (d, J = 

8.4 Hz, 1H), 6.28 (d, J = 8.4 Hz, 2H), 3.66 - 3.62 (m, 1H), 3.52 

- 3.47 (m, 1H), 3.46 - 3.38 (m, 1H), 3.32 - 3.28 (m, 1H), 

2.52-2.47 (m, 1H), 2.43 (d, J = 13.6 Hz, 1H), 2.39 - 2.30 (m, 1H), 2.26 - 2.17 (m, 1H), 

2.16 (s, 3H), 2.12 (s, 3H), 2.11 - 2.04 (m, 3H), 1.88 - 1.84 (m, 1H), 1.79 (d, J = 13.6 

Hz, 1H), 1.70 - 1.65 (m, 1H), 1.14 (s, 3H).  13C NMR (100 MHz, CDCl3) δ 142.7, 

141.4, 129.0, 128.2, 127.6, 127.2, 125.0, 123.8, 113.7, 111.6, 62.8, 59.5, 49.3, 46.1, 

45.7, 41.2, 40.7, 22.4, 21.8, 21.4, 20.7, 20.1.  HRMS (ESI) [M+H] calculated for 

[C24H31N2]
+ 347.2487, found 347.2482. 

1H NMR (400 MHz, CDCl3) δ 7.24 (dd, J = 8.8, 7.6 

Hz, 2H), 7.13 (dd, J = 8.8, 7.6 Hz, 2H), 6.99 - 6.95 

(m, 1H), 6.91 - 6.88 (m, 3H), 6.82 - 6.75 (m, 3H), 

6.74 (d, J = 2.8 Hz, 1H), 6.58 (dt, J = 8.8 and 0.8 Hz, 2H), 6.40 (d, J = 8.8 Hz, 1H), 

6.31 (d, J = 8.8 Hz, 2H), 3.56 - 3.41 (m, 3H), 3.32 - 3.30 (m, 1H), 2.63 - 2.54 (m, 1H), 

2.40 (d, J = 13.6 Hz, 1H), 2.34 - 2.24 (m, 1H), 2.15 - 2.08 (m, 4H), 2.00 - 1.87 (m, 

2H), 1.75 - 1.72 (m, 1H), 1.18 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 159.6, 159.4, 

146.2, 146.1, 141.7, 141.4, 129.5, 128.3, 121.8, 121.4, 120.5, 120.3, 117.3, 116.2, 

114.5, 112.6, 63.5, 59.9, 49.7, 45.9, 45.8, 42.5, 40.9, 22.5, 21.8, 21.4. HRMS (ESI) 

[M+H] calculated for [C34H35N2O2]
+ 503.2693, found 503.2693. 

1H NMR (400 MHz, CDCl3) δ 6.82 - 6.69 (m, 4H), 6.34 (dd, 

J = 8.8 and 4.8 Hz, 1H), 6.27 - 6.20 (m, 2H), 3.62 - 3.60 (m, 

1H), 3.51 - 3.38 (m, 2H), 3.31 - 3.23 (m, 1H), 2.53 - 2.51 (m, 

1H), 2.37 - 2.25 (m, 2H), 2.18 - 2.16 (m, 1H), 2.13 - 2.04 (m, 

3H), 1.93 -1.86 (m, 1H), 1.84 (d, J = 13.6 Hz, 1H), 1.73 - 1.62 (m, 1H), 1.13 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 155.5 (d, JCF = 232.1 Hz), 154.8 (d, JCF = 232.6 Hz), 

141.4, 140.5, 128.7 (d, JCF = 5.5 Hz), 115.1 (d, JCF = 21.5 Hz), 114.3 (d, JCF = 22.2 

Hz), 114.3 (d, JCF = 7.1 Hz), 113.8 (d, JCF= 22.6 Hz), 112.4 (d, JCF = 7.1 Hz), 63.3, 



S8 

 

59.9, 49.8, 46.2, 46.0, 41.7, 40.8, 22.6, 21.7, 21.4. 19F NMR (375 MHz, CDCl3) δ 

-128.6, -130.9. HRMS (ESI) [M+H] calculated for [C22H25N2F2]
+ 355.1980, found 

355.1973. 

1H NMR (400 MHz, CDCl3) δ 7.01 - 6.92 (m, 3H), 6.36 (d, 

J = 8.8 Hz, 1H), 6.24 (d, J = 8.8 Hz, 2H), 3.57 - 3.52 (m, 

1H), 3.53 - 3.37 (m, 2H), 3.29 (dt, J = 9.6 and 6.8 Hz, 1H), 

2.54 (ddd, J = 12.3, 6.6 and 5.0 Hz, 1H), 2.38 - 2.26 (m, 

2H), 2.23 - 2.16 (m, 1H), 2.16 - 2.04 (m, 3H), 1.95 - 1.87 (m, 1H), 1.83 (d, J = 13.5 

Hz, 1H), 1.67 (q, J = 10.6 Hz, 1H), 1.15 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 143.0, 

142.19, 128.3, 128.2, 127.7, 126.7, 121.0, 120.3, 114.7, 112.8, 63.0, 59.8, 49.4, 46.0, 

45.6, 41.1, 40.6, 22.3, 21.9, 21.2. HRMS (ESI) [M+H] calculated for [C22H25N2Cl2]
+ 

387.1389, found 387.1385. 

1H NMR (400 MHz, CDCl3) δ 7.13 (dd, J = 8.8, 2.4 Hz, 

1H), 7.10 (d, J = 8.8 Hz, 2H), 7.07 (d, J = 2.4 Hz, 1H), 

6.30 (d, J = 8.4 Hz, 1H), 6.18 (d, J = 8.8 Hz, 1H), 

3.62-3.60 (m, 1H), 3.49 - 3.43 (m, 1H), 3.43 - 3.37 (m, 

1H), 3.29 - 3.28 (m, 1H), 2.52 - 2.50 (m, 1H), 2.36 - 2.26 (m, 2H), 2.20 - 2.07 (m, 4H), 

1.88 - 1.87 (m, 1H), 1.81 (d, J = 13.6 Hz), 1.67 - 1.65 (m, 1H), 1.14 (s, 3H). 13C NMR 

(100 MHz, CDCl3) δ 143.5, 142.6, 131.2, 130.6, 129.5, 128.6, 115.4, 113.4, 108.3, 

107.6, 63.0, 59.7, 49.4, 46.0, 45.6, 40.9, 40.6, 22.3, 22.0, 21.2. 

HRMS (ESI) [M+H] calculated for [C22H25N2Br2]
+ 475.0379, found 475.0379. 

1H NMR (400 MHz, CDCl3) δ 6.20 (s, 3H), 6.00 (s, 2H), 3.58 - 

3.32 (m, 4H), 2.57 - 2.39 (m, 3H), 2.28 (d, J = 14.4 Hz, 2H), 

2.21 (s, 3H), 2.19 - 2.13 (m, 2H), 2.13 - 2.06 (m, 6H), 2.02 (s, 

3H), 1.95 - 1.85 (m, 2H), 1.76 - 1.66 (m, 1H), 1.17 (s, 3H). 13C 

NMR (100 MHz, CDCl3) δ 145.0, 144.4, 137.8, 137.0, 136.4, 122.9, 120.6, 116.9, 

111.4, 110.6, 112.0, 63.5, 58.9, 48.2, 46.6, 42.8, 41.2, 39.7, 21.9, 21.9, 21.8, 21.7, 

21.5, 21.3. HRMS (ESI) [M+H] calculated for [C26H35N2]
+ 375.2800, found 

375.2794. 
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1H NMR (400 MHz, CDCl3) δ 7.07 - 7.04 (m, 1H), 7.02 - 7.00 (m, 

1H), 6.54 - 6.50 (m, 2H), 6.42 (s, 2H), 6.25 - 6.233 (m, 1H), 3.79 - 

3.75 (m, 1H),3.68 - 3.65 (m, 1H),3.60 - 3.57 (m, 1H), 3.52 - 3.47 (m, 

1H), 2.68 - 2.63 (m, 1H), 2.60 (d, J = 13.6 Hz, 1H), 2.49 - 2.41 (m, 2H), 2.41 (s, 3H), 

2.33 (s, 3H), 2.30 - 2.19 (m, 3H), 2.03 - 1.96 (m, 2H), 1.87 - 1.82 (m, 2H), 1.31 (s, 

3H). 13C NMR (100 MHz, CDCl3) δ 144.6, 143.4, 137.7, 137.0, 128.1, 126.9, 124.0, 

117.2, 115.7, 114.2, 112.0, 111.8, 62.7, 59.4, 49.1, 45.8, 45.5, 41.4, 40.7, 22.2, 22.0, 

21.8, 21.4, 21.3. HRMS (ESI) [M+H] calculated for [C24H31N2]
+ 347.2482, found 

347.2481. 

1H NMR (400 MHz, CDCl3) δ 6.72 (d, J = 2.8 Hz, 1H), 

6.64 - 6.60 (m, 3H), 6.39 (d, J = 8.8 Hz, 2H), 6.31 (d, J = 

8.8 Hz, 1H), 3.67 (s, 3H), 3.62 (s, 3H), 3.34 (dd, J = 12.8 

and 8.8 Hz, 2H), 3.28 (d, J = 9.2 Hz, 1H), 3.28 (d, J = 9.6 

Hz, 1H). 2.55 (d, J = 13.2 Hz, 1H), 1.76 (m, 19H). 13C 

NMR (100 MHz, CDCl3) δ 151.5, 150.5, 140.0, 139.1, 130.8, 114.7, 114.3, 114.2, 

112.7, 112.5, 64.3, 62.1, 60.5, 59.1, 58.8, 55.7, 55.6, 54.1, 48.3, 47.6, 43.1, 42.1, 40.0, 

39.7, 39.4, 25.1, 24.5, 24.2, 23.9, 22.0. HRMS (ESI) [M+H] calculated for 

[C32H43N2O2]
+ 487.3319, found 487.3319. 

1H NMR (400 MHz, CDCl3) δ 6.68 (d, J = 2.8 Hz, 1H), 

6.63 (d, J = 9.2 Hz, 3H), 6.45 (d, J = 9.2 Hz, 2H), 6.32 (d, 

J = 8.4 Hz, 1H), 3.67 (s, 3H), 3.62 (s, 3H), 3.42 (s, 1H), 

3.37 (d, J = 9.2 Hz, 1H), 3.33 (d, J = 9.2 Hz, 1H), 2.56 (d, 

J = 13.6 Hz, 1H), 2.46 (d, J = 14.4 Hz, 1H), 2.21 (d, J = 

13.6 Hz, 1H), 1.94 (d, J = 13.6 Hz, 1H), 1.73 - 1.36 (m, 26H), 1.12 (s, 3H). 13C NMR 

(101 MHz, CDCl3) δ 151.7, 150.6, 140.3, 139.3, 131.4, 115.1, 114.4, 114.2, 112.5, 

112.4, 64.3, 61.3, 60.4, 59.3, 57.5, 55.7, 55.5, 44.6, 40.9, 40.1, 40.0, 39.3, 39.0, 38.5, 

26.9, 26.0, 25.8, 24.1, 24.0, 23.6, 23.5, 21.5. HRMS (ESI) [M+H] calculated for 

[C34H47N2O2]
+ 515.3632, found 515.3630. 
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1H NMR (400 MHz, CDCl3) δ 7.36 - 7.30 (m, 10H), 

7.25 - 7.21 (m, 4H), 7.20 - 7.21 (m, 7H), 6.69 - 6.63 (m, 

3H), 6.58 - 6.56 (m, 2H), 6.54 - 6.52 (m, 1H), 6.45 (d, J 

= 2.4 Hz, 1H), 4.42 (d, J = 10.4 Hz, 1H), 4.11 - 4.06 (m, 

2H), 3.93 (d, J = 10 Hz, 1H), 3.72 (s, 3H), 3.43 (d, J = 

13.2 Hz, 1H), 3.41 (s, 3H), 3.29 (d, J = 13.2 Hz, 1H), 2.71 (d, J = 13.2 Hz, 1H), 2.35 - 

2.30 (m, 2H),1.48 - 1.44 (m, 1H), 1.03 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 152. 2, 

151.4, 151.2, 147.8, 147.6, 147.5, 139.4, 138.7, 130.7, 128.6, 128.4, 128.3, 128.2, 

127.7, 127.1, 126.9, 126.5, 126.2, 126.2, 126.1, 125.7, 115.4, 114.4, 114.0, 113.9, 

113.8, 64.7, 60.9, 59.4, 58.7, 58.3, 55.6, 55.5, 54.6, 53.1, 51.6, 42.9, 22.2. HRMS 

(ESI) [M+H] calculated for [C48H47N2O2]
+ 683.3638, found 683.3630. 

 

General procedure for gold(I)-catalyzed synthesis of azaspiro polycycles: 

To a 25 mL Schlenk tube equipped with a magnetic stir bar was added 100 mg 

ultra-dried dry 4 Å molecular sieve. Then (tBu)2(o-diphenyl)PAuCl (5 mol%) and 

AgN(Tf)2 (5 mol%) were added under argon atmosphere followed by addition of 

ultra-dried DCE (2.5 mL) under argon atmosphere. The mixture was stirred for about 

1 hour. Next the aminoalkyne (1.0 mmol) was added to the reaction mixture and then 

stirred at 75 oC. After reaction completion (monitored by TLC), the reaction mixture 

was filtered through celite. Then the solvent was removed in vacuo, and the residue 

was purified by silica gel column chromatography (EtOAc/Petroleum ether = 1/20 – 

1/40) to give the desired products. (Compounds 2m-2o).  

1H NMR (400 MHz, CDCl3) δ 6.95 (d, J = 7.8 Hz, 1H), 6.92 (t, J 

= 8.0 Hz, 1H), 6.43 - 6.39 (m, 2H), 6.31 (s, 2H), 6.12 (dd, J = 

8.4 and 2.4 Hz, 1H), 3.71 - 3.65 (m, 1H), 3.61 - 3.54 (m, 1H), 

3.53 - 3.46 (m, 1H), 3.42 - 3.36 (m, 1H), 2.59 - 2.53 (m, 1H), 2.48 (d, J = 13.6 Hz, 

1H), 2.42 - 2.35 (m, 1H), 2.30 (s, 3H), 2.23 (s, 3H), 2.20 - 2.09 (m, 4H), 1.95 - 1.86 

(m, 2H), 1.78 - 1.68 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 144.7, 143.5, 137.9, 

137.1, 128.2, 127.0, 124.0, 117.3, 115.8, 114.2, 112.1, 110.8, 62.8, 59.5, 49.2, 45.9, 
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45.6, 41.4, 40.7, 22.3, 22.1, 21.9, 21.5, 21.4. HRMS (ESI) [M+H] calculated for 

[C24H31N2]
+ 347.2482, found 347.2482. 

1H NMR (400 MHz, CDCl3) δ 6.55 (d, J = 2.0 Hz, 1H), 

6.49(t, J = 2.0 Hz, 1H), 6.39 (d, J = 2.4 Hz, 1H), 6.13(d, J 

= 2.0 Hz, 2H), 6.30 (d, J = 8.4 Hz, 2H), 3.57 - 3.52 (m, 

1H), 3.47 - 3.44 (m, 1H), 3.39 - 3.34 (m, 2H), 2.83 - 2.80 

(m, 1H), 2.35 - 2.27 (m, 1H), 2.22 (d, J = 12.4 Hz, 1H), 2.19 - 2.04 (m, 4H), 1.98 (d, J 

= 12.4 Hz, 1H), 1.95 - 1.92 (m, 1H), 1.78 - 1.75 (m, 1H), 1.21 (s, 3H). 13C NMR (100 

MHz, CDCl3) δ 146.8, 150.0, 134.4, 134.0, 133.3, 118.8, 118.5, 114.7, 110.8, 110.4, 

63.4, 59.3, 48.7, 46.4, 43.0, 40.7, 38.7, 21.9, 21.6, 21.1. HRMS (ESI) [M+H] 

calculated for [C22H23N2Cl4]
+ 457.0610, found 457.0575. 

1H NMR (400 MHz, CDCl3) δ 7.31 (dd, J = 8.4 and 2.0 

Hz, 1H), 7.25 (d, J = 8.8 Hz, 2H), 7.20 (d, J = 2.4 Hz, 

1H), 3.75 - 3.68 (m, 1H), 3.60 - 3.57 (m, 1H), 3.56 - 

3.45 (m, 1H), 3.44 - 3.40 (m, 1H), 2.63 - 2.57 (m, 1H), 2.45 - 2.30 (m, 2H), 2.28 - 

2.08 (m, 4H), 2.02 - 1.84 (m, 2H), 1.79 - 1.65 (m, 1H), 1.21 (s, 3H). 13C NMR (100 

MHz, CDCl3) δ 146.7, 145.7, 125.7 (q, JCF = 3.7 Hz), 125.1 (q, JCF = 275.9 Hz), 125.0 

(q, JCF = 275.9 Hz), 125.3 (q, JCF = 3.7 Hz), 123.9 (q, JCF = 3.7 Hz), 113.0, 111.2, 

117.7 (q, JCF = 32.5 Hz), 116.7 (q, JCF = 32.5 Hz), 63.2, 59.8, 49.5, 45.9, 45.7, 40.7, 

40.7, 22.7, 22.2, 21.2. 19F NMR (282 MHz, CDCl3) δ -60.7 (s, 3F), -60.8 (s, 3F). 

HRMS (ESI) [M+H] calculated for [C24H25N2F6]
+ 455.1916, found 455.1917. 

General procedure for gold(I)-catalyzed synthesis of dipyrroloquinoline ring 

framework: 

To a 25 mL Schlenk tube equipped with a magnetic stir bar were added 

(PhO)2P(O)OH (10 mol%), (tBu)2(o-diphenyl)PAu(CH3CN)SbF6 (5 mol%) under 

argon atmosphere followed by addition of ultra-dried DCM (2.0 mL) under argon 

atmosphere. Then the 1,3-aminoalkyne was added to the reaction mixture and then 

stirred at ambient temperature for 12 h. Then the solvent was removed in vacuo, and 
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the residue was purified by silica gel column chromatography (EtOAc/Petroleum ether 

= 1/9 or 1/1) to give the desired products. 

1H NMR (400 MHz, CDCl3) δ 7.32 - 7.23 (m, 3H), 7.13 - 7.03 

(m, 1H), 6.80 (d, J = 8.0 Hz, 2H), 6.69 (t, J = 7.2 Hz, 1H), 6.51 

(td, J = 7.6 and 1.0 Hz, 1H), 6.39 (dd, J = 8.0, 0.8 Hz, 1H), 

5.11 (d, J = 6.8 Hz, 1H), 3.77 - 3.68 (m, 1H), 3.43 (t, J = 8.8 

Hz, 1H), 3.39 - 3.18 (m, 3H), 2.54 - 2.46 (m, 1H), 2.14 - 2.06 (m, 1H), 2.07 - 1.90 (m, 

3H), 1.90 - 1.76 (m, 1H), 1.73 - 1.63 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 148.8, 

143.1, 129.3, 128.8, 128.0, 122.9, 115.7, 115.4, 111.2, 110.2, 57.4, 56.4, 47.3, 46.5, 

40.0, 30.2, 23.3, 23.2. HRMS (ESI) [M-H] calculated for [C20H21N2]
- 289.1705, found 

289.1674. 

1H NMR (400 MHz, CDCl3) δ 7.28 - 7.15 (m, 3H), 7.11 (dt, J = 

7.6, 1.6 Hz, 1H), 6.79 - 6.66 (m, 5H), 4.44 (d, J = 9.2 Hz, 1H), 

3.66 (t, J = 8.0 Hz, 1H), 3.46 (td, J = 8.8, 2.8 Hz, 1H), 3.33 - 

3.29 (m, 1H), 2.85 - 2.77 (m, 1H), 2.76 - 2.72 (m, 1H), 2.45 - 

2.38 (m, 1H), 2.29 - 2.08 (m, 3H), 2.02 - 1.92 (m, 1H), 1.84 - 

1.70 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 149.2, 147.1, 129.0, 128.3, 127.1, 126.9, 

118.9, 116.4, 112.6, 112.1, 64.6, 59.4, 49.1, 48.2, 47.2, 31.9, 30.5, 22.3. HRMS (ESI) 

[M-H] calculated for [C20H23N2]
- 291.1861, found 291.1875. 

1H NMR (400 MHz, CDCl3) δ 7.17 - 7.10 (m, 3H), 

6.94 (dd, J = 8.2 Hz and 2.0 Hz, 1H), 6.77 (d, J = 8.6 

Hz, 2H), 6.37 (d, J = 8.2 Hz, 1H), 5.07 (d, J = 7.0 Hz, 

1H), 3.84 (t, J = 6.4 Hz, 2H), 3.73 - 3.61 (m, 3H), 3.45 

(m, 2H), 3.28 - 3.18 (m, 2H), 2.80 (t, J = 6.4 Hz, 2H), 

2.62 (t, J = 6.6 Hz, 2H), 2.57 - 2.47 (m, 1H), 2.15 - 1.80 (m, 5H), 1.78 - 1.60 (m, 2H). 

13C NMR (100 MHz, CDCl3) δ 147.7, 142.1, 129.9, 129.1, 128.5, 125.2, 125.1, 123.4, 

111.8, 110.6, 63.9, 63.8, 58.0, 56.7, 47.6, 46.6, 40.2, 38.18, 38.15, 30.0, 23.2, 23.1. 

HRMS (ESI) [M+H] calculated for [C24H31N2O2]
+ 379.2386, found 379.2380 
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N
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1H NMR (400 MHz, CDCl3) δ 7.10 (d, J = 8.5 Hz, 2H), 

7.02 (dd, J = 8.0 Hz and 1.6 Hz, 1H), 6.88 (s, 1H), 

6.73 - 6.60 (m, 3H), 4.33 (d, J = 8.8 Hz, 1H), 3.81 (t, J 

= 6.4 Hz, 2H), 3.68 (t, J = 6.5 Hz, 2H), 3.62 (t, J = 8.0 

Hz, 1H), 3.50 - 3.40 (td, J = 8.8 Hz and 3.4 Hz, 1H), 3.35 - 3.24 (m, 1H), 2.87 (q, J = 

9.2 Hz, 1H), 2.78 (t, J = 6.0 Hz, 2H), 2.72 - 2.60 (m, 3H), 2.55 - 2.46 (m, 1H), 2.30 - 

2.07 (m, 3H), 2.05 - 1.84 (m, 2H), 1.85 - 1.66 (m, 3H). 13C NMR (100 MHz, CDCl3) 

δ 148.0, 145.5, 129.6, 128.0, 127.9, 127.8, 127.7, 127.0, 114.0, 112.1, 64.3, 63.9, 63.8, 

60.3, 49.6, 47.4, 47.3, 38.4, 38.2, 31.8, 30.1, 22.4. HRMS (ESI) [M+H] calculated for 

[C24H31N2O2]
+ 379.2386, found 379.2379. 

The two diastereomers 8 and 8’ were not separated by simple flash chromatography. 

So they were purified directly by preparative HPLC (reverse phase, XB-C 18 5 250 

mm x 22 mm column, 70:30 MeOH: H2O, 10 mL/min) to give the desired products. 

1H NMR (400 MHz, DMSO) δ 7.35 (s, 1H), 7.24 (s, 

1H), 7.10 (d, J = 8.8 Hz, 2H), 7.00 - 6.90 (m, 2H), 

6.80 (s, 1H), 6.76 - 6.66 (m, 3H), 6.34 (d, J = 8.4 Hz, 

1H), 5.02 (d, J = 7.2 Hz, 1H), 3.66 - 3.56 (m, 1H), 

3.35 - 3.27 (m, 2H), 3.25 (s, 2H), 3.20 - 3.10 (m, 2H), 

3.06 (s, 2H), 2.49 - 2.39 (m, 1H), 2.09 - 1.83 (m, 4H), 1.71 - 1.57 (m, 2H). 13C NMR 

(100 MHz, DMSO) δ 173.6, 173.3, 148.2, 142.2, 130.2, 129.4, 128.9, 123.6, 123.55, 

123.52, 111.5, 110.9, 57.9, 56.5, 48.5, 47.0, 42.0, 41.9, 40.4, 30.0, 23.4, 23.1. HRMS 

(ESI) [M+H] calculated for [C24H29N4O2]
+ 405.2291, found 405.2293. 

1H NMR (400 MHz, DMSO) δ 7.36 (s, 1H), 7.28 (s, 

1H), 7.10 - 7.00 (m, 3H), 6.81 (s, 1H), 6.78 (s, 1H), 

6.70 (s, 1H), 6.61 (d, J = 6.0 Hz, 1H), 6.54 (d, J = 6.4 

Hz, 2H), 4.21 (d, J = 9.2 Hz, 1H), 3.59 (t, J = 8.0 Hz, 

1H), 3.23 (s, 2H), 3.22 - 3.09 (m, 3H), 2.75 (q, J = 9.0 

Hz, 1H), 2.73 - 2.64 (m, 1H), 2.40 - 2.31 (m, 1H), 2.26 - 2.13 (m, 2H), 2.06 - 2.00 (m, 

1H), 1.98 - 1.90 (m, 1H), 1.73 - 1.57 (m, 2H). 13C NMR (100 MHz, DMSO) δ 173.0, 

6'
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H
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172.7, 148.1, 145.6, 129.5, 127.8, 127.6, 127.2, 126.1, 124.4, 112.7, 112.0, 64.1, 59.8, 

49.6, 47.4, 47.1, 41.8, 41.5, 31.4, 30.0, 21.9. HRMS (ESI) [M+H] calculated for 

[C24H29N4O2]
+ 405.2291, found 405.2286. 

Experiments for mechanistic studies: 

 

To a 25 mL Schlenk tube equipped with a magnetic stir bar was added 

(tBu)2(o-diphenyl)PAu(CH3CN)SbF6 (5 mol%) under argon atmosphere followed by 

addition of ultra-dried DCM (2.0 mL) under argon atmosphere. Then the aminoalkyne 

9 was added to the reaction mixture. The sealed tube was stirred at ambient 

temperature for 0.5 h and the reaction mixture was filtered through celite. Then the 

solvent was removed in vacuo without further purification. Compounds 10 and 11 

were obtained in 40% and 51% yields as determined by 1H-NMR, respectively.  

To a 25 mL Schlenk tube equipped with a magnetic stir bar was added 

(tBu)2(o-diphenyl)PAu(CH3CN)SbF6 (5 mol%) under argon atmosphere followed by 

addition of ultra-dried DCM (2.0 mL) under argon atmosphere. Then compound 10 

was added to the reaction mixture and then stirred at ambient temperature for 12 h. 

Then the solvent was removed in vacuo, and the residue was purified by silica gel 

column chromatography (EtOAc/Petroleum ether = 1/9) to give 11 (90% yield), 

which was very difficult to purify and did not obtain pure NMR spectra. 

1H NMR (400 MHz, CDCl3) δ 8.35 (s, 1H), 7.11 (dd, J = 7.6, 

1.2 Hz, 1H), 7.03 - 6.93 (m, 4H), 6.84 - 6.77 (m, 1H), 6.68 (m,  

1H), 6.54 (dd, J = 8.0, 1.2 Hz, 1H), 5.15 (d, J = 5.6 Hz, 1H), 

4.05 - 3.97 (m, 1H), 3.65 - 3.59 (m, 1H), 3.49 - 3.41 (m, 1H), 

3.35 - 3.28 (m, 1H), 3.03 (q, J = 8.4 Hz, 1H), 2.54 - 2.42 (m, 

N

N

H

H
O

10 OH

H
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1H), 2.11 - 1.96 (m, 5H), 1.90 - 1.82 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 151.9, 

143.7, 140.7, 133.7, 125.3, 124.1, 121.8, 120.5, 119.4, 117.8, 116.0, 113.6, 99.5, 60.7, 

52.7, 50.8, 49.1, 29.9, 27.0, 23.3. HRMS (ESI) [M+Na] calculated for 

[C20H22N2O2Na]+ 345.1573, found 345.1570. 
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11-Me 11 -Me

51% 26%

9 eq (CH3O)2SO2

10 eq NaOH

MeOH, RT, 10min

 

To further confirm structure 11, it was protected by methyl group to obtain pure two 

diastereomers 11-Me and 11’-Me. To a 25 mL Schlenk tube equipped with a magnetic 

stir bar were added 11 (87 mg, 0.27 mmol) and NaOH (108 mg, 2.70 mmol) in 

acetone (10 mL) followed by addition of dimethylsulfate (230 μl, 2.40 mmol) under 

argon atmosphere. The sealed tube was then stirred at ambient temperature for 10 min. 

Then the solvent was removed in vacuo, and the residue was purified by silica gel 

column chromatography (EtOAc/Hx = 1:20) to give 11-Me and 111-Me in 51% and 

26% yields.  

1H NMR (400 MHz, CDCl3) δ 6.90 - 6.80 (m, 3H), 6.70 - 6.60 (m, 

2H), 6.50 - 6.40 (m, 2H), 5.63 (d, J = 7.6 Hz, 1H), 3.92 (s, 3H), 

3.90 - 3.80 (m, 1H), 3.77 (s, 3H), 3.60 - 3.50 (m, 2H), 3.25 - 3.10 

(m, 2H), 2.87 - 2.77 (m ,1H), 2.08 - 1.80 (m, 5H), 1.80 - 1.67 (m, 1H). 13C NMR (100 

MHz, CDCl3) δ 150.7, 148.1, 138.5, 137.3, 126.5, 121.7, 121.2, 119.8, 118.2, 117.5, 

111.2, 110.8, 59.6, 59.5, 55.8, 55.4, 51.6, 47.7, 41.1, 28.7, 23.6, 22.3. HRMS (ESI) 

[M+H] calculated for [C22H27N2O2]
+ 351.2073, found 351.2068. 

 

1H NMR (400 MHz, CDCl3) δ 7.16 - 7.00 (m, 2H), 6.94 - 6.80 (m, 

2H), 6.67 (dd, J = 7.8 Hz and 1.2 Hz, 1H), 6.50 (t, J = 7.8 Hz, 1H), 

6.23 (dd, J = 7.8 Hz and 0.8 Hz, 1H), 4.33 (d, 5.2 Hz, 1H), 4.02 - 

N

NMeO
OMe

H
H

H

11Me

N
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3.91 (m, 1H), 3.82 (s, 3H), 3.60 (s, 3H), 3.58 - 3.50 (m, 1H), 3.40 - 3.31 (m, 1H), 3.30 

- 3.22 (m ,1H), 3.14 - 3.05 (m, 1H), 2.30 - 2.13 (m, 2H), 2.08 - 1.87 (m, 3H), 1.87 - 

1.73 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 155.8, 150.4, 138.6, 136.1, 127.0, 125.0, 

124.3, 122.9, 120.6, 118.1, 112.1, 109.8, 60.5, 58.4, 55.5, 55.2, 52.2, 50.4, 37.7, 29.2, 

27.1, 23.5. HRMS (ESI) [M+H] calculated for [C22H27N2O2]
+ 351.2073, found 

351.2068. 
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Cytotoxicity Studies (MTT Assay) 

The anti-proliferative activities of compound 2j against A549 (Lung Adenocarcinoma), 

MGC80-3 (Gasteric Adenocarcarcinoma) cancer cell lines were measured using the MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole) method. Cells 

were seeded in 96-well microtiter plates (at a density of 4000 cells per well) for overnight 

attachment and exposed to each of the compound (1.0 ~ 50.0 μM) for 72 h. The MTT 

solution (5.0 mg/mL in RPIM 1640 medium; SigmaAldrich) was added (20.0μl/well), and 

plates were incubated for a further 4 h at 37 oC. The purple formazan crystals were 

dissolved in 100.0 μL of DMSO. After 5 min, the plates were read on an automated 

micro-plate spectrophotometer (Bio-Tek Instruments, Winooski, VT) at 570 nm. Assays 

were performed in triplicate on three independent experiments. The concentration of drug 

inhibiting 50% of cells (IC50) was calculated using the software of dose-effect analysis 

with microcomputers. 
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