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Abstract – Enyne aldehydes and ketones with ester and ether functions in the 

between the reactive functional groups were subjected to a gold(III)-catalyzed 

domino process in the presence of a pyridine N-oxide as external oxygen donor. 

The resulting tetracyclic ketoethers were formed in high yields under mild 

conditions and with excellent induced diastereoselectivity for substrates featuring 

stereogenic center within the enyne tether. 

INTRODUCTION 

Homogeneous gold catalysis1 offers exciting opportunities for modern heterocyclic synthesis.2 We 

communicated a mild and efficient gold-catalyzed oxidative domino cyclization/cycloaddition of enyne 

carbonyl compounds to give tetracyclic ketoethers embedding the hydrobenzoazulene ring systems of 

many naturally occurring diterpene families (Scheme 1).3 
 

 
Scheme 1. Gold-catalyzed construction of tetracyclic ketoethers 
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per million (ppm) downfield of tetramethylsilane, using residual proton-containing solvent as internal 

standard (CDCl3 at 7.27 ppm). Abbreviations used in the description of resonances are: s (singlet), d 

(doublet), t (triplet), q (quartet), br (broad). Coupling constants (J) are quoted to the nearest 0.1 Hz. Mass 

spectra were recorded with an Agilent 5973N detector coupled with an Agilent 6890N GC (GC-MS, 70 

eV) or a Bruker Esquire LC (direct injection as a methanolic NH4OAc solution, ESI). HRMS spectra 

were recorded on a Finnigan MAT 95 (EI, 70 eV) or a Bruker Daltonik Impact II (ESI-TOF). Elemental 

analysis was performed on a Hekatech EA 3000. X-Ray diffraction analysis was carried out with a Bruker 

Kappa CCD diffractometer. 

Allylation of malonate 4a to give enyne aldehyde 1a 

To a solution of diester 4a9 (161 mg, 0.533 mmol) in THF (4 mL) at 0 °C was added NaH (60% in 

paraffin oil, 39.0 mg, 0.98 mmol). After stirring for 1 h at this temperature, the mixture was warmed to rt, 

and allyl bromide (800 L, 9.25 mmol) was added. Stirring was continued for for 1 h, then water was 

added, and the mixture was extracted with pentane. The organic layer was washed with brine, dried over 

Na2SO4, and concentrated in vacuum. Purification by flash chromatography on silica gel 

(isohexane/EtOAc, 9:1) gave 1a4-6,8,16 (134 mg, 74%) as a yellow oil. 

Enyne aldehyde 1a. Rf 0.51 (isohexane/EtOAc, 9:1); IR 3076 (w), 2982 (w), 2233 (w), 1918 (w), 1730 (s), 

1698 (s), 1650 (m), 1594 (m), 1450 (m), 1290 (m), 1214 (s), 1191 (s), 1095 (m), 1067 (m), 926 (m), 857 

(m), 824 (m), 765 (m) cm 1; 1H NMR (300 MHz, CDCl3)  10.47 (s, 1 H), 7.90 (d, J = 7.4 Hz, 1 H), 

7.47–7.58 (m, 2 H), 7.37–7.46 (m, 1 H), 5.59–5.81 (m, 1 H), 5.12–5.28 (m, 2 H), 4.25 (q, J = 7.2 Hz, 4 H), 

3.11 (s, 2 H), 2.87 (d, J = 7.4 Hz, 2 H), 1.28 (t, J = 7.2 Hz, 6 H); 13C NMR (75 MHz, CDCl3)  191.8, 

169.7, 136.1, 133.7, 133.5, 131.6, 128.4, 127.0, 126.8, 120.0, 92.0, 79.2, 61.8, 56.8, 36.8, 23.8, 14.1; 

GC-MS: m/z 342 [M] , 313, 297, 268, 239, 223, 195, 178, 165, 152, 139, 127, 115, 89, 77, 63. 

Sonogashira coupling to give malonate 4b 

To a solution of aryl iodide 5 (128 mg, 0.52 mmol) and malonate 6 (85.2 mg, 0.430 mmol) in 

triethylamine (4 mL) was added PdCl2(PPh3)2 (4.8 mg, 0.007 mmol) and CuI (3.1 mg, 0.016 mmol) at rt. 

After stirring at rt for 2.5 h, the mixture was filtered over a pad of silica gel with Et2O and concentrated in 

vacuum. Purification by flash chromatography on silica gel (isohexane/EtOAc, 9:1 then 4:1) yielded 

malonate 4b (80.4 mg, 59%) as a yellow oil. 

Malonate 4b. Rf 0.33 (isohexane/EtOAc 4:1); IR 2983 (w), 2935 (w), 1728 (s), 1685 (m), 1446 (w), 1421 

(w), 1368 (m), 1337 (m), 1276 (s), 1231 (s), 1152 (s), 1095 (m), 1030 (s), 959 (w), 857 (m), 162 (s) cm 1; 
1H NMR (300 MHz, CDCl3)  7.64–7.70 (m, 1 H), 7.32–7.50 (m, 3 H), 4.21–4.30 (m, 4 H), 3.68 (t, J = 

7.6 Hz, 1 H), 3.07 (d, J = 7.6 Hz, 2 H), 2.69 (s, 3 H), 1.29 (t, J = 7.0 Hz, 6 H); 13C NMR (75 MHz, 

CDCl3)  200.6, 167.9, 141.1, 134.2, 131.1, 128.3, 128.1, 121.5, 91.7, 81.4, 61.9, 51.1, 30.0, 19.7, 14.1; 
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115, 88, 77, 57. 

Sonogashira coupling to give alkyne 12 

To a solution of aryl bromide 11 (199 mg, 1.00 mmol) and 1-pentyne (88.0 mg, 1.29 mmol) in 

diisopropylamine (3 mL) was added PdCl2(PPh3)2 (7.0 mg, 0.01 mmol) and CuI (1.9 mg, 0.01 mmol). 

The mixture was heated to 80 °C for 90 min in a microwave oven (CEM Discover, 300 W). After cooling 

to rt, water was added, and the mixture was extracted with EtOAc (3x10 mL). The combined extracts 

were washed with brine, dried over MgSO4, and concentrated in vacuum. Flash chromatography on silica 

gel (isohexane/EtOAc, 9:1) afforded alkyne 1211 (177 mg, 95%) as a brown oil. 

Alkyne 12. IR 1679 cm 1; 1H NMR (500 MHz, CDCl3)  7.71 (d, J = 7.8 Hz, 1 H), 7.54 (d, J = 7.8 Hz, 1 

H), 7.42 (t, J = 7.8 Hz, 1 H), 7.31 (t, J = 7.8 Hz, 1 H), 2.71 (s, 3 H), 2.41 (t, J = 7.4 Hz, 2 H), 1.71 (m, 2 

H), 1.05 (t, J = 7.4 Hz, 3 H); 13C NMR (125 MHz, CDCl3)  201.1, 141.0, 134.0, 131.1, 128.3, 127.5, 

122.4, 96.7, 79.8, 30.1, 21.9, 21.7, 13.6; GC-MS: m/z 186 (5) [M] , 185 (25), 171 (25), 158 (100), 128 

(43), 115 (25), 77 (15). Anal. Calcd for C13H14O: C, 83.83; H, 7.58. Found: C, 83.51; H, 7.62. 

Oxidation of ketone 12 to give -hydroxy ketone 13 

To a stirred solution of ketone 12 (280 mg, 1.50 mmol) and 2,6-lutidine (430 mg, 4.01 mmol) in CH2Cl2 

(15 mL) was added TMSOTf (0.35 mL, 1.93 mmol) at 10 °C to 0 °C. The mixture was stirred at this 

temperature for 30 min and then treated with a saturated aqueous solution of NaHCO3 (5 mL). The 

organic layer was extracted with CH2Cl2 (3x10 mL), dried over Na2SO4, and concentrated in vacuum to 

afford the crude silyl enol ether as a yellow oil. This was dissolved in CH2Cl2 (5 mL), cooled to 0 °C, and 

MCPBA (70%, 1.00 g, 4.06 mmol) was added. After stirring the mixture at 0 °C for 2 h, a saturated 

aqueous solution of Na2SO3 was added. The organic layer was washed with a saturated aqueous solution 

of NaHCO3 (5 mL), dried over Na2SO4, and evaporated under reduced pressure. Flash chromatography on 

silica gel (isohexane/EtOAc, 1:9) afforded -hydroxy ketone 13 (203 mg, 67%) as a pale yellow oil. 

-Hydroxy ketone 13. IR 3363, 1667 cm 1; 1H NMR (300 MHz, CDCl3)  7.85 (d, J = 7.7 Hz, 1 H), 

7.43–7.57 (m, 2 H), 7.38 (t, J = 7.7 Hz, 1 H), 4.92 (s, 2 H), 3.55 (br s, 1 H, OH), 2.45 (t, J = 7.4 Hz, 2 H), 

1.62 (m, 2 H), 1.01 (t, J = 7.4 Hz, 3 H); 13C NMR (75 MHz, CDCl3)  200.4, 135.8, 134.5, 132.4, 128.8, 

127.7, 123.2, 97.7, 79.6, 68.2, 21.8, 21.7, 13.6; MS (ESI) m/z 203.1 [M H] . Anal. Calcd for C13H14O2: C, 

77.20; H, 6.98. Found: C, 76.93; H, 7.33. 

Synthesis of allyl ether 14 

To a solution of -hydroxy ketone 13 (0.20 g, 0.99 mmol) in allyl bromide (5 mL) was added CaSO4 

(0.90 g). This mixture was cooled to 0 °C, and Ag2O (0.20 g, 0.86 mmol) was added in several portions 

over 30 min with stirring. The mixture was warmed to rt and allowed to stir at rt for 10 h. Et2O was added, 

and the reaction mixture was filtered through celite. The filtrate was evaporated under reduced pressure, 
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