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1. General information: Oxygen- and moisture-sensitive reactions were carried out under 

argon atmosphere. Solvents were purified and dried by standard methods prior to use. All 

commercially available reagents were used without further purification unless otherwise 

noted. Column chromatography was performed on silica gel (200-300 mesh). NMR spectra 

were recorded on Bruker 400 MHz and Oxford 600 MHz spectrometers in the CDCl3 or 

acetone d6. Chemical shifts are reported as δ values relative to internal chloroform (δ 7.27 

for 
1
H NMR and 77.00 for 

13
C NMR) and acetone-d6 (δ 2.05 for 

1
H NMR and 29.92 for 

13
C NMR). High resolution mass spectra (HRMS) were obtained on a 4G mass 

spectrometer by using electrospray ionization (ESI) analyzed by quadrupole time-of-flight 

(Q-TOF). Optical rotations were measured on a Rudolph Autoplo IV polarimeter. 
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2. Experimental Procedures 

Ethyl 4-tert-butoxy-4-methylpent-2-ynoate (13) 

 

To a solution of freshly distilled diisopropylamine (27.8 mL, 198.4 mmol) in dried 

THF (400 mL) was added n-Butyl lithium (2.5 M in hexanes, 79.2 mL) dropwise at 0 °C. 

The mixture was stirred for 1 h at 0 °C, then cooled to -78 °C. Ethyl propiolate (18.6 mL, 

183.5 mmol) in dried THF (100 mL) was then added dropwise to the reaction mixture. 

After 1 h at the same temperature, acetone (27.2 mL, 370.5 mmol) was added, and the 

resulting mixture was stirred at -78 °C for 3 h. The reaction was quenched with saturated 

NH4Cl solution, and the mixture was extracted with Et2O. The combined organic layers 

were washed with brine, dried with anhydrous MgSO4, The ether extract was evaporated to 

leave compound 12 that was taken directly to the next step as crude. 

To a solution of 12 and i-Pr2NEt (81.8 mL, 495.0 mmol) in CH2Cl2 (300 mL) was 

added TMSOTf (56.1 mL, 310.0 mmol) at 0 °C and the mixture was stirred at 0 °C for 2 h. 

Then the mixture was quenched by the addition of saturated NaHCO3 solution and 

extracted with ether. The organic layer was washed with H2O and brine, dried over Na2SO4 

and concentrated in vacuo. The residue was purified by silica gel column chromatography 

(petroleum ether/ethyl acetate = 100:1) to give TMS ether 13 (35.1 g, 84% in two steps) as 

a pale yellow oil.
 1

H NMR (400 MHz, CDCl3) δ 4.22 (q, J = 7.2 Hz, 2H), 1.51 (s, 6H), 1.29 

(t, J = 7.2 Hz, 3H), 0.19 (s, 9H). 
13

C NMR (100 MHz, CDCl3) δ 153.5, 91.5, 75.1, 66.2, 

61.8, 32.1, 13.9, 1.6. IR (neat, cm
-1

): ν 3394, 2923, 1592, 1384, 1104; HRMS (ESIMS) 

calcd for C11H24O3N
+
 [M + NH4]

+
 246.1520, found 246.1519. 

 

(E)-4-tert-Butoxy-4-methylpent-2-enal (10) 

CO2Et

OTMS

13

1. Red-Al
OTMS

O

2. PCC, Celite
1052% yield over

two steps  

To a solution of alkynyl ester 13 (6.26 g, 27.44 mmol) was added Red-Al (3.5 M in 

toluene, 39.2 mL) in THF at 0 °C, then the solution was removed from the ice bath and 
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stirred for two hours until completion as determined by TLC. The reaction was cooled to 

0 °C and quenched with water, the organic phases were separated and the aqueous partition 

was extracted with Et2O. The combined organic phase was dried over MgSO4，filtered, and 

concentrated under reduced pressure afforded alcohol that was taken directly to the next 

step as crude. 

A solution of the alcohol in dry CH2Cl2 (100 mL) was added to a stirred mixture of 

PCC (8.15 g, 37.82 mmol) and sodium acetate (4.14 g, 50.42 mmol) in dry CH2Cl2 (100 

mL) under Ar. The resulting mixture was stirred at room temperature for 0.5 h and 

evaporated. The residual black solid was suspended in Et2O (500 mL) and filtered through 

Celite. After evaporation of the filtrate the residue was purified by column chromatography 

(petroleum ether/ethyl acetate = 8:1) to give 10 (2.63 g, 52% in two steps) as a colorless oil. 

1
H NMR (400 MHz, CDCl3) δ 9.58 (d, J = 7.6 Hz, 1H), 6.80 (d, J = 15.2 Hz, 1H), 6.23 (dd, 

J = 15.2, 7.6 Hz, 1H), 1.42 (s, 6H), 0.15 (s, 9H). 
13

C NMR (100 MHz, CDCl3) δ 194.1, 

164.9, 128.7, 73.5, 29.7, 2.4. IR (neat, cm
-1

): ν 3415, 2978, 2932, 1710, 1373, 1267, 1156, 

738; HRMS (ESIMS) calcd for C18H36O4Si2Na
+
 [2M + Na]

+
 395.2044, found 395.2043. 

 

(Z)-4-Methyl-4-((trimethylsilyl)oxy)pent-2-enal(28) 

 

n-Butyl lithium (2.5 M in hexanes, 4.8 mL, 12.0 mmol) was added dropwise to a 

stirred solution of 2-methyl-2-(triethylsilyl)oxy-3-butyne (1.56 g, 10.0 mmol) in THF (25 

mL) at −78 °C. The reaction mixture was stirred at −78 °C for 10 minutes then DMF (1.54 

mL, 20.0 mmol) was added. The reaction mixture was stirred at −78 °C for 30 min then the 

reaction was quenched by the addition of potassium monophosphate (10% aqueous 

solution, 35 mL) and stirred at 0 °C for 30 min. The aqueous layer was extracted with ethyl 

acetate (3 × 35 mL) and the combined organic layers were dried over Na2SO4 and 

concentrated in vacuo. The crude product was used without further purification. 

A suspension of commercial Lindlar catalyst (5% Pd on CaCO3, 400 mg) in CH2Cl2 

(15 mL) was stirred for 10 min under an H2 atmosphere. A solution of aldehyde 27 (920.0 

mg, 5 mmol) in CH2Cl2 (15 mL) was then added dropwise via syringe. The resulting 
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solution was further stirred at room temperature until consumption of the starting material 

(about 3 h, TLC monitoring). The reaction mixture was then filtered through Celite, the 

organic layer was evaporated under reduced pressure to yield the aldehyde 28 (164mg, 

88% over two steps) as a colorless oil. 
1
H NMR (400 MHz, Acetone-d6) δ 10.62 (d, J = 7.6 

Hz, 1H), 6.54 (d, J = 12.4 Hz, 1H), 5.64 (dd, J = 12.4, 8.0 Hz 1H), 1.52 (s, 1H), 0.17 (s, 

9H). 
13

C NMR (100 MHz, Acetone-d6) δ 194.8, 157.7, 129.5, 77.7, 32.4, 3.3; IR (neat, 

cm
-1

): ν 2974, 2954, 1726, 1696, 1251, 1159, 1039, 841, 755; HRMS (ESIMS) calcd for 

C9H19O2Si
+
 [M + H]

+
 187.1149, found 187.1153. 

 

5-(Prop-2-ynyl)furan-2(5H)-one (15) 

OO
OO OH

propargyl bromide
Zn powder

THF

63%
14 15  

To a stirred solution of compound 14 (2.0 g, 20.0 mmol) in THF (20 mL) at 0 °C was 

added propargyl bromide (2.06 mL, 24.0 mmol) and zinc powder (3.9 g, 60.0 mmol). The 

reaction mixture was stirred at room temperature for 24 h and quenched with saturated 

aqueous NH4Cl solution (10 mL). After 1 h the reaction mixture was diluted with ethyl 

acetate (20 mL) and filtered to remove the zinc residues. The organic layer was washed 

with brine, dried over Na2SO4 and concentrated in vacuo. The resulting residue was 

purified by silica gel column chromatography (petroleum ether/ethyl acetate = 8:1) to yield 

the pure product 15 (1.55 g, 63% yield) as a pale yellow oil. 
1
H NMR (400 MHz, CDCl3) δ 

7.56 (dd, J = 5.6, 1.6 Hz, 1H), 6.19 (dd, J = 5.6, 1.6 Hz, 1H), 5.15 – 5.12 (m, 1H), 2.81 

(ddd, J = 16.8, 5.2, 2.8 Hz, 1H), 2.56 (ddd, J = 16.8, 8.0, 2.8 Hz, 1H), 2.09 (t, J = 2.8 Hz, 

1H). 
13

C NMR (100 MHz, CDCl3) δ 172.2, 154.8, 122.5, 80.0, 76.8, 72.2, 23.3. IR (neat, 

cm
-1

): ν 3287, 1750, 1163, 1102, 1033, 823; HRMS (ESIMS) calcd for C7H6O2Na
+
 [M + 

Na]
+
 145.0260, found 145.0263. 

 

tert-Butyldimethyl((5-(prop-2-yn-1-yl)furan-2-yl)oxy)silane (11) 
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To a solution of 15 (6.33 g, 51.9 mmol) in CH2Cl2 (100 mL) was added Et3N (10.50 g, 

14.4 mL, 103.8 mmol). The solution was chilled on ice bath and tert-butyl(dimethyl)silyl 

trifluoromethanesulfonate (16.47 g, 14.3 mL, 62.3 mmol) was added. After removal of the 

ice bath, the reaction mixture was stirred vigorously at room temperature for 2 h. The 

reaction mixture was then quenched with water (100 mL). The mixture was extracted with 

EtOAc, and organic phase was dried over Na2SO4, filtered and concentrated under reduced 

pressure. and the resulting mixture was purified by silica gel chromatography (silica gel, 

petroleum ether/ethyl acetate = 100:1, v/v as eluent) to give aldehyde 11 (11.8 g, 96%) as a 

colorless liquid. 
1
H NMR (400 MHz, CDCl3) δ 6.02 (d, J = 3.2 Hz, 1H), 5.03 (d, J = 3.2 

Hz, 1H), 3.47 (dd, J = 2.8, 1.2 Hz, 2H), 2.11 (t, J = 2.8 Hz, 1H), 0.98 (s, 9H), 0.25 (s, 6H). 

13
C NMR (100 MHz, CDCl3) δ 155.9, 138.7, 107.1, 84.0, 79.3, 69.6, 25.5, 18.5, 18.1, -4.9. 

IR (neat, cm
-1

): ν 3310, 2932, 2860, 1627, 1587, 1259, 852; HRMS (ESIMS) calcd for 

C13H21O2Si
+
 [M + H]

+
 237.1305, found 237.1312. 

 

Stereochemistry of Mukaiyama-Micheal addition: After all the efforts to get the crystal of 

related compound resulted in vain, we undertook the synthesis of the known product S2, 

S3, S4 by this procedure to confirm the Mukaiyama-Micheal addition’s stereochemistry. 

The characteristic data of the synthetic compounds we got were concisely equal to the 

reported data. (J. Am. Chem. Soc. 2003, 125, 1192-1194) Turned to the compound 21, the 

stereochemistry of it was determined by the similar comparison. 

General Procedure: To a solution of (S)-2-(tert-butoxydiphenylmethyl)pyrrlidine 19 was 

added H2O and α, β-unsaturated aldehyde in CH2Cl2 at the appropriate temperature. The 

solution was stirred for 10 min before the addition of the siloxy-furan substrate. The 

resulting solution was stirred at constant temperature until reaction was completed. The  

mixture was quenched with saturated aqueous NH4Cl solution and extracted with ethyl 

acetate. The organic layer was washed with H2O and brine, dried over Na2SO4 and 

concentrated in vacuo. The residue was purified by silica gel column chromatography. 
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(3R, 2'R)-3-(2'-Methyl-5'-oxo-2', 5'-dihydro-furan-2'-yl)-butyraldehyde (S2).  

Prepared according to the general procedure from (E)-but-2-enal (140.2 mg, 2.0 

mmol), trimethyl-(5-methyl-furan-2-yloxy)-silane (170.0 mg, 1.0 mmol), catalyst 19 

(85mg, 0.2 mmol), H2O (36.0 µL, 2.0 mmol) at -90 °C for 24 h to provide the compound 

S2 (159.6 mg, 95% yield) as a colorless oil. [α]
12.6

D +47.0 (c 1.00, CHCl3); 
1
H NMR (400 

MHz, CDCl3) δ 9.70 (s, 1H), 7.39 (d, J = 5.6 Hz, 1H), 6.05 (d, J = 5.6 Hz, 1H), 2.56 (dd, J 

= 13.2, 3.2 Hz, 2H), 2.24 – 2.14 (m, 1H), 1.45 (s, 3H), 0.96 (d, J = 6.8 Hz, 3H). 
13

C NMR 

(100 MHz, CDCl3) δ 200.4, 171.9, 158.6, 121.4, 90.3, 45.5, 34.5, 22.6, 15.7. 

 

(3R, 2'R)-3-(2'-Methyl-5'-oxo-2', 5'-dihydro-furan-2'-yl)-hexanal (S3).  

Prepared according to the general procedure from (E)-hex-2-enal (196.3 mg, 2.0 

mmol), trimethyl-(5-methyl-furan-2-yloxy)-silane (170.0 mg, 1.0 mmol), catalyst 19 

(85mg, 0.2 mmol), H2O (36.0 µL, 2.0 mmol) at -78 °C for 32 h to provide the compound 

S3 (184.2 mg, 94% yield) as a colorless oil. [α]
11.5

D +23.0 (c 1.00, CHCl3); 
1
H NMR (400 

MHz, CDCl3) δ 9.73 (s, 1H), 7.37 (d, J = 5.6 Hz, 1H), 6.06 (d, J = 5.6 Hz, 1H), 2.48 – 2.43 

(m, 2H), 2.37 – 2.30 (m, 1H), 1.51 – 1.40 (m, 4H), 1.39 – 1.29 (m, 1H), 1.28 – 1.11 (m, 

2H), 0.88 (t, J = 6.8 Hz, 3H). 
13

C NMR (100 MHz, CDCl3) δ 200.6, 171.8, 159.0, 121.5, 

90.7, 43.9, 39.6, 32.7, 23.0, 20.9, 14.0. 

 

(3S, 2'R)-4-Methyl-3-(2'-methyl-5'-oxo-2', 5'-dihydro-furan-2'-yl)-pentanal (S4).  

Prepared according to the general procedure from (E)-4-methylpent-2-enal (196.3 mg, 

2.0 mmol), trimethyl-(5-methyl-furan-2-yloxy)-silane (170.0 mg, 1.0 mmol), catalyst 19 

(85mg, 0.2 mmol), H2O (36.0 µL, 2.0 mmol) at -78 °C for 32 h to provide the compound 

S4 (174.4 mg, 89% yield) as a colorless oil. [α]
11.7

D +12.0 (c 1.00, CHCl3); 
1
H NMR (400 

MHz, CDCl3) δ 9.74 (s, 1H), 7.43 (d, J = 5.6 Hz, 1H), 6.04 (d, J = 5.6 Hz, 1H), 2.54 – 2.53 

(m, 1H), 2.38 (dd, J = 8.0, 1.6 Hz, 2H), 1.93 – 1.89 (m, 1H), 1.41 (s, 3H), 0.89 (d, J = 7.2 

Hz, 3H), 0.76 (d, J = 6.4 Hz, 3H). 
13

C NMR (100 MHz, CDCl3) δ 200.8, 171.7, 159.4, 

121.2, 91.4, 44.2, 39.2, 27.8, 24.2, 22.9, 17.5. 
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(R)-4-Methyl-3-((R)-5-oxo-2-(prop-2-yn-1-yl)-2,5-dihydrofuran-2-yl)-4-((trimethylsilyl) 

oxy)pentanal (21) 

 

To a solution of (S)-2-(tert-butoxydiphenylmethyl)pyrrlidine 19 (130.2 mg, 0.4 mmol) 

was added H2O (72 µL, 4 mmol) and α, β-unsaturated aldehyde 10 (1.12 g, 6.0 mmol) in 

CH2Cl2 at -40 °C, the mixture was stirred at room temperature for 10 min, silyloxyfuran 11 

(472.0 mg, 2.0 mmol) in CH2Cl2 was added. The reaction mixture was stirred at room 

temperature for 48 h, and quenched with saturated aqueous NH4Cl solution and extracted 

with ethyl acetate. The organic layer was washed with H2O and brine, dried over Na2SO4 

and concentrated in vacuo. The residue was purified by silica gel column chromatography 

(petroleum ether/ethyl acetate = 16:1--4:1) to give 21 (421.2 mg, 68% yield) as a yellow 

oil. [α]
20.0

D −40.0 (c 1.00, CHCl3); 
1
H NMR (400 MHz, CDCl3) δ 9.77 (s, 1H), 7.65 (d, J = 

5.6 Hz, 1H), 6.02 (d, J = 5.6 Hz, 1H), 2.92 (t, J = 5.2 Hz, 1H), 2.78 (dd, J = 16.8, 2.4 Hz, 

1H), 2.62 (ddd, J = 30.0, 18.8, 4.8 Hz, 2H), 2.48 (dd, J = 19.2, 4.8 Hz, 1H), 2.09 (s, 1H), 

1.21 (s, 3H), 1.11 (s, 3H), 0.12 (s, 9H). 
13

C NMR (100 MHz, CDCl3) δ 199.6, 171.7, 159.8, 

119.1, 89.9, 76.0, 73.0, 48.8, 42.3, 30.1, 29.6, 26.6, 2.4. IR (neat, cm
-1

): ν 3298, 2927, 1760, 

1267, 738; HRMS (ESIMS) calcd for C16H28O4SiN
+
 [M + NH4]

+
 326.1728, found 

326.1778. 

 

(R)-5-((R)-1-Hydroxy-4-methyl-4-((trimethylsilyl)oxy)pentan-3-yl)-5-(prop-2-yn-1-yl)f

uran-2(5H)-one (22) 

 

Concentrated AcOH (3.1 mL) and NaBH3CN (335.0 mg, 5.3 mmol,) were added to a 

solution of 21 (820.0 mg, 2.7 mmol) in THF (15 mL) at 0 °C. Then the reaction mixture 

was warmed up to room temperature and stirred for 2 h. Next, brine (20 mL) was added 

and pH was adjusted to 7 with saturated NaHCO3 solution and extracted with ether, The 

aqueous layer was extracted with ether and the combined organic layer was washed with 
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H2O and brine, dried over MgSO4. After evaporation of the solvents under vacuum the 

crude product was purified by column chromatography (petroleum ether/ethyl acetate = 2:1) 

to afford the corresponding alcohol 22 (544.2 mg, 66% yield) as a colorless oil. [α]
19.8

D 

−30.0 (c 1.00, CHCl3); 
1
H NMR (400 MHz, CDCl3) δ 7.71 (d, J = 6.0 Hz, 1H), 5.98 (d, J = 

5.6 Hz, 1H), 3.70 (t, J = 7.2 Hz, 2H), 2.94 (dd, J = 17.2, 2.8 Hz, 1H), 2.66 (dd, J = 17.2, 

2.8 Hz, 1H), 2.20 (s, 1H), 2.08 (dt, J = 8.8, 2.8 Hz, 2H), 1.84 – 1.75 (m, 1H), 1.61 – 1.52 

(m, 1H), 1.31 (s, 3H), 1.11 (s, 3H), 0.13 (s, 9H). 
13

C NMR (100 MHz, CDCl3) δ 172.5, 

161.4, 118.2, 91.0, 78.2, 72.6, 63.1, 52.1, 30.8, 30.7, 29.6, 26.0, 2.5. IR (neat, cm
-1

): ν 3396, 

3309, 2924, 1747, 1155, 1090, 1026, 840; HRMS (ESIMS) calcd for C16H30O4SiN
+
 [M + 

NH4]
+
 328.1939, found 328.1935. 

 

(R)-4-Methyl-3-((R)-5-oxo-2-(prop-2-yn-1-yl)-2,5-dihydrofuran-2-yl)-4-((trimethylsily

l)oxy)pentyl 4-bromobenzoate (23) 

 

To a solution of 22 (93.0 mg, 0.3 mmol), Et3N (0.083 mL, 0.6 mmol), DMAP (3.7 mg, 

0.03 mmol) in CH2Cl2 (5 mL) was added 4-Bromobenzoyl chloride (99.0 mg, 0.45 mmol) 

at 0 °C. The resulted mixture was vigorously stirred at room temperature. The reaction was 

monitored by TLC. The reaction mixture was treated with saturated aqueous NaHCO3. 

After stirring at room temperature for 20 min, ethyl acetate (20 mL) was added. The 

organic layer was separated, and washed with water. The combined organic extracts were 

washed with brine (50 mL), and dried over Na2SO4. After evaporation of the solvent, the 

crude product was purified by chromatography on silica gel to give the product 23 (128.1 

mg, 86%) as a white solid. Mp: 89-91 °C [α]
20.0

D −26.0 (c 1.00, CHCl3); 
1
H NMR (400 

MHz, CDCl3) δ 7.90 (dd, J = 6.4, 1.6 Hz, 2H), 7.76 (d, J = 5.6 Hz, 1H), 7.60 – 7.58 (m, 

2H), 6.00 (d, J = 5.6 Hz, 1H), 4.47 – 4.33 (m, 2H), 3.01 (dd, J = 16.8, 2.8 Hz, 1H), 2.64 

(dd, J = 16.8, 2.8 Hz, 1H), 2.14 (t, J = 4.2 Hz, 1H), 2.09 (t, J = 2.6 Hz, 1H), 2.06 – 1.92 (m, 
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1H), 1.77 (m, 1H), 1.37 (s, 3H), 1.14 (s, 3H), 0.15 (s, 9H). 
13

C NMR (100 MHz, CDCl3) δ 

172.0, 165.8, 161.0, 131.7, 131.1, 129.0, 128.2, 118.4, 90.7, 78.0, 76.71, 72.9, 65.5, 52.0, 

30.8, 29.7, 27.0, 26.0, 2.5. IR (neat, cm
-1

): ν 3301, 2957, 2925, 1763, 1720, 1273, 1103, 

1013, 842; HRMS (ESIMS) calcd for C23H29BrO5SiNa
+
 [M + Na]

+
 515.0860, found 

515.0858. 

 

(3aS,6S,6aS)-6-(2-Hydroxyethyl)-5,5-dimethyl-6a-(prop-2-yn-1-yl)tetrahydrofuro[3,2-

b]furan-2(3H)-one (24) 

 

To a cooled solution of compound 22 (390.0 mg, 1.26 mmol) in THF (10 mL) at 0 °C 

was added tetrabutylammonium fluoride (657.7 mg, 2.5 mmol). The solution allowed to 

warm to room temperature and stirred for 1 h. The residue was treated with a saturated 

aqueous solution of NH4Cl and extracted three times with ether. The combined organic 

layers were washed with H2O and brine, dried over MgSO4. Filtered and concentrated in 

vacuo. The residue was purified by flash chromatography (petroleum ether/ethyl acetate = 

3:2 ) to afford 24 (264.5 mg, 89%) as a colorless oil. [α]
20.1

D −31.0 (c 1.00, CHCl3); 
1
H 

NMR (400 MHz, CDCl3) δ 4.68 (d, J = 6.0 Hz, 1H), 3.83 – 3.71 (m, 2H), 2.96 (dd, J = 

18.8, 6.4 Hz, 1H), 2.83 (dd, J = 17.2, 2.8 Hz, 1H), 2.67 – 2.61 (m, 2H), 2.27 (t, J = 7.2 Hz, 

1H), 2.11 (t, J = 2.4 Hz, 1H), 1.95 – 1.86 (m, 1H), 1.80 – 1.68 (m, 2H), 1.32 (s, 3H), 1.16 

(s, 3H). 
13

C NMR (100 MHz, CDCl3) δ 175.6, 95.4, 84.9, 79.5, 78.1, 72.2, 60.5, 50.8, 38.8, 

29.9, 28.3, 26.9, 24.7. IR (neat, cm
-1

): ν 3395, 2923, 2854, 1153, 1093, 1031; HRMS 

(ESIMS) calcd for C13H22O4N
+
 [M + NH4]

+
 256.1543, found 256.1541. 

 

2-((3S,3aS,6aS)-2,2-Dimethyl-5-oxo-3a-(prop-2-yn-1-yl)hexahydrofuro[3,2-b]furan-3-

yl)acetaldehyde (25) 
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A solution of compound 24 (566.0 mg, 2.41 mmol) in CH2Cl2 (20 mL) at room 

temperature was added Dess-Martin periodinane (153.3 mg, 3.62 mmol), and the mixture 

was stirred at the same temperature for 2 h. The reaction was quenched by addition of 

water (25 mL), and the mixture was extracted with ethyl acetate three times. The combined 

organic layers was washed with H2O and brine, dried over Na2SO4. The solvent was 

removed under vacuum the crude product was purified by column chromatography 

(petroleum ether/ethyl acetate = 4:1) to afford the product 25 (430.0 mg, 77% yield) as a 

colorless oil. [α]
20.2

D −49.0 (c 1.00, CHCl3); 
1
H NMR (400 MHz, CDCl3) δ 9.86 (s, 1H), 

4.69 (d, J = 6.0 Hz, 1H), 2.95 (ddd, J = 25.8, 18.6, 6.7 Hz, 2H), 2.80 – 2.71 (m, 2H), 2.63 

(ddd, J = 11.0, 9.4, 6.9 Hz, 3H), 2.12 (t, J = 2.6 Hz, 1H), 1.33 (s, 3H), 1.15 (s, 3H). 
13

C 

NMR (100 MHz, CDCl3) δ 199.6, 175.0, 94.6, 84.1, 79.3, 77.8, 72.4, 48.1, 40.5, 38.3, 29.1, 

27.0, 24.9. IR (neat, cm
-1

): ν 3395, 2925, 1593, 1154, 1079, 1034; HRMS (ESIMS) calcd 

for C13H20O4N
+
 [M + NH4]

+
 254.1387, found 254.1384. 

 

1-(Trimethylsilyl)hepta-1,6-diyn-3-ol (S5) 

 

To a solution of trimethylsilylacetylene (3.3 mL, 23.2 mmol) in THF was added 

n-BuLi (9.3 mL, 23.2 mmol, 2.5 M in hexanes) at –78 °C under an argon atmosphere. 

After stirring at –78 °C for 1 h, pent-4-ynal (30) (2.00 g, 24.38 mmol) was added. The 

mixture was warmed to room temperature and then quenched with H2O. The aqueous layer 

was extracted with ether, the combined organic layer was washed with H2O and brine, 

dried over MgSO4. The solvent was removed under vacuum. The crude product was 

purified by column chromatography (petroleum ether/ethyl acetate = 8:1) to afford the 

product S5 (2.88 g, 67% yield) as a colorless oil. 
1
H NMR (400 MHz, CDCl3) δ 4.53 (d, J 

= 4.4 Hz, 1H), 2.47 – 2.31 (m, 2H), 2.02 – 1.90 (m, 4H), 0.18 (s, 9H). 
13

C NMR (100 MHz, 
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CDCl3) δ 105.7, 90.1, 83.4, 69.0, 61.6, 36.1, 14.4, -0.2. IR (neat, cm
-1

): ν 3305, 2960, 1251, 

1070, 844; HRMS (ESIMS) calcd for C10H16OSiNa
+
 [M + Na]

+
 203.0863, found 203.0867. 

 

tert-Butyldimethyl((1-(trimethylsilyl)hepta-1,6-diyn-3-yl)oxy)silane (7) 

 

tert-Butylchlorodimethylsilane (702.0 mg, 4.7 mmol) in tetrahydrofuran (20 mL) was 

added to a stirred solution of compound S5 (600.0 mg, 3.3 mmol) and imidazole (720.0 mg, 

11.99 mmol) in dry tetrahydrofuran (30 mL) over 10 min at 0 °C. The reaction was 

warmed to room temperature and stirred for 2.5 h. Water was added, the aqueous layer 

extracted with ether, the combined organic layer was washed with H2O and brine, dried 

over MgSO4, filtered and the solvent evaporated under reduced pressure. The crude 

product purified by flash column chromatography ((petroleum ether/ethyl acetate = 60:1) 

to afford the protected alcohol 7 (740.2 mg, 76%) as a colorless oil. 
1
H NMR (400 MHz, 

CDCl3) δ 4.49 (dd, J = 7.2, 6.0 Hz, 1H), 2.35 – 2.30 (m, 2H), 1.94 (t, J = 2.6 Hz, 1H), 1.90 

– 1.84 (m, 2H), 0.91 (s, 9H), 0.16 – 0.13 (m, 15H). 
13

C NMR (100 MHz, CDCl3) δ 106.9, 

89.0 ,83.6, 68.6, 61.8, 37.1, 25.8, 18.2, 14.4, -0.2, -4.5, -5.0. IR (neat, cm
-1

): ν 3314, 2960, 

2930, 2858, 1252, 1097, 842; HRMS (ESIMS) calcd for C16H30OSi2Na
+
 [M + Na]

+
 

317.1727, found 317.1734. 

 

(3aS,6S,6aS)-6-(7-((tert-Butyldimethylsilyl)oxy)-2-hydroxy-9-(trimethylsilyl)nona-3,8-

diyn-1-yl)-5,5-dimethyl-6a-(prop-2-yn-1-yl)tetrahydrofuro[3,2-b]furan-2(3H)-one (31) 

OTBS

TMS

7

LiHMDS, -78 oC

THF, 20 min

25

O

O
H

O

H OH

TMS

OTBS

31
53%

 

Under an argon atmosphere at -78 °C, compound 7 (294.2 mg, 2.0 mmol) was 

dissolved in THF (30 mL) followed by the addition of LiHMDS (1.0 M in THF, 2.0 mL, 

2.0 mmol). The solution allowed to warm to -40 °C in 20 min and stirred for 1 h. followed 

by cooled to -78 °C. Compound 25 (430.0 mg, 1.84 mmol) in 10 mL THF was added and 
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the reaction mixture was stirred for 20 min. Water (10 mL) was added and the mixture was 

extracted with ether and the combined organic layer was washed with H2O and brine, dried 

over MgSO4, filtered and the solvent evaporated under reduced pressure. The crude 

product purified by flash column chromatography ((petroleum ether/ethyl acetate = 4:1) to 

afford the protected alcohol 31 (516.9 mg, 53%) as a colorless oil. [α]
20.3

D −26.0 (c 1.00, 

CHCl3); 
1
H NMR (400 MHz, CDCl3) δ 4.66 (dd, J = 6.4, 3.6 Hz, 1H), 4.48 – 4.40 (m, 2H), 

2.92 (dd, J = 18.4, 6.4 Hz, 1H), 2.88 – 2.76 (m, 1H), 2.66 – 2.57 (m, 2H), 2.37 – 2.29 (m, 

4H), 2.11 – 2.01 (m, 1H), 2.04 – 2.00 (m, 1H), 1.99 – 1.93 (m, 3H), 1.31 (d, J = 12.0 Hz, 

3H), 1.14 (d, J = 1.8 Hz, 3H), 0.88 (s, 9H), 0.20 – 0.02 (m, 15H). 
13

C NMR (100 MHz, 

CDCl3) δ 175.5, 175.4, 106.6, 95.3, 95.3, 89.2, 85.6, 84.9, 84.8, 80.8, 80.8, 79.5, 79.3, 78.1, 

78.0, 72.2, 72.1, 61.8, 60.5, 50.9, 50.5, 38.8, 37.2, 34.1, 34.1, 33.8, 29.7, 29.6, 26.9, 26.8, 

25.7, 24.9, 24.8, 18.1, 14.6, -0.3, -4.5, -5.0. IR (neat, cm
-1

): ν 3434, 3305, 2958, 2930, 2857, 

1788, 1251, 1078, 843; HRMS (ESIMS) calcd for C29H50O5Si2N
+
 [M + NH4]

+
 548.3222, 

found 548.3215. 

 

(3aS,6S,6aS)-6-(2,7-Dihydroxynona-3,8-diyn-1-yl)-5,5-dimethyl-6a-(prop-2-yn-1-yl)tet

rahydrofuro[3,2-b]furan-2(3H)-one (32) 

 

To a cooled solution of compound 31 (295.0 mg, 0.6 mmol) in THF (10 mL) at 0 °C 

was added tetrabutylammonium fluoride (191.7 mg, 1.1 mmol). The solution allowed to 

warm to room temperature and stirred for 1 h. The residue was treated with a saturated 

aqueous solution of NH4Cl and extracted three times with ether. The combined organic 

layers were washed with H2O and brine, dried over MgSO4. filtered and concentrated in 

vacuo. The residue was purified by flash chromatography (petroleum ether/ethyl acetate = 

1:1 ) to afford 32 (183.0 mg, 96%) as a colorless oil. [α]
20.4

D −34.0 (c 1.00, CHCl3); 
1
H 

NMR (400 MHz, CDCl3) δ 4.70 (dd, J = 6.0, 3.2 Hz, 1H), 4.53 (d, J = 7.2 Hz, 2H), 2.97 

(dd, J = 18.8, 6.4 Hz, 1H), 2.90 – 2.79 (m, 1H), 2.71 – 2.62 (m, 2H), 2.52 – 2.44(m, 6H), 

2.50 – 2.33 (m, 3H), 2.13 – 1.93 (m, 6H), 1.85 – 1.77 (m, 1H), 1.34 (d, J = 11.6 Hz, 3H), 
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1.18 (d, J = 2.4 Hz, 3H). 
13

C NMR (100 MHz, CDCl3) δ 175.4, 95.3, 95.3, 85.5, 85.3, 84.9, 

84.0, 81.3, 79.6, 79.5, 79.4, 79.4, 78.2, 78.0, 73.7, 73.6, 72.2, 72.2, 61.0, 61.0, 60.7, 60.6, 

60.6, 50.8, 50.8, 50.6, 50.6, 38.8, 36.1, 34.1, 34.1, 33.9, 33.9, 29.8, 29.7, 27.0, 27.0, 26.9, 

26.9, 25.0, 24.9, 14.6. IR (neat, cm
-1

): ν 3396, 3289, 2924, 2857, 1777, 1596, 1381, 1068; 

HRMS (ESIMS) calcd for C20H28O5N
+
 [M + NH4]

+
 362.1962, found 362.1958. 

 

(3aS,5aS,13aS)-7,10-Dihydroxy-5,5-dimethyl-3,3a,5,5a,6,7,8,9,10,13-decahydro-2H-fu

ro[3,2-b]indeno[4',5':5,6]cyclohepta[1,2-c]furan-2-one (33) 

 

To a solution of RhCl(PPh3)3 (29.5 mg, 0.032 mmol) in dry degassed 1,2-dichloro- 

ethane (20 mL) was added a solution of a triyne 32 (73.0 mg, 0.16 mmol) in dry degassed 

1,2-dichloroethane (10 mL) for 10 min under Ar atmosphere at room temperature. The 

reaction mixture was stirred at 50 °C for 15 h. The reaction mixture was filtered off and the 

residue was washed with CH2Cl2 (50 mL). The filtrate was concentrated in vacuo. The 

crude product 33 was used immediately without further purification (76% crude yield). 

 

(3aS,5aS,13aS)-5,5-Dimethyl-3,3a,5,5a,8,13-hexahydro-2H-furo[3,2-b]indeno[4',5':5,6

]cyclohepta[1,2-c]furan-2-one (35) 

 

A solution of ester 33 (55.5 mg, 0.17 mmol) and p-toluenesulfonicacid (5.5 mg, 0.032 

mmol) in benzene (10 mL) was refluxed for 9 h. The residue was treated with H2O and 

extracted three times with ethyl acetate. The combined organic layers were washed with 

H2O and brine, dried over Na2SO4, concentrated in vacuo. The residue was purified by 

flash chromatography (petroleum ether/ethyl acetate = 6:1) to afford 35 (26.1 mg, 52% 

over two steps) as a white solid. Mp: 192-194 °C; [α]
20.2

D −32.0 (c 1.00, CHCl3); 
1
H NMR 
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(400 MHz, CDCl3) δ 7.22 (d, J = 7.6 Hz, 1H), 7.01 (d, J = 7.6 Hz, 1H), 6.86 (dd, J = 3.6, 

1.6 Hz, 1H), 6.79 (dd, J = 12.0, 3.2 Hz, 1H), 6.57 (dd, J = 3.6, 2.0 Hz, 1H), 5.69 (dd, J = 

12.0, 2.8 Hz, 1H), 4.58 (d, J = 4.8 Hz, 1H), 3.55 (d, J = 16.0 Hz, 1H), 3.45 (t, J = 1.6 Hz, 

2H), 3.22 (d, J = 16.4 Hz, 1H), 3.14 (s, 1H), 2.89 (dd, J = 18.4, 4.8 Hz, 1H), 2.74 (d, J = 

18.0 Hz, 1H), 1.41 (s, 3H), 1.30 (s, 3H). 
13

C NMR (100 MHz, CDCl3) δ 175.1, 145.2, 

143.5, 133.8, 131.9, 130.9, 123.0, 129.1, 128.2, 122.7, 120.4, 94.0, 84.3, 80.4, 58.0, 43.3, 

38.9, 37.6, 30.1, 24.8. IR (neat, cm
-1

): ν 3400, 2925, 2854, 1781, 1265, 740; HRMS 

(ESIMS) calcd for C20H20O3Na
+
 [M + Na]

+
 331.1315, found 331.1304. 
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3. 
1
H and 

13
C NMR spectra of new compounds and S2-S5 
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