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I. General Techniques – In reactions, where water was not present as solvent, reagent, or by-product, vessels 

were flame-dried under a slow nitrogen flow.  A slight positive pressure of dry nitrogen was maintained via 

rubber septum seal during the course of the reaction.  The nitrogen stream originated from a regulated high 

pressure 55 L N2 (l) tank and was further dried by passage through a tube filled with CaSO4.  Reagents were 

purified according to the procedures described in Purification of Laboratory Chemicals (W.L. F. Armarego and 

C. L. L. Chai).  

Reactions were monitored by analytical thin-layer chromatography on hard layer silica gel-60
F-250

 plates 

cut into 1x2.5cm pieces.  Visualization was effected by ultraviolet light (254 nm), followed by staining 

(Seebach, permanganate, or I2 followed by PMA) the plate, followed by drying with a heat gun or on a micro-

hot plate.  The Seebach stain was made with 25 g of phosphomolybdic acid, 10 g of cerium sulfate, 60 mL 

H2SO4, and 940 mL of H2O.  The potassium permanganate stain was made with 200 mL H2O, 1.33 g KMnO4, 

13.33 g of K2CO3, and 4 mL of 5% NaOH.  I2 stain consisted of a chamber containing I2 impregnated silica gel.  

PMA (phosphomolybdic acid) stain was made by dissolving 10 g of phosphomolybdic acid in 100 mL of 

absolute ethanol. 

All reactions were stirred with PTFE coated magnetic stir bars and magnetic stirrers.  Removal of 

solvents was typically accomplished using a rotary evaporator connected to a vacuum pump.  The condenser 

was cooled to 0 °C by a chiller circulator bath.  If the product was non-volatile, trace solvents were removed 

using a freeze dryer system at a pressure of approximately 0.01 mmHg.   

For distillation, a specific low pressure (760
 
– 1 mm Hg) was obtained and monitored with a vacuum 

controller in combination with a direct drive pump.  Bulb-to-bulb distillation was performed using a glass oven.  

Chromatography was performed following the method used by W. C. Still (J. Org. Chem. 1977, 42, 1258-

1259). 

Deuterated chloroform was filtered through basic alumina prior to use.  Solvents were distilled before 

use, under a slight positive pressure of nitrogen.  Diethyl ether, tetrahydrofuran, benzene, and toluene were 

distilled from sodium and benzophenone. Dichloromethane and nitromethane were distilled from CaH2.  

Atmosphere (1 atm) hydrogenations were carried out using a balloon.
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1
H-NMR spectra were recorded using a 400 MHz or 500 MHz spectrometer.  Chemical shifts are 

reported in ppm from tetramethylsilane with the solvent resonance of CDCl3 (7.27 ppm).  
13

C NMR spectra 

were recorded at 100 MHz or 125 MHz with a solvent resonance of CDCl3 (77.23 ppm).  Infrared spectra were 

recorded on a Fourier transform infrared spectrometer with 2 cm resolution as a neat sample on a NaCl plate.  

Infrared frequencies are reported in reciprocal centimeters (cm
-1

).  Silica columns for HPLC, were 25 cm long 

in length and contained 5 µm spherisorb.  Mass spectra were recorded at an ionizing voltage of either 70 or 20 

eV. 

 

 

II. Additional Experimental Procedures 

 

(S)-2-Bromo-3-(1-(methoxy(methyl)amino)-1-oxopropan-2-yloxy)-4-(2-(2-

(trimethylsilyl)ethoxy)ethyl)phenyl tert-butyl carbonate (13).  

 

Diisopropyl azodicarboxylate (DIAD) (0.86 mL, 4.39 mmol) was added dropwise to a stirring solution of 

triphenylphosphine (PPh3) (1.151 g, 4.39 mmol) in THF (14 mL) at 0 ˚C.  The resulting suspension was stirred 

at 0 ˚C to rt for 1 h.  The mixture was cooled to 0 ˚C and a solution of phenol 11 (1.267 g, 2.92 mmol) in THF 

(9 mL) was added via cannula followed by a solution of (R)-2-hydroxy-N-methoxy-N-methylpropanamide 12 

(0.430 g, 3.22 mmol) in THF (6 mL).  The reaction was stirred at 0 ˚C to rt for 24 h.  Afterwards, the reaction 

mixture was concentrated under reduced pressure.  The crude residue was purified by column chromatography 

with 15% EtOAc/hexanes (Rf = 0.2) to afford colorless oil 13 (1.39 g, 2.54 mmol, 87% yield).  
1
H NMR (400 

MHz, CDCl3) δ 7.26 (d, J = 8 Hz, 1H), 6.92 (d, J = 8.4 Hz, 1H), 5.32 (q, J = 6.4 Hz, 1H), 3.58 (t, J = 6.8 Hz, 

2H), 3.52 (s, 3H), 3.50 (t, J = 8 Hz, 2H), 3.17 (s, 3H), 3.10 (m, 1H), 2.97 (m, 1H), 1.55 (s, 9H), 1.54 (d, J = 6.8 

Hz, 3H), 0.90 (t, J = 8 Hz, 2H), –0.02 (s, 9H); 
13

C NMR (100 MHz. CDCl3) δ 172.0, 154.4, 151.0, 147.9, 133.3, 

129.9, 118.7, 112.1, 84.2, 75.0, 70.0, 68.1, 61.7, 32.4, 30.8, 27.8, 18.3, 18.0, –1.2; IR (thin film) 2980, 2951, 

2939, 2895, 2858, 1765, 1678, 1153 cm
-1

; HRMS (ESI) calcd for C23H38BrNO7SiNa: 570.1499. Found 

570.1504. 

 

(S)-2-(2-Bromo-3-hydroxy-6-(2-(2-(trimethylsilyl)ethoxy)ethyl)phenoxy)-N-methoxy-N-

methylpropanamide (14).  

To a stirring solution of tert-butyl carbonate 13 (2.156 g, 3.93 mmol) in THF/MeOH (60 mL/40 mL) at 0 ˚C, 

1M aq LiOH (22 mL, 22 mmol) was added in one portion.  The reaction was stirred at 0 ˚C to room temperature 

for 8 hours. The reaction was then quenched with 1M HCl and extracted with EtOAc four times.  The combined 
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organic layer was washed with water, brine, and dried with Na2SO4.  The filtered solution was concentrated and 

the crude residue was purified by chromatography with 25% EtOAc/hexanes (Rf = 0.2) to afford colorless oil 14 

(1.67 g, 3.73 mmol, 95% yield).  
1
H NMR (400 MHz, CDCl3) δ 7.07 (d, J = 8.4 Hz, 1H), 6.73 (d, J = 8.4 Hz, 

1H), 6.57 (s, 1H), 5.19 (q, J = 6 Hz, 1H), 3.55 (s, 3H), 3.55 (t, 2H), 3.50 (t, J = 9.6 Hz, 2H), 3.19 (s, 3H), 2.97 

(m, 2H), 1.51 (d, J = 6.4 Hz, 3H), 0.92 (t, J = 8.4 Hz, 2H), –0.03 (s, 9H); 
13

C NMR (100 MHz. CDCl3) δ 172.3, 

153.6, 152.6, 130.1, 126.3, 111.9, 105.9, 75.2, 70.3, 68.1, 61.6, 32.5, 30.5, 18.3, 18.0, –1.3; IR (thin film) 2951, 

2893, 2862, 1651, 1431, 1076 cm
-1

; HRMS (ESI) calcd for C18H30BrNO5SiNa: 470.0974. Found 470.0986. 

 

(3S,4aS,5R,8aR)-5-Bromo-3-methyl-8a-(2-(2-(trimethylsilyl)ethoxy)ethyl)-4a,5-

dihydrobenzo[b][1,4]dioxine-2,6(3H,8aH)-dione (16).  

 

To a flame dried flask equipped with a stir bar, was charged with 2,6-di-tert-butyl-4-methylphenol (BHT) 

(0.534 g, 2.43 mmol), and toluene (5 mL).  The solution was cooled to 0 ˚C and AlMe3 (1.4 M in hexanes, 0.87 

mL, 1.21 mmol) was added.  The resulting mixture of methylaluminum bis(2,6-di-tert-butyl-4-

methylphenoxide) (MAD) was stirred at 0 ˚C to room temperature for 1 h, then cooled to –78 ˚C.  In a separate 

flask, dienone 15 (0.196 g, 0.485 mmol) was dissolved in toluene (1.2 mL), and the solution was added via 

cannula to the MAD at –78 ˚C, immediately turning deep purple.  The reaction was stirred for 5 min, then L-

Selectride (1M in THF, 0.5 mL, 0.5 mmol) was added, and the solution was stirred for another 5 min at –78 ˚C.  

The reaction mixture was quenched with 1M aq Rochelle’s salt, diluted with EtOAc, and quickly warmed by 

hand to rt.  It was stirred vigorously for 1 h.  The aqueous layer was extracted with EtOAc and the combined 

organics were washed with brine, dried (Na2SO4), and concentrated. The residue was purified by flash 

chromatography with 15% EtOAc/hexanes (Rf = 0.2) to give 16 as colorless oil (0.163 g, 0.403 mmol, 83% 

yield).  
1
H NMR (400 MHz, CDCl3) δ 7.16 (d, J = 10 Hz, 1H), 6.13 (d, J = 10.4 Hz, 1H), 4.62 (q, J = 7.2 Hz, 

1H), 4.62 (d, J = 12 Hz, 1H), 4.13 (d, J = 12 Hz, 1H), 3.65 (m, 2H), 3.47 (m, 2H), 2.41 (m, 1H), 2.10 (m, 1H), 

1.67 (d, J = 7.2 Hz, 3H), 0.89 (t, J = 6.8 Hz, 2H), 0.04 (s, 9H); 
13

C NMR (100 MHz. CDCl3) δ 188.8, 169.0, 

149.9, 126.9, 82.0, 80.5, 74.6, 68.7, 64.0, 50.0, 37.2, 18.3, -1.2; IR (thin film) 2951, 2870, 1755, 1686, 1246, 

1099 cm
-1

; HRMS (ESI) calcd for C16H25BrO5SiNa: 427.0552. Found 427.0550. 

 

(2S,41R,7aS,10R,10aS)-10-Bromo-2-methyltetrahydro-2H-benzofuro[4-b][1,4]dioxine-3,9(10H,10aH)-

dione (17).   
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ZnBr2 (89 mg, 0.40 mmol) was added to a stirring solution of 16 (41 mg, 0.1 mmol) in CH3NO2 (1.3 mL).  

The reaction was stirred for 24 h at room temperature. The reaction was quenched with 1 M HCl and extracted 

with EtOAc four times.  The combined organic layer was washed with NaHCO3 (aq), brine, dried (Na2SO4), and 

filtered.  The solution was concentrated and the crude residue was purified by chromatography with 15% 

EtOAc/hexanes to afford colorless oil 17 (25 mg, 0.080 mmol, 80% yield).  
1
H NMR (400 MHz, CDCl3) δ 4.65 

(q, J = 7.2 Hz, 1H), 4.34 (dd, J = 2 Hz, J = 4.8 Hz, 1H), 4.30 (d, J = 10.4 Hz, 1H), 4.12 (d, J = 10.4 Hz, 1H), 

4.06 (m, 1H), 3.88 (m, 1H), 2.96 (dd, J = 4.8 Hz, J = 15.2 Hz, 1H), 2.84 (dd, J = 0.8 Hz, J = 16.4 Hz, 1H), 2.13 

(m, 2H), 1.66 (d, J = 7.2 Hz, 3H); 
13

C NMR (100 MHz. CDCl3) δ 198.4, 168.6, 89.1, 79.8, 78.3, 74.3, 66.3, 

45.4, 42.0, 36.4, 18.5; IR (thin film) 2986, 2922, 2953, 2872, 2854, 1736, 1244, 1203, 1122 cm
-1

; [α]D
25

 = –78.5 

(CHCl3, c = 1.2). HRMS (EI) calcd for C11H13BrO5: 303.9946. Found 303.9953. 

 

 5-hydroxy-9-((S)-1-oxo-1-(pyrrolidin-1-yl)propan-2-yloxy)-2-oxabicyclo[3.3.1]non-6-en-8-one (19).  

A solution of pyrrolidine (8.3 µL, 0.098 mmol) in CH2Cl2 (1.0 mL) was cooled to 0 ˚C and AlMe3 (25% 

wt/wt in hexanes, 43 µL, 0.098 mmol) was added dropwise.  The solution was stirred for 1 h, and allowed to 

slowly warm to room temperature.  It was cooled to 0 ˚C and the dione 17 (10 mg, 0.033 mmol) as a solution in 

CH2Cl2 (0.5 mL) was added to the aluminum amide via cannula.  The reaction was stirred from 0 ˚C to rt for 24 

h.  It was quenched with 1M Rochelle’s salt (2 mL), diluted in EtOAc (3mL) and stirred vigorously for 1 h.  

The aqueous layer was extracted with EtOAc (4 x 3 mL), and the combined organics were washed with brine (2 

mL), dried (Na2SO4), and concentrated.  Flash chromatography of the residue (20% EtOAc/hexanes, Rf = 0.3) 

yielded colorless oil 19 (5.4 mg, 0.018 mmol, 55% yield). 
1
H NMR (500 MHz, CDCl3) δ 7.05 (d, J = 10.5 Hz, 

1H), 6.37 (s, 1H), 6.26 (d, J = 10 Hz, 1H), 4.30 (q, J = 6.5 Hz, 1H), 4.13 (s, 1H), 3.94 (dd, J = 5.5 Hz, J = 12 

Hz, 2H), 3.58 (m, 2H), 3.47 (m, 2H), 3.38 (s, 1H), 3.33 (m, 1H), 2.57 (dt, J = 6 Hz, J = 13 Hz, 1H), 2.01 (m, 

3H), 1.91 (m, 2H), 1.49 (d, J = 6.5 Hz, 3H); HRMS (ESI) calcd for C15H21NO5Na: 318.1317. Found 318.1310. 

 

 

(2S,41R,7aS,10aR)-2-Methyltetrahydro-2H-benzofuro[4-b][1,4]dioxine-3,9(10H,10aH)-dione (20). 
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To a solution of 16 (0.142 g, 0.35 mmol) in CH3CN (5.8 mL) was added NaI (0.633 g, 4.2 mmol), followed 

by TMSCl (0.36 mL, 2.8 mmol).  The resulting orange solution was stirred at room temperature for 24 hours 

then quenched with saturated aq Na2S2O3.  The colorless solution was diluted with EtOAc, separated and the 

aqueous layer was extracted with EtOAc four times. The combined organics were washed with brine, dried 

(Na2SO4), and concentrated.  The crude material was purified by flash chromatography with 35% 

EtOAc/hexanes (Rf = 0.25) to afford 20 as a colorless oil (77 mg, 0.34 mmol, 97% yield). 
1
H NMR (500 MHz, 

CDCl3): δ 4.58 (q, J =7 Hz, 1H), 4.28 (dd, J = 6 Hz, J = 12.5 Hz, 1H), 4.27 (d, J = 2 Hz, 1H), 4.05 (t, J= 8 Hz, 

1H), 3.87 (m, 1H), 2.84 (dd, J = 6 Hz, J = 19 Hz, 1H), 2.74 (dd, J = 2 Hz, J = 16 Hz, 1H), 2.68 (dd, J = 4.5 Hz, 

J = 16.5 Hz, 1H), 2.36 (dd, J = 12.5 Hz, J = 19Hz, 1H), 2.33 (m, 1H), 2.05 (dd, J = 4.5 Hz, J = 14 Hz, 1H), 1.60 

(d, J = 7 Hz, 3H); 
13

C NMR (125 MHz, CDCl3): δ 204.0, 169.6, 89.6, 80.2, 73.9, 72.1, 66.2, 43.9, 40.0, 36.0, 

18.6; IR (neat): 2986, 2889, 1728 cm
-1

; HRMS (EI): m/z calcd for C11H14O5: 226.0841. found 226.0837. [α]D
25

 

= –123.9 (CHCl3, c = 1.0). 

 

 

(3aR,4R,6R,7aS)-4-((S,E)-1-(2,2-dimethylhydrazono)propan-2-yloxy)octahydrobenzofuran-3a,6-diol 

([22]). 

To a solution of 20 (5.0 mg, 0.022 mmol) in CH2Cl2 (0.3 mL) cooled to –78 ˚C was added DIBAL-H (1M in 

hexanes, 0.09 mL, 0.09 mmol) and the solution was stirred for 1 h. The reaction mixture was quenched with 1M 

aq Rochelle’s salt, diluted with CH2Cl2, quickly warmed to room temperature and stirred vigorously for 45 min. 

The aqueous layer was extracted with CH2Cl2.  The combined organics were washed with brine, dried with 

Na2SO4, and concentrated.  

To a solution of the crude 21 (5.0 mg) in CH2Cl2 (0.3 mL) was added H2NNMe2 (4 µL, 0.09 mmol).  The 

reaction was stirred at room temperature for 4 h, then concentrated under reduced pressure to afford the 

hydrazone 22, which was taken on crude in following manipulations. 

 

(2'S,41'R,7a'S,10a'R)-2'-Methyl-1,5,5',6',7a',8',10',10a'-octahydrospiro[benzo[e][1,3]dioxepine-3,9'-

benzofuro[4-b][1,4]dioxin]-3'(2'H)-one (24).  
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To a solution of 1,2-benzenedimethanol (32 mg, 0.23 mmol, 1.1 equiv) and ketone 20 (48 mg, 0.212 mmol, 

1 equiv) in benzene (2 mL) was added catalytic p-toluene sulfonic acid hydrate.  The resulting mixture was 

heated at reflux for 24 h with azeotropic removal of water by a Dean-Stark trap.  After cooling to room 

temperature, the reaction mixture was diluted with CH2Cl2, quenched with NaHCO3 (saturated), and extracted 

with CH2Cl2 (4x).  The organic phase was dried over sodium sulfate and concentrated under reduced pressure. 

The crude product was purified by flash chromatography (35% EtOAc/hexanes, Rf = 0.3) to provide the ketal-

lactone 24 as a colorless oil (62.4 mg, 0.18 mmol, 85% yield).  
1
H NMR (400 MHz, CDCl3) δ 7.22 (m, 2H), 

7.10 (m, 2H), 4.90 (m, 4H), 4.60 (q, J = 7.2 Hz, 1H), 4.18 (m, 4H), 2.58 (m, 2H), 2.06 (m, 1H), 1.75 (m, 1H), 

1.60 (d, J = 6.8 Hz, 3H), 1.50 (m, 2H); 
13

C NMR (100 MHz. CDCl3) δ 170.2, 137.5, 137.3, 127.3, 126.4, 101.8, 

91.3, 78.4, 74.5, 72.6, 65.5, 65.3, 65.0, 36.1, 33.9, 32.9, 18.7; IR (thin film) 2955, 2920, 2897, 2851, 1744, 1091 

cm
-1

; HRMS (ESI) calcd for C19H22O6Na: 369.1314. Found 369.1308. [α]D
25

 = +13.5 (CHCl3, c = 0.5). 

 

(3a'S,4'R,7a'S)-1,3',3a',4',5,5',7',7a'-Octahydro-2'H-spiro[benzo[e][1,3]dioxepine-3,6'-benzofuran]-3a',4'-

diol (25).   
 

 

To a solution of 24 (0.011 g, 0.033 mmol) in CH2Cl2 (0.4 mL) cooled to –78 ˚C was added DIBAL-H (1M 

in hexanes, 0.07 mL, 0.07 mmol) and the solution was stirred for 1 h. The reaction mixture was quenched with 

1M Rochelle’s salt, dilute with CH2Cl2, quickly warmed to room temperature and stirred vigorously for 45 

minutes. The aqueous layer was extracted with CH2Cl2. The combined organics were washed with brine, dried 

with Na2SO4, and concentrated.  

 

To a solution of the crude reaction material in CH2Cl2 (0.4 mL) was added H2NNMe2 (4 µL, 0.09 mmol).  

The reaction was stirred at room temperature for 4 h, and then TFA (cat.) was added to the solution. After 3 h, 

the reaction mixture was concentrated and the residue was purified by flash chromatography with EtOAc (Rf = 

0.25) to yield 25 (7.2 mg, 0.025 mmol, 75% yield, > 99% ee). Enantiomeric ratio was measured by HPLC 

(Chiralcel OD-H, 15% IPA/Hexanes, tR1 = 15.47 min, tR2 = 19.00 min). 
1
H NMR (400 MHz, C5D5N) δ 7.09 (m, 

1H), 7.03 (m, 1H), 7.00 (m, 1H), 6.80 (m, 1H), 4.96 (m, 2H), 4.82 (m, 3H), 4.53 (dd, J = 6.8 Hz, J = 10.4 Hz, 

1H), 4.41 (dd, J = 8.4 Hz, J = 16.8 Hz, 1H), 4.20 (m, 1H), 2.88 (m, 1H), 2.66 (m, 2H), 2.43 (m, 1H), 2.10 (t, J = 
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12.8 Hz, 1H), 1.77 (m, 1H); 
13

C NMR (100 MHz, C5D5N) δ 139.2, 138.9, 127.4, 126.9, 126.8, 102.9, 84.6, 82.7, 

72.5, 66.4, 65.1, 65.0, 38.2, 37.3, 33.1; IR (thin film) 3429, 2951, 2920, 2851, 1076 cm
-1

; HRMS (ESI) calcd for 

C16H20O5Na: 315.1208. Found 315.1211. [α]D
25

 = –17.5 (CHCl3, c = 0.75). 

Epoxide 26.   

 

To a solution of 4-nitrobenzoic acid (14.9 mg, 0.089 mmol) and diol 25 (6.5 mg, 0.022 mmol) in anhydrous 

THF (0.5 mL) at 0 ˚C, was added triphenylphosphine (23.3 mg, 0.089 mmol), DIAD (0.017 mL, 0.089 mmol).  

The reaction was stirred at rt for 16 h and then the reaction mixture was diluted with diethyl ether.  The solution 

was washed with saturated aq NaHCO3, then brine.  The organic layer was dried with Na2SO4, filtered and 

concentrated under reduced pressure.  The residue was purified by column chromatography to afford epoxide 26 

as colorless oil (4.9 mg, 0.018 mmol, 80% yield).  
1
H NMR (400 MHz, CDCl3) δ 7.18 (m, 2H), 7.06 (m, 2H), 

4.88 (m, 4H), 4.08 (dt, J = 4.5 Hz, J = 8 Hz, 1H), 3.98 (m, 2H), 3.45 (d, J = 3 Hz, 1H), 2.66 (d, J = 15.5 Hz, 

1H), 2.59 (ddd, J = 1.5 Hz, J = 5.5 Hz, J = 13 Hz, 1H), 2.29 (dt, J = 8 Hz, J = 13.8 Hz, 1H), 2.14 (ddd, J = 4 Hz, 

J = 7 Hz, J = 13.5 Hz, 1H), 2.09 (dd, J = 3 Hz, J = 15.5 Hz, 1H), 1.62 (dd, J = 10 Hz, J = 13 Hz, 1H); 
13

C NMR 

(100 MHz. CDCl3) δ 138.0, 137.8, 127.1, 127.0, 126.3, 102.3, 74.1, 67.0, 65.8, 65.1, 65.0, 58.4, 34.2, 33.4, 

31.4; IR (thin film) 2954, 2920, 2851, 1458, 1076 cm
-1

; HRMS (ESI) calcd for C16H18O4Na: 297.1103. Found 

297.1109. 

 

Acetate (27).  

    To a solution of diol 25 (5 mg, 0.017 mmol) in pyridine (0.2 mL) was added Ac2O  (2 µL, 0.019 mmol). 

After 24 h of stirring, the reaction mixture was diluted with CH2Cl2, washed with CuSO4 (aq), extracted with 

CH2Cl2 (4x), washed with water and brine.  The organic phase was dried over sodium sulfate and concentrated 

under reduced pressure.  The resulting mono-acetate was carried forward without purification. 

      A solution of the above mono-acetate in MeOH (0.2 mL) containing 5% Pd/C catalyst (3 mg) was stirred 

under 1 atm of hydrogen at room temperature for 12 hours. The reaction mixture was filtered through a pad of 

Celite, and concentrated under reduced pressure to afford the crude product.
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 Cleroindicin F (7): Patially racemized method.  

      To a solution of diol 25 (17 mg, 0.058 mmol) in CH2Cl2 (6.8 mL) at 0 ˚C was added Et3N  (0.09 mL, 0.7 

mmol). After 15 min, MsCl (0.018 mL, 0.233 mmol) was added to the reaction mixture. Five minutes later, the 

reaction mixture was diluted with CH2Cl2, quenched with aq NH4Cl (saturated), and extracted with CH2Cl2 

(4x).  The organic phase was dried over sodium sulfate and concentrated under reduced pressure. The resulting 

mono-mesylate was carried forward without purification. 

      A solution of the above mono-mesylate in THF/MeOH (0.4 mL/0.4 mL) containing 5% Pd/C catalyst (10 

mg) was stirred under 1 atm of hydrogen at room temperature for 12 h. The reaction mixture was filtered 

through a pad of Celite, and concentrated under reduced pressure. 

     A solution of the crude product in CH2Cl2 (0.6 mL) was added pyridine (0.047 mL, 0.58 mmol). After 18 h 

of stirring, the reaction mixture was diluted with CH2Cl2, washed with CuSO4 (aq.), extracted with CH2Cl2 (4x), 

washed with water and brine.  The organic phase was dried over sodium sulfate and concentrated under reduced 

pressure. The crude product was purified by flash chromatography (70% EtOAc/hexanes) to provide 

cleroindicin F (7) as colorless oil (81% yield over 3 steps, 90% ee). 
1
H NMR (500 MHz, CDCl3) δ 6.77 (d, J = 

10 Hz, 1H), 6.04 (d, J = 10 Hz, 1H), 4.25 (t, J = 6.0 Hz, 1H), 4.08 (dd, J = 8.5 Hz, J = 15 Hz, 1H), 3.96 (dd, J = 

8.5 Hz, J = 15 Hz, 1H), 3.50 (bs, 1H), 2.80 (dd, J = 4.5 Hz, J = 17 Hz, 1H), 2.63 (dd, J = 6 Hz, J = 17 Hz, 1H), 

2.32 (m, 1H), 2.24 (m, 1H); 
13

C NMR (125 MHz, CDCl3) δ 196.7, 147.8, 129.2, 81.9, 76.0, 66.5, 40.5, 39.8; IR 

(thin film) 3418, 2920, 2851, 1666 cm
-1

; HRMS (ESI) calcd for C8H10O3: 154.0630. Found 154.0625. 
1
H and 

13
C NMR, IR, and HRMS data were consistent with that reported in the literature.

i
 

 

Cleroindicin C (3).  

 

A solution of cleroindicin F (7) (20 mg, 0.13 mmol) in EtOAc (1 mL) containing 5% Pd/C catalyst (50 mg) was 

stirred under 1 atm of hydrogen at room temperature for 1 hour. The reaction mixture was filtered through a pad 

of Celite, and concentrated under reduced pressure. The crude product was purified by flash chromatography 

(75% EtOAc/hexanes, Rf = 0.3) to provide cleroindicin C (3) as colorless oil (17 mg, 0.11 mmol, 80 % yield). 
1
H NMR (400 MHz, C5D5N) δ 4.29 (t, J = 4.0 Hz, 1H), 3.94 (m, 2H), 2.98 (dd, J = 4.8 Hz, J = 15.6 Hz, 1H), 

2.80 (dd, J = 4.0 Hz, J = 16.0 Hz, 1H), 2.68 (ddd, J = 4.8 Hz, J = 8.4 Hz, J = 16.8 Hz, 1H), 2.35 (m, 1H), 2.24 

(m, 1H), 2.20 (m, 2H), 2.07 (dt, J = 8.4 Hz, J = 12.4 Hz, 1H); IR (thin film) 3305, 2943, 2860, 1705, 1059 cm
-1

. 

[α]D
25

 = –79.0 (MeOH, c = 0.1). HRMS (ESI) calcd for C8H12O3Na: 179.0684. Found 179.0678. 
1
H and 

13
C 

NMR, IR, and HRMS data were consistent with that reported in the literature.
i 
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Epi-cleorindicin D (4).  

 

A solution of 25 (29.0 mg, 0.1 mmol) in THF/MeOH (0.5 mL/0.5 mL) containing 5% Pd/C catalyst (10 mg) 

was stirred under 1 atm of hydrogen at room temperature for 3 h. The reaction mixture was filtered through a 

pad of Celite, and concentrated under reduced pressure. The crude product was purified by flash 

chromatography with EtOAc (Rf = 0.2) to provide the previously assigned structure for cleroindicin D (4) as 

colorless oil (15.2 mg, 0.09 mmol, 88% yield).  
1
H NMR (400 MHz, C5D5N) δ 4.74 (dd, J = 4.8 Hz, J = 10.8 

Hz, 1H), 4.42 (t, J = 4.4 Hz, 1H), 4.05 (m, 2H), 3.02 (dd, J = 4.8 Hz, J = 18 Hz, 1H), 2.97 (d, J = 4.4 Hz, 2H), 

2.80 (m, 1H), 2.79 (dd, J = 10.4 Hz, J = 18 Hz, 1H), 2.27 (ddd, J = 2 Hz, J = 5.6 Hz, J = 13.2 Hz, 1H); 
13

C 

NMR (125 MHz. CDCl3) δ 206.9, 82.9, 82.6, 72.1, 66.5, 43.1, 42.9, 35.8; IR (thin film) 3387, 2955, 2924, 

2854, 1724 cm
-1

; HRMS (ESI) calcd for C8H12O4Na: 195.0633. Found 195.0630. [α]D
25

 = –35.5 (CHCl3, c = 

0.4).  

 

Cleroindicin D (5).  

 

To a suspension of KH (8.2 mg, 0.20 mmol) in THF (0.4 mL) at –78 ˚C was added Ph3COOH (113 mg, 0.41 

mmol). After 10 min, enone 7 (13.2 mg, 0.086 mmol) in THF (0.86 mL) was added to the Ph3COOK solution. 

The reaction mixture was then warmed up to –40 ˚C. Once the starting material was consumed (about 40 min), 

the reaction mixture was diluted with CH2Cl2, quenched with Na2SO3 (sat.), and extracted with CH2Cl2 (4x).  

The organic phase was dried over sodium sulfate and concentrated under reduced pressure. The crude product 

was purified by flash chromatography with EtOAc to provide epoxide 30.  The spectroscopic data matched that 

reported in the literature.
ii
 
1
H NMR (400 MHz, CDCl3) δ 3.93 (m, 3H), 3.64 (dd, J = 2.4 Hz, J = 4.4 Hz, 1H), 

3.46 (dd, J = 0.8 Hz, J = 4.4 Hz, 1H), 3.06 (dd, J = 4.0 Hz, J = 14.8 Hz, 1H), 2.67 (bs, 1H), 2.40 (dd, J = 3.2 

Hz, J = 14.8 Hz, 1H), 2.28 (ddd, J = 4.4 Hz, J = 7.6 Hz, J = 13.2 Hz, 1H), 2.17 (dt, J = 8.4 Hz, J = 13.6 Hz, 

1H). 

To a solution of the above epoxide 30 (22 mg, 0.13 mmol) in a mixture of THF (5.2 mL), EtOH (2.6 mL), 

H2O (2.6 mL) and saturated aqueous NaHCO3 (0.5 mL) at 0 ˚C, aluminum amalgam (freshly prepared from 

0.500 g of aluminum foil) was added. The reaction mixture was vigorously stirred at 0 ˚C for 40 min, then 
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filtered through Celite. The filtrate was diluted with EtOAc, washed with brine and the aqueous phase was 

extracted with EtOAc. The combined organic phases were dried over sodium sulfate and concentrated under 

reduced pressure. The crude product was purified by flash chromatography (EtOAc, Rf = 0.2) to provide 

cleroindicin D (5) as colorless oil (6.0 mg, 0.035 mmol, 40% yield over 2 steps).  
1
H NMR (400 MHz, C5D5N) 

δ 4.36 (m, 1H), 4.35 (t, J = 4.4 Hz, 1H), 4.00 (m, 2H), 3.24 (dd, J = 4.8 Hz, J = 16.8 Hz, 1H), 3.02 (dd, J = 6.8 

Hz, J = 16.8 Hz, 1H), 2.85 (dd, J = 3.2 Hz, J = 15.6 Hz, 1H), 2.81 (dd, J = 3.6 Hz, J = 15.6 Hz, 1H), 2.28 (m, 

2H); HRMS (ESI) calcd for C8H12O4Na: 195.0633. Found 195.0637. [α]D
25

 = –38.0 (MeOH, c = 0.5). 
1
H and 

13
C NMR, IR, and HRMS data were consistent with that reported in the literature.

ib, ii
 

 

Cleroindicin E (6). 

 

To a solution of cleroindicin C (3) (6 mg, 0.038 mmol) in THF/H2O (0.5 mL/0.1 mL) at 0 ˚C was added SmI2 

(0.1M in THF, 0.76 ml, 0.076 mmol), and the mixture was stirred at this same temperature for 10 min. The 

reaction mixture was quenched with NaHCO3(sat.), and extracted with CH2Cl2. The combined organics were 

washed with brine, dried with Na2SO4, and concentrated to afford an inseparable mixture of isocleroindicin E 

(8) and cleroindicin E (6) (1:2) (5 mg, 0.032 mmol, 85% yield) which was spectroscopically identical to that 

reported in the literature.
i
 C8H14O3Na: 181.0841. Found 181.0835. 

 

Isocleroindicin E (8).  

To a solution of cleroindicin C (3) (10 mg, 0.064 mmol) in CH2Cl2 (0.7 mL) at –78 ˚C was added DIBAL-H 

(1M in hexanes, 0.07 ml, 0.07 mmol), and the mixture was stirred at this same temperature for 1 h. The reaction 

mixture was quenched with 1M Rochelle’s salt, diluted with CH2Cl2, quickly warmed to room temperature and 

stirred vigorously for 45 minutes. The aqueous layer was extracted with CH2Cl2. The combined organics were 

washed with brine, dried with Na2SO4, and concentrated.  The crude product was purified by flash 

chromatography (10% MeOH/EtOAc, Rf = 0.3) to provide isocleroindicin E (8) as colorless oil (8.5 mg, 0.054 

mmol, 84 % yield). 
1
H NMR (400 MHz, C5D5N) δ 4.26 (dd, J = 8.0 Hz, J = 16.4 Hz, 1H), 4.22 (dd, J = 5.6 Hz, 

J = 9.2 Hz, 1H), 4.08 (m, 1H), 4.02 (m, 1H), 2.45 (m, 1H), 2.30 (ddd, J = 4.0 Hz, J = 8.4 Hz, J = 14.4 Hz, 1H), 

2.20 (m, 1H), 2.15 (m, 1H), 2.02 (m, 1H), 1.98 (m, 1H), 1.83 (m, 1H), 1.74 (m, 1H). HRMS (ESI) calcd for 

C8H14O3Na: 181.0841. Found 181.0835. [α]D
25

 = –22.0 (MeOH, c = 0.4). 
1
H NMR and HRMS data were 

consistent with that reported in the literature.
ib 

  Our rotation is slightly less than that reported by Hase ([α]D
25

 = 

–23.0),
1b

 most likely because of the small amount of inseparable 6 present in our sample. 
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III. Revised Biosynthetic Pathway 
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We have found that cleroindicins 3, 5–7, are at least partially racemic in nature.  However the unnamed 

cleroindicin 31, isolated by Hase, appears to be unracemized because their hydrogenation of 31 to 

isocleroindicin E (8) resulted in a more optically active material ([α]D
25

 =  –23.0) than the natural 

isocleroindicin E (8) ([α]D
25

 =  –6.00).
 ib

  Therefore, it appears that 31 is the biosynthetic precursor to chiral 

cleroindicins, as well as achiral cornoside.
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IV.  Scanned HPLC traces, NMR, and IR spectra 

 

HPLC data for racemic 25: 

 

 

 

 

 

OH

OH
O

OO

(±)-25  



 -S13- 

 

 

HPLC data for enantioenriched 25: 
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HPLC data for racemic cleroindicin F (7): 
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HPLC data for enantioenriched (+)-cleroindicin F (7): 
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HPLC data for racemic epoxide 30: 
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HPLC data for enantioenriched epoxide 30: 
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Compound 11: 
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Compound 13: 
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Compound 14: 
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Compound 15: 
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Compound 16: 

 
 

 

 

 

 

O

O

O

O

Me

Br

TMSEO
 



 -S31- 

 
 

 

 

O

O

O

O

Me

Br

TMSEO
 



 -S32- 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

O

O

O

O

Me

Br

TMSEO
 



 -S33- 

Compound 17: 
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Compound 19: 
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Compound 20: 
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Compound 24: 
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Compound 25: 
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Epi-cleroindicin D (4): 
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Compound 26: 
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Acetate (crude): 
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Compound 27 (crude): 
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Cleroindicin F (7): 
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Cleroindicin C (3): 
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Epoxide 30: 
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Cleroindicin D (5): 
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Compound 8/6 = 10/1 
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Compound 6/8  = 2/1: 
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