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1. General information 

Proton nuclear magnetic resonance (1H-NMR) spectra were measured on Bruker 

Avance 400 spectrometers at 400 MHz. Carbon-13 nuclear magnetic resonance (13C-

NMR) spectra were recorded on Bruker Avance 400 spectrometers at 100 MHz. 

Chemical shifts (δ scale) are reported in parts per million (ppm). Data are reported as 

follows: chemical shifts (ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = 

quartet, br = broad, m = multiplet), coupling constants (Hz), and integration. Melting 

points were determined on a XT-4 melting point apparatus. Optical rotations were 

recorded on a JASCO P-2000 polarimeter. High-resolution mass spectra (HRMS) were 

acquired using Varian 7.0T FTMS or Agilent 6520 Q-TOF LC/MS with electrospray 

ionization (ESI) source. Chiral HPLC analyses were performed on Agilent 1100 series 

with a tunable UV detector at wavelength λ = 250 nm. Column chromatography was 

performed on silica gel (200–300 mesh) and silica GF254 for TLC were produced by 

Merch Chemicals Co. Ltd. (Shanghai). Toluene and THF were freshly distilled from 

sodium/benzophenone prior to use under an argon atmosphere. Reagents used in 

reactions were obtained commercially from Acros, Aldrich, Adamas-beta®, and were 

used without purification, unless otherwise indicated. All moisture-sensitive reactions 

were conducted in oven-dried glassware under a positive pressure of dry nitrogen or 

argon. Reagents and starting materials were accordingly transferred via syringe or 

cannula. Unless otherwise stated, all other reactions were performed under a positive 

nitrogen atmosphere. Reaction temperatures refer to the external oil bath temperature.
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2. Experimental section
Preparation of diethyl ((2,2-dimethyl-4-oxo-4H-1,3-dioxin-6-yl)methyl) 
phosphonate (16)[1a] 

15

O

O

EtO OEt
PS1

O

diethyl chlorophosphite
LiHMDSO

16

O

O O

DCM, 0 °C
94%

O O

P
OEtEtO

O
THF, –78 °C

H2O2

To a stirred solution of 15 (12.4 g, 87.2 mmol) in dry THF (200 mL) at −78 ºC under 

N2 atmosphere was slowly added LiHMDS (87.2 mL, 1 M in THF, 87.2 mmol) via 

syringe over a period of 60 min. After stirring at the same temperature for another 3 h, 

diethyl chlorophosphite (10.5 g, 67.1 mmol) in THF (50 mL) was slowly added via 

syringe over a period of 30 min and the resulting mixture was stirred for another 30 min 

before warming up to room temperature. After stirring at room temperature for 1 h, the 

mixture was treated with aq. satd. NH4Cl (120 mL). Then the organic layer was 

separated and the aqueous layer was extracted with dichloromethane (3 × 100 mL), the 

organic extracts were combined and washed with brine (100 mL), dried over Na2SO4, 

and concentrated under vacuum to get product S1 as a yellow oil. After that, the residue 

(S1) was dissolved in dichloromethane (200 mL) at 0 ºC, H2O2 (30 w %, 20.8 mL, 201 

mmol) was slowly added over a period of 30 min and the reaction mixture kept stirring 

for another 30 min, the organic layer was separated and the aqueous layer was extracted 

with dichloromethane (3 × 100 mL). The combined organic phase was washed with 

brine (100 mL), dried over Na2SO4, filtered and concentrated under reduced pressure. 

The residue was purified by silica gel column chromatography (Petroleum ether : Ethyl 

acetate = 10 : 1 to Petroleum ether : Ethyl acetate : Triethylamine = 100 : 50 : 0.15) to 

afford the starting material 15 (2.40 g) and the product 16 (14.2 g, 76%, brsm 94%) as 

a yellow oil. 

Rf = 0.25 (silica, Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 5.38 (d, J = 3.6 Hz, 

1H), 4.18 – 4.11 (m, 4H), 2.79 (d, J = 22.1 Hz, 2H), 1.71 (s, 6H), 1.34 (t, J = 7.1 Hz, 

6H). 13C NMR (100 MHz, CDCl3) δ 163.1, 163.0, 160.49, 160.46, 107.1, 96.1, 96.0, 

62.61, 62.55, 33.0, 31.6, 24.9, 16.32, 16.26. The other characterization data matched 

the reported literature values.[1b-c]  
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Preparation of (E)-6-(4,4-diethoxybut-1-en-1-yl)-2,2-dimethyl-4H-1,3-dioxin -4-
one (17) [2a] 

16

O

O LDA, 19
HMPA

17

O

O

THF, –78 °C
90%

O
O

OEtO

OEt
19

OEtO

OEt OEt
Ref. 3

P
OEtEtO

O

OEtEtO

18

To a stirred solution of 16 (13.0 g, 46.7 mmol) in dry THF (160 mL) at −78 ºC under 

N2 atmosphere was slowly added LDA (28.0 mL, 2 M in THF, 56.1 mmol). Then 

HMPA (10.1 g, 56.1 mmol) was added to the reaction mixture. The resulting mixture 

was allowed to keep stirring for 1.5 h at the same temperature. A solution of aldehyde 

19 [6] (9.4 g, 80 w %, 51.4 mmol) in dry THF (100 mL) was added to the above mixture. 

The resulting mixture was allowed to warm up slowly to room temperature and was 

stirred overnight. The reaction was quenched by addition of aq. satd. NH4Cl (80 mL) 

and then extracted with ethyl acetate (3 ×100 mL). The combined organic phase was 

washed with brine (3 ×100 mL), dried over Na2SO4, filtered and concentrated under 

reduced pressure. The residue was purified by silica gel column chromatography 

(Petroleum ether : Ethyl acetate = 8 : 1) to afford the product 17 (11.4 g, 90%) as a 

yellow oil.

Rf = 0.50 (silica, Petroleum ether : Ethyl acetate = 2 : 1). 1H NMR (400 MHz, CDCl3) 

δ 6. 51 – 6.43 (m, 1H), 5.94 (d, J = 15.6 Hz, 1H), 5.21 (s, 1H), 4.52 (t, J = 5.5 Hz, 1H), 

3.61 (dq, J = 9.3, 7.1 Hz, 2H), 3.47 (dq, J = 9.4, 7.0 Hz, 2H), 2.77 – 2.35 (m, 2H), 1.65 

(s, 6H), 1.16 (t, J = 7.1 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 163.2, 162.1, 136.8, 

125.0, 106.5, 101.5, 94.0, 61.8, 37.5, 25.2, 15.4. HRMS (ESI): m/z calcd for 

C14H22O5Na [M + Na]+: 293.1359, found: 293.1361.

Preparation of methyl (E)-7,7-diethoxy-3-oxohept-4-enoate and methyl (2Z,4E)-
7,7-diethoxy-3-hydroxy-hepta-2,4-dienoate (13) [2b,2d]

MeOH, NaH

THF, 0 °C to rt
87%

1317

O

O O

OEtEtO

O

O O(H)

OEtEtO
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To a mixture of sodium hydride (60% in mineral oil, 8.10 g, 203 mmol, freshly 

washed with anhydrous hexane three times under nitrogen) in anhydrous THF (100 mL) 

at 0 ºC under N2 atmosphere was added methanol (16.5 mL, 407 mmol) via syringe 

over a period of 40 min. After stirring at room temperature for another 30 min, a 

solution of olefin 17 (11.0 g, 40.7 mmol) in THF (100 mL) was added dropwise. The 

resulting mixture was stirred at room temperature for another 40 min under nitrogen. A 

powder of NH4Cl (21.8 g, 407 mmol) was added and the mixture was stirred for 20 

min. The reaction mixture was diluted with ethyl acetate (200 mL) and water (120 mL). 

After separation of the organic layer, the aqueous layer was extracted with ethyl acetate 

(3 × 100 mL). The combined organic phase was washed with brine (3 ×100 mL), dried 

over Na2SO4, filtered and concentrated under reduced pressure. The residue was 

purified by silica gel column chromatography (Petroleum ether : Ethyl acetate = 10 : 1) 

to afford the product 13 (8.70 g, 87%) as a yellow oil.

Rf = 0.30 (silica, Petroleum ether : Ethyl acetate = 4 : 1). 1H NMR (400 MHz, CDCl3) 

δ 11.77 (s, 1H), 6.82 (dt, J = 15.8, 7.1 Hz, 2H), 6.60 (dt, J = 15.1, 7.3 Hz, 1H), 6.21 (d, 

J = 16.0 Hz, 2H), 5.94 – 5.81 (m, 1H), 5.00 (s, 1H), 4.56 (dt, J = 11.0, 5.6 Hz, 3H), 3.73 

(s, 3H), 3.72 (s, 6H), 3.65 (dq, J = 9.3, 7.1 Hz, 5H), 3.60 (s, 4H), 3.50 (dq, J = 9.2, 7.0 

Hz, 7H), 2.63 – 2.51 (m, 4H), 2.51 (t, J = 6.2 Hz, 2H), 1.19 (t, J = 7.1 Hz, 18H). 13C 

NMR (100 MHz, CDCl3) δ 192.0, 173.4, 169.3, 168.0, 144.5, 135.5, 131.8, 126.8, 

101.8, 101.3, 90.3, 61.8, 61.6, 52.5, 51.4, 46.6, 37.5, 37.5, 15.4, 15.4. HRMS (ESI): 

m/z calcd for C14H20O5Na [M + Na]+: 267.1203, found: 267.1205.

Preparation of 6-(1,3-Dioxolan-2-yl)-1,3-benzodioxole-5-carboxaldehyde (22) [4-5]

O

O

Br
n-BuLi, DMF
Et2O, –78 °C

90%
O

O

O

2221 O

O

O

O

O

O

Br

20

O

ethylene glycol, p-TSA
PhMe, reflux.

93%

21 (> 20 g scale, 93%) was prepared by following literature[4a-b] procedure. white 

solid. 1H NMR (400 MHz, CDCl3) δ 7.07 (s, 1H), 7.00 (s, 1H), 6.01 (s, 1H), 5.98 (s, 

2H), 4.18 – 4.01 (m, 4H). 13C NMR (100 MHz, CDCl3) δ 149.2, 147.6, 130.1, 114.1, 
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113.0, 107.8, 102.7, 102.1, 65.6. The other characterization data matched the reported 

literature values.[4c-e]

Improved synthetic method for the preparation of 22 based on literature [5]

To a stirred solution of 21 (24.0 g, 87.9 mmol) in Et2O (250 mL) at −78 °C under N2 

atmosphere was slowly added n-BuLi (42.2 mL, 2.5 M in hexanes, 105 mmol) via 

syringe over a period of 45 min. The reaction mixture was stirred for additional 1 h. 

DMF (13.6 mL, 176 mmol) was added dropwise and the resulting mixture was stirred 

for 2 h at the same temperature. The reaction was allowed to warm up slowly to room 

temperature and then was stirred overnight. The reaction was quenched by addition of 

aq. satd. NH4Cl (120 mL) and the mixture was extracted with ethyl acetate (3 × 100 

mL). The combined organic phase was washed with brine (3 ×100 mL), dried over 

Na2SO4, filtered and concentrated under reduced pressure. The residue was purified by 

silica gel column chromatography (Petroleum ether : Dichloromethane = 1 : 2) to afford 

the product 22 (17.6 g, 90%) as a white solid. 

Rf = 0.16 (silica, Dichloromethane). 1H NMR (400 MHz, CDCl3) δ 10.26 (s, 1H), 

7.39 (s, 1H), 7.17 (s, 1H), 6.34 (s, 1H), 6.06 (s, 2H), 4.17 – 3.04 (m, 4H). 13C NMR 

(100 MHz, CDCl3) δ 189.3, 152.3, 148.7, 136.8, 129.7, 108.3, 107.0, 102.3, 100.4, 

65.5. The other characterization data matched the reported literature values.[5]

Preparation of 5-(1,3-Dioxolan-2-yl)-6-[(1E)-2-nitroethenyl]-1,3-benzodioxole (14) 

[6] 

O

O

NaOH
MeNO2

Et3N
TFAA

14

O

O

O O

O

22
THF, 0 °C

84%O

O

NO2

HO

O

O

O

O

NO2

MeOH
–20 °C S2

To a stirred solution of aldehyde 22 (12.0 g, 54.0 mmol) and nitromethane (3.5 mL, 

64.8 mmol) in methanol (160 mL) was added an aqueous solution of sodium hydroxide 

(5.40 mL, 10 M, 54.0 mmol) at −20 ºC. The resulting mixture was then stirred for 2 h 

at the same temperature. When the starting material was consumed completely, acetic 

acid (3.10 mL, 54.0 mmol) was added to the mixture and stirred for 10 min. Then 

removed the solvent under reduced pressure and the residue was treated with 
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dichloromethane (200 mL) and half-saturated brine (100 mL). The organic layer was 

separated and the aqueous layer was extracted with dichloromethane (3 × 100 mL). The 

combined organic phase was dried over Na2SO4, filtered and concentrated under 

reduced pressure to afford the product S2 (13.0 g, 45.9 mmol) as a faint yellow oil. To 

the solution of crude oil of S2 in anhydrous THF (200 mL) and triethylamine (14.0 mL, 

101 mmol) at 0 ºC under N2 atmosphere was slowly added trifluoroacetic anhydride 

(7.10 mL, 50.5 mmol) and the resulting mixture was stirred for 15 min. The reaction 

was diluted with ice-water (100 mL) and dichloromethane (400 mL). After separation 

of the organic layer, the aqueous layer was extracted with dichloromethane (3 × 40 mL). 

The combined organic phase was washed with brine (3× 100 mL) and dried over 

Na2SO4. After filtration and the solvent was removed under reduced pressure, the 

residue was purified by silica gel column chromatography (Dichloromethane) to afford 

the product 14 (12.0 g, 84%,) as a yellow solid. 

Rf = 0.60 (silica, Dichloromethane), Mp: 178−180 °C, (literature [3d]: Mp: 179−180 

°C). 1H NMR (400 MHz, CDCl3) δ 8.43 (d, J = 13.5 Hz, 1H), 7.43 (d, J = 13.4 Hz, 1H), 

7.16 (s, 1H), 7.00 (s, 1H), 6.06 (s, 2H), 5.95 (s, 1H), 4.21 – 4.05 (m, 4H). 13C NMR 

(100 MHz, CDCl3) δ 151.0, 148.9, 136.8, 136.0, 134.2, 123.0, 108.1, 106.8, 102.3, 

101.3, 65.6. HRMS (ESI): m/z calcd for C12H11NO6Na [M + Na]+: 288.0479, found: 

288.0480.

Preparation of methyl (4S,5R,6R)-6-(6-(1,3-dioxolan-2-yl)benzo[d][1,3]dioxol -5-
yl)-4-(2,2-diethoxyethyl)-2-hydroxy-5-nitrocyclohex-1-ene-1-carboxylate (12) 

1314

O

O

OH

O

O

OEt

OEt

NO2

O O

cat.23, PhMe, rt;

12then Triton B, 85%

O

O

O

O

NO2

N

N

HBn

HBn
N

N

H Bn

H Bn

Ni

Br

Br

R
R

O

O O(H)

OEtEtO

To a stirred solution of 13 (8.46 g, 34.6 mmol) and 14 (7.65 g, 28.9 mmol) in toluene 

(100 mL) were added Evans’ catalyst (23)[7] (474 mg, 0.580 mmol). The resulting 

yellow mixture was stirred at room temperature for 96 h. After this time, the reaction 

mixture was diluted with THF (100 mL) and cooled to 0 ºC, Benzyltrimethylammonium 
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Hydroxide (11.4 mL, 40% in methanol, 28.9 mmol) was added and kept stirring for 

another 20 min. The reaction was quenched by addition of aq. satd. NH4Cl (100 mL), 

after separation of organic layer, the aqueous layer was extracted with ethyl acetate (3 

× 120 mL). The combined organic phase was washed with brine (3 × 80 mL), dried 

over Na2SO4, filtered and concentrated under reduced pressure. The residue was 

purified by silica gel column chromatography (Dichloromethane) to afford the product 

12 (12.5 g, 85%) as a yellow oil. 

Rf = 0.32 (silica, Dichloromethane). 1H NMR (400 MHz, CDCl3) δ 12.45 (s, 1H), 

7.11 (s, 1H), 6.61 (s, 1H), 5.98 (s, 1H), 5.95 (s, 1H), 5.90 (s, 1H), 4.88 (s, 1H), 4.76 (s, 

1H), 4.51 (t, J = 5.7 Hz, 1H), 4.17 – 3.98 (m, 4H), 3.55 – 3.49 (m, 5H), 3.43 – 3.35 (m, 

1H), 3.29 – 3.21 (m, 1H), 2.57 – 2.53 (m, 1H), 2.43 – 2.31(m, 2H), 1.78 – 1.62 (m, 2H), 

1.09 (t, J = 7.0 Hz, 3H), 0.95 (t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 172.1, 

171.8, 148.2, 146.8, 134.0, 128.8, 108.3, 107.6, 101.5, 101.4, 100.5, 96.8, 87.9, 65.3, 

65.2, 62.1, 61.9, 51.9, 39.1, 36.0, 31.0, 27.4, 15.3, 15.0. HRMS (ESI): m/z calcd for 

C24H31NO11Na [M + Na]+: 532.1789, found: 532.1789.

Chiral HPLC analysis: 25 ºC; column: DAICEL Chiralcel AD-H (4.6mm × 250 mm); 

mobile phase: hexane / isopropanol = 90 / 10; flow rate:1.0 mL/min; detection, UV 250 

nm; tR for major isomer: 12.3 min; minor isomer: 15.8 min. The racemic sample was 

prepared by conducting the reaction with racemic catalyst 23 (prepared with a mixture 

of (1R, 2R) - (–) -1,2-diaminocyclo-hexane and (1S, 2S) - (+) -1,2-diaminocyclohexane, 

1 : 1).

Preparation of methyl (4S,5R,6R)-6-(6-(1,3-dioxolan-2-yl)benzo[d][1,3] dioxol-
5-yl)-2-(((benzyloxy)carbonyl)oxy)-4-(2,2-diethoxyethyl)-5-nitrocyclohex-1-ene-1-
carboxylate (27) 

O

O

OH

O

O

OEt

OEt

NO2

O O

O

O

OCbz

O

O

OEt

OEt

NO2

O O
2712

THF, rt
90%

NaH, CbzCl

To a suspension of sodium hydride (60% in mineral oil, 51.6 mg, 2.13 mmol, freshly 

washed with anhydrous hexane three times under nitrogen) in anhydrous THF (20 mL) 

was added 12 (542 mg, 1.64 mmol in THF (30 mL) via syringe at room temperature. 
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After stirring at room temperature for 1.5 h, the solution of CbzCl (0.23 mL, 1.60 mmol) 

in THF (10 mL) was slowly added. The resulting mixture was stirred at room 

temperature for 1 h. After full consumption of the starting material, a powder of NH4Cl 

(2.28 g, 42.6 mmol) was added and the mixture kept stirring for another 20 min. The 

reaction was quenched by addition of HCl (2 M, 5 mL), diluted with ethyl acetate (60 

mL) and water (30 mL). The organic layer was separated and the aqueous layer was 

extracted with ethyl acetate (3 × 60 mL). The combined organic phase was washed with 

brine (3 × 60 mL), dried over Na2SO4, filtered and concentrated under reduced pressure. 

The residue was purified by silica gel column chromatography (Petroleum ether : 

Dichloromethane = 5 : 1) to afford the product 27 (618 mg, 90%) as white foam.

Rf = 0.20 (silica, Petroleum ether : Dichloromethane = 3 : 1). 1H NMR (400 MHz, 

CDCl3) δ 7.49 – 7.31 (m, 5H), 7.12 (s, 1H), 6.87 (s, 1H), 6.00 – 5.90 (m, 3H), 5.30 (s, 

2H), 5.00 (s, 2H), 4.94 (d, J = 3.2 Hz, 2H), 4.54 (t, J = 5.8 Hz, 1H), 4.17 – 4.10 (m, 

1H), 4.11 – 3.94 (m, 3H), 3.50 – 3.59 (m, 2H), 3.48 – 3.35 (m, 4H), 3.32 – 3.20 (m, 

1H), 2.65 – 2.44 (m, 2H), 2.36 – 2.23 (m, 1H), 1.80 – 1.71 (m, 1H), 1.65 (dt, J = 13.7, 

6.5 Hz, 1H), 1.11 (t, J = 7.0 Hz, 3H), 0.94 (t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, 

CDCl3) δ 164.3, 155.6, 152.4, 148.4, 147.2, 134.9, 132.0, 129.2, 128.9, 128.8, 128.7, 

128.3, 117.2, 109.1, 108.1, 101.8, 101.6, 100.5, 87.3, 70.7, 65.3, 65.2, 62.2, 62.1, 52.2, 

41.0, 35.7, 31.2, 28.3, 15.4, 15.0. HRMS (ESI): m/z calcd for C32H37 NO13 [M + Na]+: 

666.2157, found: 666.2156.

Preparation of methyl (4S,5R,6R)-6-(6-(1,3-dioxolan-2-yl)benzo[d][1,3] dioxol-5-
yl)-4-(2,2-diethoxyethyl)-1-(methoxycarbonyl)-5-nitrocyclohex-2-en-2-yl 
benzoate (11) 

O

O

OH

O

O

OEt

OEt

NO2

O O

O

O

OBz

O

O

OEt

OEt

NO2

O O
1112

Py, rt
97%

BzCl

To a stirred solution of 12 (12.7 g, 24.9 mmol) in pyridine (150 mL) at 0 ºC under 

N2 atmosphere was added Benzoyl chloride (5.74 mL, 49.9 mmol) dropwise. The 

reaction mixture was allowed to warm up to room temperature and stirred for another 
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10 h. The reaction was quenched by addition of HCl (2 M, 20 mL) and extracted with 

Dichloromethane (3 × 150 mL). The combined organic phase was washed with aq. satd. 

NH4Cl (3 × 100 mL) and brine (3 × 100 mL), dried over Na2SO4, filtered and 

concentrated under reduced pressure. The residue was purified by silica gel column 

chromatography (Dichloromethane : Petroleum ether : Ethyl acetate = 10 : 5 : 1) to 

afford product 11 (14.87 g, 97%, ee* = 90%) as a faint yellow oil. It was found that a 

little amount of racemic crystal could be filtered off after recrystallization of the column 

chromatography-purified product 11 from ethyl acetate/hexane (v/v =1:10, 1.1 mol/L, 

220 mL, 14.87g) at room temperature for 4 h, and then vacuum evaporation of the 

filtrate provided a faint yellow oil with higher optical purity (11.9 g, 78%, ee* = 99.1%). 

Rf = 0.30 (Dichloromethane : Petroleum ether : Ethyl acetate = 10 : 5 : 1), Mp: 

172−174 °C, [] 20
D = –78.0 (c = 1.0, CHCl3). 1H NMR (400 MHz, CDCl3) δ 8.15 (d, 

J = 7.7 Hz, 2H), 7.63 (t, J = 7.4 Hz, 1H), 7.50 (t, J = 7.7 Hz, 2H), 7.13 (s, 1H), 7.07 (s, 

1H), 6.00 (s, 1H), 5.97 – 5.91 (m, 2H), 5.06 (s, 1H), 5.02 – 4.97 (m, 1H), 4.56 (t, J = 

5.8 Hz, 1H), 4.15 (t, J = 5.8 Hz, 1H), 4.10 – 4.01 (m, 3H), 3.59 – 3.53 (m, 2H), 3.44 – 

3.40 (m, 4H), 3.29 – 3.25 (m, 1H), 2.71 – 2.59 (m, 2H), 2.40 – 2.36 (m, 1H), 1.78 – 

1.75 (m, 1H), 1.70 – 1.65 (m, 1H), 1.12 (t, J = 7.0 Hz, 3H), 0.96 (t, J = 7.0 Hz, 3H). 13C 

NMR (100 MHz, CDCl3) δ 164.9, 164.4, 156.5, 148.5, 147.2, 133.8, 132.2, 130.4, 

129.3, 129.2, 128.7, 117.1, 109.3, 108.0, 101.9, 101.6, 100.6, 87.6, 65.3, 65.2, 62.2, 

52.1, 41.3, 35.8, 31.7, 28.3, 15.3, 15.0. HRMS (ESI): m/z calcd for C31 H35 NO12 Na 

[M + Na]+: 636.2051, found: 636.2051. 

Chiral HPLC analysis: 25 ºC; column: DAICEL Chiralcel AD-H (4.6mm × 250 mm); 

mobile phase: Hexane / Isopropanol (80 / 20); flow rate: 1.0 mL/min; detection, UV 

254 nm; tR for major isomer: 17.3 min; minor isomer: 14.5 min. 

Single crystal of 11 growed from Hexane at room temperature, its crystal structure 

was determined by single - crystal X-ray diffraction (CCDC: 2019555). 
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One-pot operation for the preparation of (3aR,3a1R,12bS)-3a,3a1,4,5,7,12b-
hexahydro-1H-[1,3] dioxolo[4,5-j]pyrrolo[3,2,1-de]phenanthridin-2(3H)-one (10) 

O

O

OBz

O

O

OEt

OEt

NO2

O O
11

O

O

OBz

O

O

N

29

CH3COOH
HBr/H2O Zn powderO

O

OBz

O

O

NO2

28

O
O

O

O

O

N

filtration and
HCl addition

57% overall yield
10

O

O

O

HO

O

N

30

THF 50 °C rt

100 °C

To a stirred solution of 11 (6.14 g, 10.0 mmol) in the mixture of THF (40 mL), acetic 

acid (60 mL) and H2O (50 mL) at room temperature was slowly added HBr (2.4 mL, 

33% in CH3COOH). The reaction mixture was stirred at 50 ºC for additional 2 h under 

N2 atmosphere before being cooled to room temperature. Then zinc powder (26.2 g, 400 

mmol) was added, the resulting mixture was stirred overnight at room temperature 

under N2 atmosphere. After Solid substances were filtered off from the reaction mixture, 

HCl (8 M, 125 mL) was added to the filtrate and the mixture was heated to 100 ºC, and 

kept stirring for 16 h before being cooled to room temperature. The reaction was 

quenched by addition of solid K2CO3 (276 g, 2.0 mol). The resulting mixture was 

extracted with ethyl acetate (3 × 150 mL). The combined organic phase was washed 

with brine (3 × 60 mL), dried over Na2SO4, filtered and concentrated under reduced 

pressure. The residue was purified by silica gel column chromatography (Ethyl acetate 

: Triethylamine = 100 : 1) to afford product 10 (1.56 g, 57% overall yield) as a faint 

yellow solid.

Rf = 0.28 (silica, Ethyl acetate : Triethylamine = 60 : 1), Mp: 127−129 °C, [] 20
D = 

–266.2 (c = 1.0, CHCl3). 1H NMR (400 MHz, CDCl3) δ 6.61 (s, 2H), 5.92 (s, 2H), 4.08 

(d, J = 14.2 Hz, 1H), 3.81 (d, J = 14.2 Hz, 1H), 3.25 – 3.20 (m, 1H), 3.12 (t, J = 7.1 Hz, 

1H), 2.91 (dd, J = 18.3, 4.1 Hz, 1H), 2.61 – 2.49 (m, 5H), 2.45 – 2.15 (m, 1H), 2.11 

(dd, J = 18.2, 13.9 Hz, 1H), 1.75 – 1.67 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 212.0, 

146.5, 146.3, 131.7, 129.0, 107.3, 105.2, 101.1, 64.7, 55.8, 53.5, 44.2, 39.7, 36.6, 33.6, 

32.8. HRMS (ESI): m/z calcd for C16H18 NO3 [M + H]+: 272.1281, found: 272.1283.
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Preparation of (3aR,3a1R,12bS)-3a,3a1,4,5,7,12b-hexahydro-3H-[1,3]dioxolo[4,5-
j]pyrrolo[3,2,1-de]phenanthridin-2-yl trifluoromethanesulfonate (31) 

O

O

O

N
10

THF, –78 °C
87 %

LiHMDS
Comins, regant O

O

OTf

N
31

To a stirred solution of 10 (1.25 g, 4.61mmol) in dry THF (30 mL) at −78 °C under 

N2 atmosphere was slowly added LiHMDS (9.21 mL, 1.0 M in THF, 9.21 mmol). The 

reaction mixture was stirred for additional 1 h. Then Comins’ reagent [8] (2.71g, 6.91 

mmol) in THF (20 mL) was added dropwise. After stirring for 1 h, the reaction was 

quenched by addition of aq. satd. NH4Cl (30 mL) and the resulting mixture was 

extracted with ethyl acetate (3 × 80 mL). The combined organic phase was washed with 

brine (3 × 60 mL), dried over Na2SO4, filtered and concentrated under reduced pressure. 

The residue was purified by silica gel column chromatography (Petroleum ether : 

Triethylamine : Ethyl acetate = 30 : 10 : 1) to afford product 31 (1.62 g, 87%) as a tans 

oil.

Rf = 0.28 (silica, Petroleum ether : Ethyl acetate: Triethylamine = 30 : 1 : 10), [] 

20
D = –110.9 (c = 0.82, CHCl3). 1H NMR (400 MHz, CDCl3) δ 6.74 (s, 1H), 6.63 (s, 

1H), 6.25 (t, J = 2.9 Hz, 1H), 5.93 (s, 2H), 4.05 (d, J = 14.8 Hz, 1H), 3.87 (d, J = 14.8 

Hz, 1H), 3.33 – 3.24 (m, 1H), 3.06 – 2.93 (m, 2H), 2.76 – 2.59 (m, 3H), 2.48 – 2.33 (m, 

1H), 2.23 – 2.11 (m, 1H), 1.70 (dq, J = 12.2, 8.1 Hz, 1H); 13C NMR (100 MHz, CDCl3) 

δ 150.6, 146.6, 146.2, 130.5, 128.9, 123.5, 120.3, 117.6, 117.1, 113.9, 107.5, 104.7, 

101.1, 64.9, 55.0, 53.9, 36.8, 36.3, 32.8, 31.2. HRMS (ESI): m/z calcd for C17H17 

SF3NO5 [M + H]+: 404.0774, found: 404.0772.

Preparation of (3aS,3a1R,12bS)-3a,3a1,4,5,7,12b-hexahydro-3H-[1,3]dioxolo [4,5-j]-
pyrrolo[3,2,1-de]phenanthridine (9) 

O

O

OTf

N

O

O N

931

Pd(OAc)2, PPh3
Et3N, HCOOH

THF, 70 °C
85%

To a stirred solution of 31 (2.30 g, 5.70 mmol) in THF (80 ml) were orderly added 
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PPh3 (598 mg, 2.28 mmol), Pd(OAc)2 (256 mg, 1.14 mmol), triethylamine (7.90 mL, 

57.0 mmol) and HCO2H (2.13 mL, 57.0 mmol) at room temperature under N2 

atmosphere. The reaction mixture was heated to 70 ℃ and stirred for additional 1.5 h. 

The reaction was quenched by addition of aq. satd. NaHCO3 (40 mL) and the resulting 

mixture was extracted with ethyl acetate (3 × 80 mL). The combined organic phase was 

washed with brine (3 × 40 mL), dried over Na2SO4, filtered and concentrated under 

reduced pressure. The residue was purified by silica gel column chromatography 

(Petroleum ether : Triethylamine : Ethyl acetate = 50 : 10 : 1) to afford product 9 (1.24 

g, 85%) as a tans oil.

Rf = 0.45 (silica, Petroleum ether : Triethylamine : Ethyl acetate = 30 : 10 : 1), [] 

20
D = –212.3 (c = 0.46, CHCl3). 1H NMR (400 MHz, CDCl3) δ 6.88 (s, 1H), 6.61 (s, 

1H), 6.29 (dt, J = 9.3, 3.3 Hz, 1H), 6.06 (td, J = 6.5, 3.3 Hz, 1H), 3.91 (s, 2H), 3.13 (d, 

J = 9.4 Hz, 1H), 2.99 – 2.95 (m, 1H), 2.74 (dd, J = 8.52, 8.52 Hz, 1H), 2.55 – 2.43 (m, 

2H), 2.29 (dt, J = 17.04, 16.96 Hz, 1H), 2.13 – 2.06 (m, 1H), 1.93 – 1.85 (m, 1H), 1.68 

– 1.59 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 146.3, 145.6, 132.8, 130.7, 129.2, 128.5, 

107.4, 105.1, 100.8, 66.3, 55.5, 53.9, 38.2, 36.3, 32.0, 30.2. HRMS (ESI): m/z calcd for 

C16H18 NO2 [M + H]+: 256.1332, found: 256.1332.

Synthesis of (–)-zephyranthine

O

O N

O

O N

HO
OH

(–)-zephyranthine (1)9

AD-mix-

THF/H2O, rt
67%

dr = 7.2 : 1

To a stirred solution of 9 (1.02 g, 4.00 mmol) in THF/H2O (40 mL, v/v = 1 : 1) was 

added AD-mix-β [9] (4.67g, 6.00 mmol) at room temperature. The reaction mixture was 

stirred for additional 3.5 h before quenched by addition of aq. satd. NaHCO3, and the 

resulting mixture was extracted with THF (3 × 30 mL). The combined organic phase 

was dried over Na2SO4, filtered and concentrated under reduced pressure. The residue 

was purified by silica gel column chromatography (Dichloromethane : Methanol : 

Triethylamine = 40 : 5 : 1 ) to afford (–)-zephyranthine (770 mg, 67%) as a white solid. 
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Rf = 0.48 (silica, Dichloromethane : Methanol : Triethylamine = 40 : 5 : 1), Mp: 

168−170 °C, [] 20
D = – 31.3 (c = 0.62, MeOH). 1H NMR (400 MHz, CD3OD) δ 6.96 

(s, 1H), 6.64 (s, 1H), 5.89 (d, J = 4.3 Hz, 2H), 4.48 (s, 1H), 4.14 (d, J = 15.4 Hz, 1H), 

3.97 – 3.82 (m, 1H), 3.70 (d, J = 15.4 Hz, 1H), 3.25 (q, J = 8.7 Hz, 1H), 3.05 (dd, J = 

10.8, 6.2 Hz, 1H), 2.84 (td, J = 9.4, 5.1 Hz, 1H), 2.63 – 2.39 (m, 2H), 2.14 – 2.04 (m, 

1H), 1.99 – 1.82 (m, 3H). 13C NMR (100 MHz, CD3OD) δ 148.1, 147.2, 132.4, 128.9, 

107.7, 106.3, 102.1, 69.9, 69.7, 59.9, 54.9, 54.1, 38.4, 37.0, 29.7, 28.1. HRMS (ESI): 

m/z calcd for C16H20 NO4 [M + H]+: 290.1387, found: 290.1384.

For comparison:

J. Bastida[10]

(−)-zephyranthine [] 20
D = −30.6 (c = 0.56, Methanol)

1H NMR (500 MHz, CD3OD) δ 7.00 (s, 1H), 6.71 (s, 1H), 5.93 – 5.91 (d, J = 1.5, 

2H), 4.51 (s, 1H), 4.27 (d, J = 15.0, 1H), 3.90 (ddd, J = 11.5, 5.0, 2.5, 1H), 3.81 (d, J = 

15.0, 1H), 3.37 (td, J = 10.0, 9.5, 1H), 3.19 (dd, J = 11.0, 6.5, 1H), 3.02 (ddd, J = 10.0, 

9.5, 3.0, 1H), 2.66 (d, J = 11.0, 1H), 2.58 (qd, J = 6.5, 1.5, 1H), 2.11 (ddd, J = 13.5, 

11.5, 6.5, 1H), 2.04 (m, 1H), 1.98 (m, 1H), 1.89 (ddd, J = 13.5, 5.0, 1.5, 1H).

13C NMR (75 MHz, CD3OD) δ = 148.6, 147.4, 132.6, 127.4, 107.9, 106.5, 102.3, 

69.8, 69.4, 61.4, 55.6, 54.1, 38.4, 37.4, 29.2, 28.3

Sun [11]

(−)-zephyranthine [] 20
D = −28.9 (c = 0.40, Methanol).

1H NMR (400 MHz, CDCl3) δ = 6.88 (s, 1H), 6.59 (s, 1H), 5.92 (d, J = 1.2, 1H), 5.90 

(d, J = 1.2, 1H), 4.59 (s, 1H), 4.22 (d, J = 16.4, 1H), 4.02 – 3.97 (m, 1H), 3.75 (d, J = 

16.8, 1H), 3.24 (td, J = 8.8, 7.2, 1H), 3.06 (dd, J = 10.4, 6.4, 1H), 2.77 (td, J = 10.0, 

4.4, 1H), 2.64 – 2.54 (m, 1H), 2.48 (d, J = 10.4, 1H), 2.08 – 1.87 (m, 5H), 1.77 – 1.69 

(m, 1H).

13C NMR (100 MHz, CDCl3) δ = 146.4, 145.9, 129.4, 129.1, 107.1, 104.4, 100.8, 

68.9, 68.8, 57.5, 53.0, 52.9, 36.4, 35.0, 30.1, 27.2.
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Chida[12]

(−)-zephyranthine[] 29
D = −30.4 (c = 0.56, Methanol).

1H NMR (500 MHz, CDCl3) δ = 6.88 (s, 1H), 6.59 (s, 1H), 5.92 (d, J = 1.5, 1H), 5.91 

(d, J = 1.5, 1H), 4.60 (dd, J = 3.2, 2.5, 1H), 4.21 (d, J = 16.4, 1H), 4.99 (ddd, J = 10.6, 

5.2, 3.2, 1H), 3.74 (d, J = 16.4, 1H), 3.24 (ddd, J = 10.1, 8.9, 6.9, 1H), 3.06 (dd, J = 

10.3, 6.0, 1H), 2.77 (ddd, J = 10.1, 10.1, 4.3, 1H), 2.63 – 2.55 (m, 1H), 2.48 (d, J = 

10.3, 1H), 2.04 (ddd, J = 13.5, 10.6, 6.1, 1H), 1.99 (dddd, J = 13.2, 9.2, 8.9, 4.3, 1H), 

1.90 (ddd, J = 13.5, 5.2, 2.9, 1H), 1.77 –1.68, (m, 1H).

13C NMR (125 MHz, CDCl3) δ = 146.5, 146.1, 129.6, 129.3, 107.2, 104.5, 100.9, 

69.1, 68.9, 57.6, 53.2, 53.0, 36.6, 35.1, 30.3, 27.4.

Preparation of (3aS,3a1R,12bS)-3,3a,3a1,4,5,12b-hexahydro-7H-[1,3]dioxolo[4,5-j] 
pyrrolo[3,2,1-de]phenanthridin-7-one (32) [13]

O

O N

32

O

O N

PhIO, TBAI
CH3CN/H2O

rt, 4.5 h, 78%

O9

To a stirred solution of 9 (52.0 mg, 0.203 mmol) in CH3CN/H2O (10 mL, V/V = 9 : 

1) was added PhIO (98.6 mg, 0.449 mmol) and TBAI (15.1 mg, 0.041 mmol ) at room 

temperature. The reaction mixture was stirred for additional 4.5 h before quenched by 

addition of aq. satd. Na2S2O3 (10 mL), and the resulting mixture was extracted with 

DCM (3 × 40 mL). The combined organic phase was dried over Na2SO4, filtered and 

concentrated under reduced pressure. The residue was purified by silica gel column 

chromatography (Dichloromethane : Petroleum ether : Ethyl acetate = 2 : 1 : 1 ) to 

afford 32 (43.0 mg, 78%) as a white solid.

Rf = 0.32 (silica, Dichloromethane : Petroleum ether : Ethyl acetate = 2 : 1 : 1), Mp: 

145−147 °C, [] 20
D = – 264.5 (c = 1.0, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.53 

(s, 1H), 6.90 (s, 1H), 6.30 (dt, J = 9.2, 3.2 Hz, 1H), 6.20 – 6.15 (m, 1H), 6.01 (s, 2H), 

4.19 (dd, J = 11.8, 7.7 Hz, 1H), 3.49 (dd, J = 12.0, 10.3 Hz, 1H), 3.33 – 3.17 (m, 2H), 

2.73 – 2.66 (m, 1H), 2.61 – 2.49 (m, 1H), 2.23 (td, J = 12.6, 7.2, 5.5 Hz, 1H), 1.95 – 

1.87 (m, 1H), 1.78 – 1.65 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 162.4, 150.6, 146.7, 

135.4, 131.7, 126.8, 125.5, 109.2, 104.2, 101.7, 62.0, 45.5, 39.0, 36.4, 32.9, 29.6. 
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HRMS (ESI): m/z calcd for C16H15 NO3 [M + Na]+: 292.0944, found: 292.0944.

Preparation of (3aR,3a1R,12bS)-3a,3a1,4,5,7,12b-hexahydro-1H-[1,3]dioxolo[4,5-j] 
pyrrolo[3,2,1-de]phenanthridine (36) 

O

O

OH

N

34 dr = 1.2 : 1

O

O N

36

MsCl, Et3N
DCM, 0 °C;

then DBU
PhMe, reflux.

O

O

O

N

10

NaBH4

MeOH
0 °C

57%
overall yield

To a stirred solution of 10 (54.0 mg, 0.200 mmol) in methanol (15 mL) was added 

NaBH4 (11.3 mg, 0.300 mmol) at 0 ℃. The reaction mixture was stirred for additional 

1 h at the same temperature before quenched by addition of water (10 mL), then the 

mixture was extracted with dichloromethane (4 × 40 mL). The combined organic phase 

was dried over Na2SO4, filtered and concentrated under reduced pressure to afford the 

crude product 34 (54.0 mg) as a white solid. The crude product 34 (without further 

purification) and triethylamine (0.14 mL, 0.990 mmol) were dissolved in 

dichloromethane (20 mL), and the resulting mixture was stirred for another 10 min at 0 

℃. Then MsCl (0.0300 mL, 0.400 mmol) was slowly added and the mixture was stirred 

for 3 h before ice-cold water was added. After addition of HCl (2 M, 0.5 mL), the 

reaction mixture was neutralized with solid K2CO3 to pH = 8.0 and extracted with 

dichloromethane (4 × 30 mL). The combined organic phase was dried over Na2SO4, 

filtered and concentrated under reduced pressure to afford the crude mesylate product 

(96.0 mg) as a brown yellow oil. After that, to the solution of the above crude product 

(without further purification) in toluene (10 mL) was added DBU (1 mL) and DMF (2 

mL), the reaction mixture was refluxed for 6 h under N2 atmosphere before cooled to 

room temperature. The mixture was diluted with dichloromethane (30 mL), and then 

aq. satd. K2CO3 was added. The organic layer was separated, and the aqueous layer was 

extracted with dichloromethane (4 × 20 mL). The combined organic phase was dried 

over Na2SO4, filtered and concentrated under reduced pressure, the residue was purified 

by silica gel column chromatography (Ethyl acetate : Triethylamine = 200 : 1) to afford 

product 36 (29.0 mg, 57% ) as a light yellow solid. 
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Rf = 0.18 (silica, Petroleum ether : Ethyl acetate :Triethylamine  = 20 : 10 : 1), Mp: 

112−115 °C, [] 20
D = – 106.2 (c = 0.39, CHCl3), 1H NMR (400 MHz, CDCl3) δ 6.72 

(s, 1H), 6.61 (s, 1H), 5.90 (q, J = 1.5 Hz, 2H), 5.87 – 5.79 (m, 2H), 4.24 (d, J = 15.7 

Hz, 1H), 3.78 (d, J = 15.7 Hz, 1H), 3.24 –3.18 (m, 1H), 2.95 – 2.79 (m, 3H), 2.65 (dt, 

J = 16.4, 5.0 Hz, 1H), 2.52 (td, J = 10.9, 4.4 Hz, 1H), 2.18 – 2.09 (m, 1H), 2.03 – 1.94 

(m, 1H), 1.65 – 1.56 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 146.4, 145.7, 132.7, 130.1, 

128.8, 125.7, 106.8, 104.9, 100. 8, 61.5, 52.5, 52.4, 39.71, 30.4, 29.9, 27.5. HRMS 

(ESI): m/z calcd for C16H18 NO2 [M + H]+: 256.1332, found: 256.1332.

Preparation of methyl (4S,5R,6R)-6-(6-(1,3-dioxolan-2-yl)benzo[d][1,3]dioxol -5-

yl)-4-(2,2-diethoxyethyl)-5-nitro-2-(((trifluoromethyl)sulfonyl)oxy)cyclohex-1-

ene-1-carboxylate (40)

Tf2O, DIPEAO

O

OH

O

O

OEt
NO2

O O

OEt

DCM, -78 °C, 2 h, 94%

O

O

OTf

O

O

OEt
NO2

O O

OEt

12 40

To a stirred solution of 12 (4.00 g, 7.60 mmol) and DIPEA (7.70 mL, 45.8 mmol) in 

dry DCM (40 mL) at −78 ºC under N2 atmosphere was slowly added Tf2O (3.90 mL, 

22.9 mmol). The resulting mixture was then stirred for 2 h at the same temperature. The 

reaction was quenched by addition of aq. satd. NaHCO3 (20 mL) and then extracted 

with DCM (3 × 40 mL). The combined organic phase was washed with brine (3 × 40 

mL), dried over Na2SO4, filtered and concentrated under reduced pressure. The residue 

was purified by silica gel column chromatography (Petroleum ether : Dichloromethane 

= 2 : 1) to afford product 40 (4.70 g, 94%) as a tans oil.

Rf = 0.48 (silica, PE : DCM = 1 : 1); 1H NMR (400 MHz, CDCl3) δ 7.11 (s, 1H), 

6.63 (s, 1H), 5.97 (d, J = 1.4 Hz, 1H), 5.94 (s, 1H), 5.90 (s, 1H), 5.07 (s, 1H), 5.03 – 

4.79 (m, 1H), 4.53 (dd, J = 6.3, 4.8 Hz, 1H), 4.14 – 4.09 (m, 1H), 4.107 – 3.98 (m, 3H), 

3.68 (s, 3H), 3.62 – 3.50 (m, 2H), 3.41 – 3.37 (m, 1H), 3.31–3.24 (m, 1H), 2.75 (dd, J 

= 18.5, 5.6 Hz, 1H), 2.55 – 2.50 (m, 1H), 2.41 – 2.33 (m, 1H), 1.80 – 1.74 (m, 1H), 1.71 
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– 1.56 (m, 1H), 1.11 (t, J = 7.1 Hz, 3H), 0.96 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, 

CDCl3) δ 163.5, 151.6, 148.4, 147.5, 130.3, 129.4, 123.2, 121.9, 120.0, 116.7, 113.7, 

108.6, 102.0, 101.8, 100.5, 87.1, 65.3, 65.2, 62.4, 62.2, 52.6, 41.8, 35.6, 30.7, 29.8, 

28.8, 15.3, 14.9. HRMS (ESI): m/z calcd for C25H30 NO13SF3Na [M + Na]+: 646.1282; 

found: 646.1286.

Preparation of methyl (3aR,3a1R,12bR)-2-(((trifluoromethyl)sulfonyl)oxy)-

3a,3a1,4,5,7,12b-hexahydro-3H-[1,3]dioxolo[4,5-j]pyrrolo[3,2,1-de]phenanthridine-

1-carboxylate (41)

O

O

O

OTf

O

O

O
NO2

O

O

OTf

O

O

N

then Zn
powder

rt, overnight
two steps 87%

O

O

OTf

O

O

OEt
NO2

O O

OEt
HBr, H2O

CH3COOH

THF, 50 C
2 h

40 S3 41

To a stirred solution of 40 (3.50 g, 5.50 mmol) in the mixture of THF (20 mL), acetic 

acid (30 mL) and H2O (20 mL) at room temperature was slowly added HBr (1.00 mL, 

33% in CH3COOH). The reaction mixture was stirred at 50 ºC for additional 2 h under 

N2 atmosphere before being cooled to room temperature to give S3. Then zinc powder 

(14.3 g, 218 mmol) was slowly added, the resulting mixture was stirred overnight at 

room temperature under N2 atmosphere. The reaction was quenched by addition of solid 

K2CO3 (69.0 g, 0.500 mol). The resulting mixture was diluted with ethyl acetate (150 

mL) and water (120 mL), After separation of the organic layer, the aqueous layer was 

extracted with ethyl acetate (3 × 100 mL). The combined organic phase was washed 

with brine (3 × 60 mL), dried over Na2SO4, filtered and concentrated under reduced 

pressure. The residue was purified by silica gel column chromatography (Ethyl acetate 

: Triethylamine = 100 : 1) to afford product 41 (1.87 g, 87% overall yield) as a faint 

yellow oil.

Rf = 0.28 (silica, EA : Et3N = 40 : 1); 1H NMR (400 MHz, CDCl3) δ 6.61 (s, 1H), 

6.43 (d, J = 0.9 Hz, 1H), 5.91 (q, J = 1.5 Hz, 2H), 3.98 (dd, J = 13.8, 1.2 Hz, 1H), 3.86 

(s, 1H), 3.82 (s, 3H), 3.57 (d, J = 9.4 Hz, 1H), 3.09 – 2.88 (m, 2H), 2.87 – 2.71 (m, 2H), 

2.69 – 2.55 (m, 1H), 2.47 (td, J = 16.7, 6.9, 1.6 Hz, 1H), 2.12 –2.08 (m, 1H), 1.76 –1.69 
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(m, 1H). 13C NMR (101 MHz, CDCl3) δ 164.8, 150.5, 146.4, 146.2, 129.4, 129.2, 125.5, 

123.2, 120.0, 116.8, 113.7, 107.7, 105.8, 101.1, 66.0, 55.7, 54.6, 52.6, 40.6, 36.5, 32.9, 

30.6. HRMS (ESI): m/z calcd for C19H19 F3NO7S [M + H]+: 462.0829; found: 462.0831.

Preparation of methyl (3aS,3a1R,12bR)-3a,3a1,4,5,7,12b-hexahydro-3H-[1,3]dioxolo 

[4,5-j]pyrrolo[3,2,1-de]phenanthridine-1-carboxylate (37)

O

O

O

O

N

Pd(OAc)2, PPh3
Et3N, HCOOH

THF, 70 °C
84%

O

O

OTf

O

O

N
41 37

To a stirred solution of 41 (2.14 g, 4.64 mmol) in THF (80 ml) were orderly added 

PPh3 (804 mg, 0.696 mmol), Pd(OAc)2 (238 mg, 1.06 mmol), triethylamine (7.72 mL, 

55.7 mmol) and HCO2H (2.37 mL, 55.7 mmol) at room temperature. The reaction 

mixture was heated to 70 ℃ and stirred for additional 2 h under N2 atmosphere. The 

reaction was quenched by addition of aq. satd. NaHCO3 (40 mL) and the resulting 

mixture was extracted with ethyl acetate (3 × 80 mL). The combined organic phase was 

washed with brine (3 × 50 mL), dried over Na2SO4, filtered and concentrated under 

reduced pressure. The residue was purified by silica gel column chromatography (Ethyl 

acetate: Triethylamine = 70 : 1) to afford product 37 (1.14 g, 84%) as a tans oil.

Rf = 0.34 (silica, EA : Et3N = 30 : 1); 1H NMR (400 MHz, CDCl3) δ 6.91 (td, J = 

4.6, 2.6 Hz, 1H), 6.65 (s, 1H), 6.38 (d, J = 0.9 Hz, 1H), 6.01 – 5.52 (m, 2H), 4.11 (d, J 

= 13.9 Hz, 1H), 3.76 (s, 3H), 3.75 (d, J = 13.8 Hz, 1H) 3.37 (dd, J = 9.3, 2.6 Hz, 1H), 

3.19 (td, J = 9.7, 7.1 Hz, 1H), 2.88 (td, J = 9.5, 2.1 Hz, 1H), 2.80 – 2.54 (m, 2H), 2.45 

– 2.35 (m, 1H), 2.31 – 2.24 (m, 1H), 2.04 – 1.95 (m, 1H), 1.74 – 1.63 (m, 1H). 13C 

NMR (101 MHz, CDCl3) δ 168.6, 146.1, 145.4, 140.2, 133.6, 131.2, 129.4, 107.8, 

105.8, 100.9, 56.5, 55.3, 51.9, 37.2, 34.8, 30.4, 28.6; HRMS (ESI): m/z calcd for C18H20 

NO4 [M + H]+: 314.1387; found: 314.1387.
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Attempt to obtain intermediate 9 through a deester process[14]

O

O N

48% HBr
CH3COOH, H2O

120 °C, 22 hO

O

O

O

N
37 9

To a stirred solution of 37 (31.3 mg, 0.1 mmol) in CH3COOH (135 μL) was added 

48% HBr (270 μL) and H2O (65μL) at room temperature. The reaction mixture was 

heated to 120 ℃ and stirred for 22 h under N2 atmosphere. TLC analysis indicated that 

37 decomposed under this condition and no product 9 was formed. 

Attempt to obtain intermediate 9 through an ester hydrolysis and subsequent 

tandem decarboxylation process

O

O N

conditionsO

O

O

O

N
37 9

Table S1 Optimization of conditions for ester hydrolysis and decarboxylation[a, b]

Entry Solvent reagent Temp. 
(°C)

Result[c]

1 MeOH KOH then CH3COOH 0 to 60 failed

2 MeOH K2CO3 then CH3COOH 20 to 80 failed

3 EtOH KOH then CH3COOH 0 to 60 failed

4 EtOH K2CO3 then CH3COOH 20 to 80 failed

5 THF K2CO3 then CH3COOH 20 to 80 failed

6 THF K2CO3 then HCl (2 N) 20 to 80 failed

[a] Reactions were conducted on a 0.1 mmol scale using 1.0 equiv. 37, 2.0 equiv. base (aqueous, 
2.0 mol/L) and 2.0 mL solvent. [b] The reaction mixture of 37, base and solvent was stirred at 0 °C 
(KOH as the base) or 20 °C (K2CO3 as the base). Acid was added and the reaction mixture was 
heated until the starting material (37) had been completely consumed as judged by TLC analysis. 
[c] Compound 37 was found to be unstable under basic conditions and no product 9 was obtained 
with all the above-mentioned conditions
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Attempt to obtain intermediate 9 through a deformylation process[15]

O

O N
9

Rh(PPh3)4Cl

toluene, 110°C

10-39%
O

O

O

N

oxidation

43
unstable

O

O

HO

N

DIBAL-HO

O

O

O

N
37 42

DCM, -78 °C
2 h, 100%

To a stirred solution of 37 (1.02 g, 3.26 mmol) in dry DCM (100 mL) at −78 ºC under 

N2 atmosphere was slowly added DIBAL-H (6.51 mL, 6.51 mmol) and the resulting 

mixture was then stirred for 2 h at the same temperature. The reaction was quenched by 

addition of H2O (4 mL) and then extracted with DCM (3 ×40 mL). The combined 

organic phase was washed with brine (3 × 40 mL), dried over Na2SO4, filtered and 

concentrated under reduced pressure to afford product 42 (928 mg, 100%) as a white 

solid which was used for the next step without further purification. 

Rf = 0.28 (silica, EA : Et3N = 30 : 1),1H NMR (400 MHz, CDCl3) δ 7.19 (s, 1H), 6.58 

(s, 1H), 6.28 – 5.99 (m, 1H), 6.00 – 5.75 (m, 2H), 4.35 (q, J = 13.0 Hz, 2H), 3.97 (d, J 

= 14.0 Hz, 1H), 3.80 – 3.59 (m, 1H), 3.49 (d, J = 10.1 Hz, 1H), 3.19 – 3.05 (m, 1H), 

2.62 – 2.44 (m, 2H), 2.37 (t, J = 10.4 Hz, 1H), 2.31 – 2.12 (m, 1H), 2.02 –2.07 (m, 1H), 

1.97 – 1.82 (m, 1H), 1.73 – 1.49 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 146.3, 145.8, 

142.3, 130.5, 130.1, 130.0, 108.6, 107.7, 101.0, 68.8, 64.0, 56.4, 54.6, 42.8, 37.5, 31.60, 

29.9.

The yield of 43 in the next step (42→43) is low under various oxidation conditions 

(Table S2), Swern oxidation gave the highest yield of 39%. aldehyde 43 was found to 

be unstable at room temperature and an attempt to obtain intermediate 9 through a 

deformylation of 43 was unsuccessful. 

Table S2 Optimization of conditions for the oxidation of 42 to 43[a]

Entry Solvent Oxid. reagent Temp. Time 
(h)

Result (yield) [b]

1 DCM PDC (2.0 equv.) rt to reflux. 5 15%
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2 DCM PCC (2.0 equv.) rt to reflux. 8 18%
3 DCM DMP (1.2 equv.) 0 °C to rt 3 24%
4 DCM SO3•py (1.2 

equv.)
0 °C to rt 2 30%

5 DCM MnO2 (5.0 equv.) rt to reflux. 6 10%
6 DCM Swern (1.5 equv.) -78 °C 1.5 39%

[a] Reactions were conducted on a 0.1 mmol scale using 1.0 equiv. 42, 5.0 mL DCM. [b] Isolated 
yields after chromatographic purification.

3. Crude 1H NMR for AD-mix-β mediated asymmetric dihydroxylation 

4. Crude 1H NMR of 34  
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5. Computational details  

Geometry optimizations and frequency analyses were performed at the B3LYP/6-
31G(d)-PCM-(THF) level of theory using Gaussian 16 package.[16] Single-point 
energies were calculated at the theoretical level of B3LYP/6-311G(d,p)-PCM-(THF). 

1. Enolization Reaction of 10:

O

O N

10

O

+ TMS
N

TMS

Li

LiHMDS

O

O N

OLi

O

O N

OLi
33a

33b

+

+ TMS
N

TMS

H

TMS
N

TMS

H

HMDS

HMDS

G1= -6.96

G2= -8.77

195K

195K

Scheme S1 Thermochemistry calculated for enolization reaction (kcal/mol) 

Compound Eele Gcorr(195K) G(195K)

10 -900.563842025 0.283948000 -900.279894025
LiHMDS -881.075816349 0.204396000 -880.871420349

33a -907.549585043 0.272329000 -907.277256043
33b -907.552454108 0.272322000 -907.280132108

HMDS -874.100653283 0.215499000 -873.885154283

Free Energy calculation result (Hartree) result (kcal/mol)
ΔG1 -0.011096 -0.011096 -6.96285096
ΔG2 -0.013972 -0.013972 -8.76756972

Owing to complexity of the transition state, thermochemistry of the enolization reaction was 
investigated by DFT calculations. According to the free energy change, 33b was more stable than 
33a, but 33a was exclusively produced, implying that the selectivity for this reaction may be kinetic 
control process instead of thermodynamic control.

2. Elimination Reaction of 35:
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O

O

OMs

N

35a

1 2 3
O

O

2

N

1 3

36

+ MsH
384K

O

O

OMs

N

35b

1 2 3

384K

O

O

2

N

9

1 3

+MsH

O

O

2

N

1 3

36

+ MsH
384K384K

O

O

2

N

9

1 3

+MsH

G1 = 8.04 G2 = 5.85

G3 = 9.37 G4 = 7.17

Scheme S2 Thermochemistry calculated for elimination reaction (kcal/mol)

Compound Eele Gcorr(384K) G(384K)

35a -1414.494276 0.296305 -1414.197971
35b -1414.495885 0.295804 -1414.200081
36 -825.2929114 0.245344 -825.0475674
9 -825.2896096 0.245536 -825.0440736

MsH -589.1609153 0.019835 -589.1410803

Free Energy result (Hartree) result (kcal/mol)
ΔG1 0.012817 8.042997728
ΔG2 0.009324 5.850625253
ΔG3 0.014927 9.36714423
ΔG4 0.011434 7.174771755

DFT calculations were conducted to shed light on the thermochemistry of elimination reactions 
(Scheme S2). For both 35a and 35b, the formation of compound 36 is favorable than formation of 
9 according to the free energy change, but all process cannot proceed spontaneously. 35a is more 
likely to undergo elimination than 35b to form compound 36. The calculated results supported the 
conclusion that elimination reaction of 36 is a thermodynamic control process.

Cartesian coordinates and energy
10
Charge =  0 Multiplicity = 1
C                     2.9286    0.77777  -0.09473 
C                     3.26689  -0.56101   0.07673 
C                     2.3038   -1.54374   0.14791 
C                     0.95028  -1.15578   0.04015 
C                     0.60482   0.20134  -0.12869 
C                     1.61653   1.18617  -0.1999 
O                     4.07059   1.5468   -0.10336 
C                     5.15987   0.61279  -0.13323 
O                     4.63331  -0.68509   0.18217 
C                    -0.86526   0.58191  -0.27866 
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C                    -1.70259  -0.49216   0.41369 
C                    -3.24246  -0.31379   0.31896 
C                    -1.30217   1.96342   0.22496 
C                    -3.62743   0.97711  -0.4279 
C                    -2.81325   2.17476   0.05509 
O                    -3.32519   3.25584   0.29215 
C                    -3.7315   -1.64421  -0.31342 
N                    -1.41232  -1.76648  -0.23395 
C                    -0.10287  -2.25711   0.148 
C                    -2.57575  -2.62069  -0.0297 
H                     2.57637  -2.58616   0.28416 
H                     1.37563   2.23521  -0.33149 
H                     5.90203   0.89549   0.61653 
H                     5.59887   0.59455  -1.13948 
H                    -1.10814   0.52863  -1.34996 
H                    -1.41071  -0.51317   1.48302 
H                    -3.64062  -0.24062   1.33689 
H                    -1.0687    2.08799   1.29216 
H                    -0.8015    2.78677  -0.29657 
H                    -4.69056   1.21383  -0.32767 
H                    -3.41907   0.85524  -1.50164 
H                    -4.68522  -1.98283   0.10185 
H                    -3.85479  -1.53027  -1.39655 
H                    -0.10206  -2.64929   1.18805 
H                     0.1744   -3.09942  -0.49932 
H                    -2.55714  -3.47908  -0.71089 
H                    -2.6373   -3.01271   1.00529
Zero-point correction=                           0.308116 (Hartree)
Thermal correction to Energy=                    0.315020
Thermal correction to Enthalpy=                  0.315638
Thermal correction to Gibbs Free Energy=         0.283948
FINAL SINGLE POINT ENERGY              -900.563842025

33a
Charge =  0 Multiplicity = 1
C                     2.94283   0.87605  -0.11998 
C                     3.36419  -0.42598   0.1262 
C                     2.46557  -1.46586   0.23213 
C                     1.09172  -1.17462   0.08433 
C                     0.66054   0.14943  -0.15538 
C                     1.60834   1.19136  -0.26464 
O                     4.03566   1.71802  -0.15056 
C                     5.17833   0.85154  -0.13963 
O                     4.73686  -0.45282   0.26203 
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C                    -0.82597   0.42533  -0.35216 
C                    -1.59179  -0.67453   0.38579 
C                    -3.13206  -0.58149   0.27434 
C                    -1.39605   1.77231   0.0325 
C                    -3.5639    0.69462  -0.48065 
C                    -2.74979   1.92248  -0.03137 
C                    -3.53588  -1.95227  -0.33252 
N                    -1.21889  -1.95877  -0.19991 
C                     0.11149  -2.34288   0.22444 
C                    -2.34004  -2.86368   0.01115 
H                     2.80407  -2.48007   0.42456 
H                     1.29366   2.21032  -0.46102 
H                     5.91092   1.22451   0.57946 
H                     5.6068    0.79795  -1.15009 
H                    -1.02275   0.23846  -1.42457 
H                    -1.30082  -0.627     1.45343 
H                    -3.54163  -0.5168    1.28942 
H                    -0.76017   2.59562   0.3495 
H                    -4.62964   0.89811  -0.3277 
H                    -3.42011   0.53568  -1.56139 
H                    -4.48396  -2.33216   0.06211 
H                    -3.63059  -1.87584  -1.42254 
H                     0.12063  -2.68784   1.28223 
H                     0.46164  -3.19231  -0.37793 
H                    -2.26497  -3.74712  -0.63503 
H                    -2.40902  -3.22086   1.05955 
O                    -3.41982   3.01662   0.2451 
Li                   -4.2495    4.40841   0.8132
Zero-point correction=                           0.296859 (Hartree)
Thermal correction to Energy=                    0.304316
Thermal correction to Enthalpy=                  0.304933
Thermal correction to Gibbs Free Energy=         0.272329
FINAL SINGLE POINT ENERGY              -907.549585043

33b
Charge =  0 Multiplicity = 1
C                    -2.91639   0.87512   0.06261 
C                    -3.35409  -0.43937  -0.0569 
C                    -2.4658   -1.49225  -0.10056 
C                    -1.08673  -1.20167  -0.01647 
C                    -0.6376    0.1332    0.10052 
C                    -1.57635   1.18912   0.14147 
O                    -4.00124   1.72716   0.04825 
C                    -5.15071   0.87462   0.14401 
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O                    -4.72945  -0.46487  -0.15028 
C                     0.85972   0.41613   0.2134 
C                     1.58886  -0.73357  -0.47385 
C                     3.13515  -0.67679  -0.44568 
C                     1.39775   1.75733  -0.29319 
C                     3.66635   0.68898  -0.09373 
C                     2.91858   1.82841  -0.09503 
C                     3.52042  -1.8874    0.45278 
N                     1.22089  -1.9493    0.24923 
C                    -0.1153   -2.38222  -0.0819 
C                     2.35173  -2.86241   0.21822 
H                    -2.81568  -2.51615  -0.19728 
H                    -1.25407   2.22085   0.22933 
H                    -5.89882   1.18902  -0.58692 
H                    -5.55282   0.91551   1.16569 
H                     1.13115   0.35489   1.27711 
H                     1.24528  -0.77333  -1.52696 
H                     3.4794   -0.9486   -1.45867 
H                     1.14004   1.91053  -1.35312 
H                     4.74466   0.78734   0.04156 
H                     4.49419  -2.31502   0.19063 
H                     3.54606  -1.59274   1.50827 
H                    -0.17294  -2.83556  -1.09676 
H                    -0.4355   -3.16357   0.62125 
H                     2.25637  -3.6298    0.99653 
H                     2.4656   -3.38495  -0.75419 
O                     3.40629   3.03766   0.07915 
Li                    3.96758   4.63509   0.35667 
H                     0.9598    2.59841   0.25772
Zero-point correction=                           0.296967 (Hartree)
Thermal correction to Energy=                    0.304470
Thermal correction to Enthalpy=                  0.305088
Thermal correction to Gibbs Free Energy=         0.272322
FINAL SINGLE POINT ENERGY              -907.552454108

LiHMDS
Charge =  0 Multiplicity = 1
Si                   -2.16901   1.991    -0.01441 
Si                   -2.17351  -0.68191  -1.5928 
C                    -1.34007   2.56796   1.6099 
H                    -1.54784   3.62643   1.8139 
H                    -0.24623   2.45709   1.57037 
H                    -1.70227   1.9967    2.47653 
C                    -4.03683   2.32067   0.21753 
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H                    -4.23299   3.37078   0.47352 
H                    -4.45336   1.70024   1.02192 
H                    -4.60315   2.09252  -0.69441 
C                    -1.58429   3.22046  -1.35559 
H                    -1.81785   4.2582   -1.08119 
H                    -2.06269   3.02023  -2.32287 
H                    -0.4993    3.15517  -1.51051 
C                    -1.42354  -2.41318  -1.28063 
H                    -1.66897  -3.10832  -2.09428 
H                    -1.80304  -2.85902  -0.35038 
H                    -0.32695  -2.37608  -1.21042 
C                    -4.04897  -0.96634  -1.82428 
H                    -4.25123  -1.69289  -2.623 
H                    -4.56865  -0.03596  -2.08694 
H                    -4.51145  -1.34793  -0.90457 
C                    -1.51465  -0.13691  -3.3023 
H                    -1.75756  -0.87055  -4.08304 
H                    -0.4233   -0.01686  -3.28903 
H                    -1.94275   0.82559  -3.61035 
Li                   -0.60595  -0.38334   1.01423 
N                    -1.75981   0.3605   -0.30705
Zero-point correction=                           0.228164 (Hartree)
Thermal correction to Energy=                    0.236069
Thermal correction to Enthalpy=                  0.236687
Thermal correction to Gibbs Free Energy=         0.204396
FINAL SINGLE POINT ENERGY              -881.075816349

HMDS
Charge =  0 Multiplicity = 1
N                    -3.61279   0.40754  -0.2807 
Si                   -4.09992   2.04243   0.1333 
Si                   -3.90673  -0.63883  -1.65976 
C                    -2.86861   2.69097   1.41517 
H                    -3.14445   3.69873   1.74937 
H                    -1.85283   2.74102   1.00522 
H                    -2.83861   2.04854   2.30443 
C                    -5.84194   2.09832   0.8768 
H                    -6.13061   3.12398   1.14079 
H                    -5.90417   1.48957   1.78736 
H                    -6.58869   1.71416   0.17121 
C                    -4.07065   3.13989  -1.40749 
H                    -4.37412   4.16415  -1.15671 
H                    -4.75621   2.77947  -2.18412 
H                    -3.06624   3.18525  -1.84467 
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C                    -3.5484   -2.41099  -1.10248 
H                    -3.68065  -3.1161   -1.93231 
H                    -4.21924  -2.72015  -0.29201 
H                    -2.51724  -2.51879  -0.7429 
C                    -5.70531  -0.49149  -2.22939 
H                    -5.89195  -1.1384   -3.09592 
H                    -5.95941   0.5329   -2.5281 
H                    -6.3993   -0.78755  -1.43383 
C                    -2.77956  -0.2159   -3.12277 
H                    -2.96397  -0.88485  -3.97335 
H                    -1.72177  -0.30926  -2.84757 
H                    -2.94153   0.81231  -3.46837 
H                    -3.05445  -0.0377    0.44385
Zero-point correction=                           0.238822 (Hartree)
Thermal correction to Energy=                    0.246667
Thermal correction to Enthalpy=                  0.247285
Thermal correction to Gibbs Free Energy=         0.215499
FINAL SINGLE POINT ENERGY              -874.100653283

35a
Charge =  0 Multiplicity = 1
C                    -3.45006  -1.2885   -0.1667 
C                    -4.18408  -0.16333   0.1954 
C                    -3.58638   1.06882   0.34394 
C                    -2.19598   1.16382   0.11738 
C                    -1.4495    0.0233   -0.24417 
C                    -2.0923   -1.22652  -0.39275 
O                    -4.27937  -2.38566  -0.21892 
C                    -5.60738  -1.86899  -0.06098 
O                    -5.50197  -0.50937   0.38458 
C                     0.04148   0.17831  -0.52813 
C                     0.54682   1.38166   0.26311 
C                     2.04863   1.72383   0.07883 
C                     0.96486  -1.01183  -0.22238 
C                     2.72004   0.80148  -0.95028 
C                     2.38209  -0.70492  -0.78011 
C                     2.03902   3.23196  -0.29857 
N                    -0.18746   2.55989  -0.17751 
C                    -1.55118   2.5342    0.31712 
C                     0.64457   3.71255   0.14351 
H                    -4.16727   1.9414    0.62794 
H                    -1.54237  -2.11695  -0.67554 
H                    -6.13943  -2.45707   0.69086 
H                    -6.12891  -1.8976   -1.0274 
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H                     0.14534   0.42346  -1.59506 
H                     0.35694   1.17682   1.33744 
H                     2.54903   1.60738   1.04644 
H                     0.98576  -1.17135   0.86338 
H                     0.61444  -1.94809  -0.66128 
H                     3.80671   0.93776  -0.96386 
H                     2.37391   1.08789  -1.95029 
H                     2.84889   3.79303   0.17709 
H                     2.13945   3.35226  -1.38327 
H                    -1.59209   2.78902   1.39859 
H                    -2.1414    3.30031  -0.20271 
H                     0.30505   4.60538  -0.39375 
H                     0.63581   3.94835   1.22717 
H                     2.48394  -1.1778   -1.76441 
S                     3.67918  -1.65108   0.11262 
O                     3.2075   -3.04673   0.2127 
O                     4.97111  -1.36631  -0.54413 
C                     3.7775   -0.98838   1.79407 
H                     4.11411   0.04864   1.7611 
H                     2.81154  -1.07803   2.29347 
H                     4.51894  -1.60701   2.30529
Zero-point correction=                           0.366147 (Hartree)
Thermal correction to Energy=                    0.397889
Thermal correction to Enthalpy=                  0.399105
Thermal correction to Gibbs Free Energy=         0.296305
FINAL SINGLE POINT ENERGY              -1414.494276

35b
Charge =  0 Multiplicity = 1
C                    -3.27294  -1.35147   0.0468 
C                    -4.09578  -0.23524  -0.0651 
C                    -3.57537   1.03819  -0.13555 
C                    -2.1719    1.18489  -0.09055 
C                    -1.33614   0.05509   0.02944 
C                    -1.90052  -1.23914   0.0947 
O                    -4.04463  -2.48921   0.12534 
C                    -5.38431  -2.05964  -0.14779 
O                    -5.41486  -0.62804  -0.06183 
C                     0.17674   0.25114   0.03138 
C                     0.46653   1.65759   0.54589 
C                     1.96403   2.05691   0.57024 
C                     1.02186  -0.74538   0.83669 
C                     2.85192   0.93462   0.01073 
C                     2.54502  -0.41453   0.70076 
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C                     2.00444   3.39433  -0.22003 
N                    -0.18304   2.61116  -0.34353 
C                    -1.61932   2.60809  -0.14509 
C                     0.53927   3.86873  -0.20772 
H                    -4.2254    1.90387  -0.22276 
H                    -1.28026  -2.1244    0.17754 
H                    -6.06126  -2.48242   0.59859 
H                    -5.66955  -2.37112  -1.16214 
H                     0.51357   0.20837  -1.01322 
H                     0.05837   1.73315   1.57505 
H                     2.25941   2.24313   1.60957 
H                     0.74945  -0.68982   1.89721 
H                     0.83565  -1.77922   0.5336 
H                     3.90867   1.19335   0.14506 
H                     2.68241   0.83324  -1.06652 
H                     2.68885   4.1258    0.22022 
H                     2.32066   3.2157   -1.25393 
H                    -1.89869   3.13285   0.7947 
H                    -2.10116   3.16104  -0.96226 
H                     0.29957   4.55185  -1.03062 
H                     0.30395   4.39046   0.74244 
H                     3.01326  -0.44863   1.69043 
S                     3.35268  -1.80034  -0.20379 
O                     3.06359  -3.04814   0.53141 
O                     2.99253  -1.70755  -1.6338 
C                     5.12878  -1.49191  -0.05387 
H                     5.39088  -0.56105  -0.55866 
H                     5.40467  -1.46308   1.00208 
H                     5.61845  -2.33577  -0.54552
Zero-point correction=                           0.366179 (Hartree)
Thermal correction to Energy=                    0.397953
Thermal correction to Enthalpy=                  0.399170
Thermal correction to Gibbs Free Energy=         0.295804
FINAL SINGLE POINT ENERGY              -1414.495885

36
Charge =  0 Multiplicity = 1
C                     2.80159   0.69059  -0.0803 
C                     3.01906  -0.67397   0.07628 
C                     1.9719   -1.56758   0.13418 
C                     0.65935  -1.06028   0.02553 
C                     0.43479   0.32561  -0.1297 
C                     1.5313    1.21525  -0.18415 
O                     4.00878   1.35562  -0.07415 
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C                     5.00689   0.32801  -0.11855 
O                     4.37004  -0.91991   0.18594 
C                    -0.9959    0.84052  -0.26717 
C                    -1.90077  -0.15126   0.46252 
C                    -3.41859   0.14726   0.42546 
C                    -1.30743   2.27776   0.17392 
C                    -3.72297   1.57374   0.04906 
C                    -2.79143   2.53541  -0.00266 
C                    -4.00298  -1.00095  -0.4411 
N                    -1.74155  -1.43017  -0.22095 
C                    -0.48948  -2.06722   0.10973 
C                    -3.00535  -2.14501  -0.1764 
H                     2.15106  -2.63138   0.26089 
H                     1.38451   2.28316  -0.30131 
H                     5.77582   0.53529   0.62971 
H                     5.43999   0.28124  -1.1276 
H                    -1.27614   0.77834  -1.32824 
H                    -1.56851  -0.20753   1.51778 
H                    -3.8097   -0.00467   1.44304 
H                    -1.00295   2.4446    1.21915 
H                    -0.74273   3.00293  -0.42457 
H                    -4.77053   1.83064  -0.10776 
H                    -5.03158  -1.25569  -0.16657 
H                    -3.98349  -0.73734  -1.50423 
H                    -0.49915  -2.51252   1.12923 
H                    -0.30544  -2.89675  -0.58678 
H                    -3.03632  -2.93203  -0.93937 
H                    -3.20798  -2.62103   0.8052 
H                    -3.09651   3.56086  -0.20607
Zero-point correction=                           0.303642 (Hartree)
Thermal correction to Energy=                    0.327254
Thermal correction to Enthalpy=                  0.328470
Thermal correction to Gibbs Free Energy=         0.245344
FINAL SINGLE POINT ENERGY              -825.2929114

9
Charge =  0 Multiplicity = 1
C                    -2.82074   0.69723   0.07637 
C                    -3.0301   -0.66986  -0.07288 
C                    -1.97842  -1.55816  -0.13032 
C                    -0.66757  -1.0427   -0.03554 
C                    -0.45397   0.34536   0.10387 
C                    -1.55305   1.23003   0.16886 
O                    -4.03235   1.35339   0.08078 
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C                    -5.02182   0.31831   0.1452 
O                    -4.38055  -0.92458  -0.16964 
C                     0.972     0.8608    0.24362 
C                     1.90512  -0.14582  -0.44132 
C                     3.41435   0.19112  -0.37133 
C                     1.33069   2.25096  -0.22948 
C                     3.66059   1.57973   0.26928 
C                     2.62854   2.58452  -0.20895 
C                     4.03066  -1.04226   0.33937 
N                     1.74317  -1.422     0.24242 
C                     0.48604  -2.04534  -0.11514 
C                     2.99234  -2.15421   0.08915 
H                    -2.15291  -2.62405  -0.2446 
H                    -1.40956   2.29784   0.29338 
H                    -5.80618   0.51864  -0.58849 
H                    -5.43477   0.26965   1.16264 
H                     1.22713   0.80733   1.31528 
H                     1.59769  -0.2169   -1.50242 
H                     3.79621   0.23319  -1.3974 
H                     0.57018   2.94347  -0.58196 
H                     4.67761   1.92645   0.05612 
H                     3.59137   1.48159   1.36461 
H                     5.0256   -1.29874  -0.03783 
H                     4.11333  -0.86183   1.41773 
H                     0.51606  -2.47086  -1.14228 
H                     0.28895  -2.88735   0.56195 
H                     3.05712  -2.97908   0.80878 
H                     3.1154   -2.58389  -0.92613 
H                     2.95978   3.56978  -0.52996
Zero-point correction=                           0.303570 (Hartree)
Thermal correction to Energy=                    0.327118
Thermal correction to Enthalpy=                  0.328334
Thermal correction to Gibbs Free Energy=         0.245536
FINAL SINGLE POINT ENERGY              -825.2896096

MsH
Charge =  0 Multiplicity = 1
S                    -0.28349  -0.0141    0. 
H                    -1.35905   0.83266   0. 
O                    -0.28349  -0.73469   1.27937 
O                    -0.28349  -0.73469  -1.27937 
C                     1.06966   1.16712   0. 
H                     1.00896   1.77985  -0.90182 
H                     1.00896   1.77985   0.90182 
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H                     1.99486   0.58552   0.
Zero-point correction=                           0.057131 (Hartree)
Thermal correction to Energy=                    0.064031
Thermal correction to Enthalpy=                  0.065247
Thermal correction to Gibbs Free Energy=         0.019835
FINAL SINGLE POINT ENERGY              -589.1609153
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7. 1H and 13C NMR spectra for all compounds
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9. Determination of the Enantiomeric Excess by HPLC Analysis 

O

O

OH

O

O

OEt

OEt

NO2

O O

Rac - 12

O

O

OH

O

O

OEt

OEt

NO2

O O

Asy - 12



65

O

O

OBz

O

O

OEt

OEt

NO2

O O

Rac - 11



66

 

10.  X-Ray Crystallographic Data for 11

 Crystal data for 11: C31H35NO12, M = 613.60, a = 10.3885(2) Å, b = 14.7402(4) Å, 

c = 19.0069(5) Å, α = 90°, β = 90°, γ = 90°, V = 2910.50(12) Å3, T = 100.(2) K, space 

group P212121, Z = 4, μ(Cu Kα) = 0.911 mm-1, 28664 reflections measured, 5759 

independent reflections (Rint = 0.0409). The final R1 values were 0.0256 (I > 2σ(I)). The 

final wR(F2) values were 0.0631 (I > 2σ(I)). The final R1 values were 0.0260 (all data). 

The final wR(F2) values were 0.0635 (all data). The goodness of fit on F2 was 1.074. 

Flack parameter = 0.06(4).
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View of a molecule of 11 with the atom-labelling scheme.

Displacement ellipsoids are drawn at the 30% probability level.
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View of the pack drawing of 11.

Hydrogen-bonds are shown as dashed lines.

  Table 1.  Crystal data and structure refinement for 11.

Identification code global

Empirical formula C31 H35 N O12

Formula weight 613.60

Temperature 100(2) K

Wavelength 1.54178 Å

Crystal system Orthorhombic

Space group P212121

Unit cell dimensions a = 10.3885(2) Å α = 90°.

b = 14.7402(4) Å β = 90°.

c = 19.0069(5) Å γ = 90°.

Volume 2910.50(12) Å3

Z 4

Density (calculated) 1.400 Mg/m3

Absorption coefficient 0.911 mm-1

F(000) 1296

Crystal size 0.420 x 0.250 x 0.150 mm3

Theta range for data collection 4.85 to 72.37°.

Index ranges -12<=h<=12, -18<=k<=14, -21<=l<=23

Reflections collected 28664

Independent reflections 5759 [R(int) = 0.0409]

Completeness to theta = 72.37° 99.8 % 

Absorption correction Semi-empirical from equivalents
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Max. and min. transmission 0.88 and 0.70

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 5759 / 0 / 400

Goodness-of-fit on F2 1.074

Final R indices [I>2sigma(I)] R1 = 0.0256, wR2 = 0.0631

R indices (all data) R1 = 0.0260, wR2 = 0.0635

Absolute structure parameter 0.06(4)

Largest diff. peak and hole 0.210 and -0.198 e.Å-3


