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1. General Information

All commercially available reagents were used without further purification unless otherwise noted. 
All solvents were dried and distilled as follow: THF and Et2O were distilled from sodium; CH2Cl2 and 
toluene ware distilled from calcium hydride; CHCl3 was distilled from P2O5, anhydrous 1,2-
dichloroethane (Aladdin, 99.8%, with molecular sieves), acetonitrile, 1,4-dioxane, 2-Methylfuran, and 
other solvents were commercially available. Thin layer chromatography was conducted on Merck 60 
F254 pre-coated silica gel plates. Column chromatography was carried out by normal 200-400 mesh 
silica gel. All new compounds gave satisfactory spectroscopic analyses (1H NMR, 13C NMR, HRMS). 
NMR spectra were recorded on Bruker AVANCE III 500MHz NMR spectrometer. HRMS spectra were 
obtained from IonSpec 4.7 Tesla FTMS mass spectrometer (MALDI), Bruker APEXIII 7.0 TESLA 
FTMS (ESI). Chiral HPLC analyses were performed on Waters 2487 Series using Daicel Chiralpak (AD-
H, OD-H, IC and IB-3) column with hexane/iPrOH/MeOH as the eluent. Optical rotations were measured 
on Anton Paar MCP 300 polarimeter.
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2. Reaction Conditions Optimization

2.1 General Procedure

Unless noted otherwise, reactions were carried out for the following procedure. Metal salt (5 mol% 
or 10 mol%), N, N'-dioxide ligand (6 mol% or 12 mol %), base (1.0 equiv.), and 4Å molecular sieves 
(20.0 mg) were stirred in anhydrous solvent (0.2 M) under argon atmosphere at 35 °C for 1 hour. Then 
a mixture of α, β-Unsaturated γ-butyrolactam 13 and α, β-unsaturated ketones 14 or 16 in the solvent was 
added to the above solution. The mixture was stirred at 35 °C until TLC showed the staring material was 
no longer consumed. The reaction mixture was filtered through Celite® and washed with EtOAc. The 
filtrate was then concentrated under reduced pressure to give a residue which was purified by silica gel 
chromatography to afford the addition product 15 or 17.

2.2 Screening Details for the Model Reaction

Table S1. The screening of catalysts[a]

O
catalyst (5 mmol%)

4 Å M.S., THF, 35 °C
(0.1 mmol scale)

NO

O
Boc

NO

Boc

13a 15a

+

14a

O

N N

O
NO

N N

O

R R

Ca-1: R=Ph
Ca-2: R=tBu Ca-3 Ca-4

N

N

O

H
O O

H

O

N

N

L-1

NH

S
NH N

Cy2N NCy2

F3C

F3C

Entry Catalyst Yield (%) ee (%)

1 —— NR ——

2 Ca-1/Ni(BF4)2·6H2O (1.2:1) NR ——

3 Ca-2/Ni(BF4)2·6H2O (1.2:1) Trace ——

4 Ca-3/Ni(BF4)2·6H2O (1.2:1) NR ——

5 Ca-4 5 6

6 L-1/Ni(BF4)2·6H2O (1.2:1) 41 67

[a] Unless noted otherwise, reactions performed using 1.0 equiv of 13a (0.1 mmol, 0.2 M), 1.2 equiv of 14a, 1.0 

equiv of K2CO3, 5 mmol % catalyst, and 20 mg 4 A M.S. at 35 ºC in THF for 24 h.
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Table S2. The screening of solvents[a]

O
Ni(BF4)2•6H2O (5 mol %)

L-1 (6 mol %)

solvent, 35 °C
K2CO3, 4 Å M.S., 24 h
(0.1 mmol scale)

NO

O
Boc

NO

Boc

N

N

O

H
O O

H

O

N

N

13a 15a

+

14a L-1

Entry Solvent Yield (%) ee (%)

1 THF 41 67

2 1,4-dioxane 56 54

3 CHCl3 33 69

4 EtOAc 37 65

5 2-methylfuran 30 62

6 DCM 41 52

7 1,2-DCE 59 84

8 CH3CN 61 84

9 Acetone 19 83

10 i-PrOH 30 67

[a] Reactions performed using 1.0 equiv of 13a (0.1 mmol, 0.2 M), 1.2 equiv of 14a, 1.0 equiv of K2CO3, 5 mmol % 

catalyst, and 20 mg 4 A M.S. at 35 ºC for 24 h.

Table S3. The screening of bases[a]

O
Ni(BF4)2•6H2O (5 mol % )

L-1 (6 mol % )

base, 35 °C, 4 Å M.S.
CH3CN, 36 h

(0.1 mmol scale)

NO

O
Boc

NO

Boc

N

N

O

H
O O

H

O

N

N

L-113a 15a

+

14a

Entry Base Yield (%) ee (%)

1 KHCO3 68 84

2 NaHCO3 32 84

3 DBU 30 14

4 2,6-Lutidine 15 81

5 pyridine NR ——

6 Quinine 56 78

7 Quinidine 63 80

[a] Unless noted otherwise, reactions performed using 1.0 equiv of 13a (0.1 mmol, 0.2 M), 1.2 equiv of 14a, 1.0 

equiv of base, 5 mmol % catalyst, and 20 mg 4 A M.S. at 35 ºC in CH3CN for 36 h.
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Table S4. The screening of metal salts[a]

O
metal salt / L-1
(1:1.2, 10 mol % )

KHCO3, 35 °C
4 Å M.S., CH3CN, 36 h

(0.1 mmol scale)

NO

O
Boc

NO

Boc

N

N

O

H
O O

H

O

N

N

L-113a 15a

+

14a

Entry Metal salt Yield (%) ee (%)

1 Ni(OTf)2 70 84

2 Ni(acac)2 11 41

3 NiCl2 Trace ——

4 NiCl2·6H2O Trace ——

5 Ni(BF4)2·6H2O 75 84

6 Ni(ClO4)2·6H2O 84 84

[a] Unless noted otherwise, reactions performed using 1.0 equiv of 13a (0.1 mmol, 0.2 M), 1.2 equiv of 14a, 1.0 

equiv of KHCO3, 10 mmol % catalyst, and 20 mg 4 A M.S. at 35 ºC in CH3CN for 36 h.

Table S5. The screening of N, N'-dioxide ligands[a]

O

Ni(ClO4)2•6H2O / Ligand
(1:1.2, 10 mol % )

KHCO3, 35 °C
4 Å M.S., CH3CN, 36 h

(0.1 mmol scale)

NO

O
Boc

NO

Boc

13a 15a

+

14a

L-1: R=2,4,6-Me3C6H2, m=2, n=1
L-2: R=2,4,6-Me3C6H2, m=1, n=1
L-3: R=2,4,6-Me3C6H2, m=2, n=0
L-4: R=2,6-Me2C6H3, m=2, n=1

N

N

O

HR
O

m m

O
RH

O

N

N
n

L-5: R=2,6-Et2-4-MeC6H2, m=2, n=1
L-6: R=2,6-Et2-4-MeC6H2, m=2, n=0
L-7: R=2,6-Me2C6H3, m=2, n=0
L-8: R=2,6-iPr2C6H3, m=2, n=1
L-9: R=2,6-iPr2C6H3, m=1, n=1

Entry Ligand 
(1.2x mol%) Yield (%) ee (%)

1 L-1 84 84

2 L-2 33 66

3 L-3 44 31

4 L-4 63 83

5 L-5 48 80

6 L-6 44 26

7 L-7 NR ——

8 L-8 61 78

9 L-9 11 69

[a] Unless noted otherwise, reactions performed using 1.0 equiv of 13a (0.1 mmol, 0.2 M), 1.2 equiv of 14a, 1.0 

equiv of KHCO3, 10 mmol % catalyst, and 20 mg 4 A M.S. at 35 ºC in CH3CN for 36 h.
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2.3 Screening Details for the Tandem-Michael Reaction

Table S6. The screening of solvents[a]

O

Ni(ClO4)2•6H2O / L-4
(1:1.2, 10 mol % )

NO

Boc

NO

Boc

N

N

O

H
O O

H

O

N

N

L-4

+

O

13a 17a16a

solvent, 35 °C
KHCO3, 4 Å M.S., 36 h

(0.1 mmol scale)

Entry Solvent Yield (%) ee (%)

1 CH3CN 71 65

2 DCM 68 36

3 CH3Cl 56 72

4 1,2-DCE 50 82

5 THF 68 73

6 1,4-dioxane 32 54

7 EtOAc 47 82

8 Acetone 65 69

[a] Unless noted otherwise, reactions performed using 1.0 equiv of 13a (0.1 mmol, 0.2 M), 1.2 equiv of 16a, 1.0 

equiv of KHCO3, 10 mmol % catalyst, and 20 mg 4 A M.S. at 35 ºC for 36 h.

Table S7. The screening of N, N'-dioxide ligands[a]

Ni(ClO4)2•6H2O / Ligand
(1:1.2, 10 mol % )

KHCO3, 35 °C
4 Å M.S., 1.2-DCE, 36 h

(0.1 mmol scale)

NO

Boc

13a 17a

+

16a

O

NO

Boc

O

Entry Ligand Yield (%) ee (%)

1 L-1 83 83

2 L-2 29 84

3 L-3 38 35

4 L-4 50 82

5 L-5 65 74

6 L-6 38 35

7 L-7 24 35

8 L-8 47 83

9 L-9 Trace ——

[a] Unless noted otherwise, reactions performed using 1.0 equiv of 13a (0.1 mmol, 0.2 M), 1.2 equiv of 16a, 1.0 

equiv of KHCO3, 10 mmol % catalyst, and 20 mg 4 A M.S. at 35 ºC in 1,2-DCE for 36 h.
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3. Preparation of Substrates

3.1 Preparation of Unsaturated N-Boc-γ-lactam

The starting substrate S4 was prepared from pyrrole S1 following the reported literature[1] procedure 
in a three steps sequence:

NTBSO
TBSOTf, Et3N

DCM, r.t., 10 min
NO

Boc Boc
N
H

ON
H

H2O2, BaCO3

H2O, reflux, 4 h

y=45%

(Boc)2O, DMAP

THF, r.t., 30 min

y=70% y=82%S1 S2 S3 S4

General procedure A (Preparation of 13a-13c, 13e):
The unsaturated N-Boc-γ-lactams 13a-13c, 13e were prepared from S4 with the corresponding 

iodide S5 by the following procedure:

NTBSO

DCM, 0 °C to r.t., 1 hBoc
NO

Boc

R

13a-13c, 13e

+ R
CF3CO2Ag

I

S4 S5

To a solution of S4 (1.0 equiv.) in anhydrous CH2Cl2 (0.25 M) cooled to 0 ºC in an ice-bath, the 
corresponding iodide S5 (1.5 equiv.) was added under argon atmosphere. After 10 min, CF3CO2Ag (1.5 
equiv.) was added in one portion, and the reaction mixture was allowed to warm to room temperature 
and stirred for 1 h. After reaction completion, the mixture was filtered through Celite® and washed with 
EtOAc. The filtrate was then concentrated under reduced pressure to give a residue which was purified 
by silica gel chromatography.
Preparation of 13f: 

NTBSO

DCM, 0 °C to r.t., 1 hBoc
NO

Boc

13f

+

CF3CO2Ag

S4 S5f

Br

y=80%

Similar to general procedure A, 13f was prepared from S4 with allyl bromide S5f in 10.0 mmol 
scale. The crude residue was purified by silica gel chromatography (PE/EA=8/1) to afford the pure 
product as a brown oil (1.78 g, 80% yield). 
Preparation of 13d: 

NTBSO
Sc(OTf)3, HFIP

DCM, -20 °C, 1.5 hBoc
NO

Boc

+ N

O
O

N

O

O

13dS4 S6 y=67%

1 (a) Bocchi, V.; Chierici, L.; Gardini, G. P.; Mondelli, R. Tetrahedron 1970, 26, 4073-4082.
(b) Casiraghi, G.; Rassu, G.; Spanu, P.; Pinna, L. J. Org. Chem. 1992, 57, 3760-3763.
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To a stirring solution of S6 (1.38 g, 12.0 mmol) in anhydrous CH2Cl2 (40 mL) was sequentially 
added Sc(OTf)3 (492 mg, 1.0 mmol) and HFIP (1,1,1,3,3,3-Hexafluoro-2-propanol, 5.2 mL, 50.0 mmol) 
at room temperature. The solution was cooled to -20 ºC under argon atmosphere and then a solution of 
S4 (2.97 g, 10.0 mmol) in 10 mL of dry DCM was added slowly dropwise over 10 min via syringe. After 
being stirred at the same temperature for 1.5 h, the reaction was quenched with H2O and extracted with 
DCM. The combined organic layers were washed with brine, dried, filtrated and concentrated. The 
residue was purified by silica gel chromatography (PE/EA=1/1) to give 13d as a white solid (2.00 g, 67% 
yield).

tert-butyl 2-methyl-5-oxo-2,5-dihydro-1H-pyrrole-1-carboxylate (13a)
Rf = 0.5 (hexanes:EtOAc, 1:1), white solid (985 mg, 50% yield in 10.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 7.09 (dd, J = 6.1, 1.9 Hz, 1H), 6.06 (dd, 
J = 6.1, 1.5 Hz, 1H), 4.64 – 4.58 (m, 1H), 1.55 (s, 9H), 1.43 (d, J = 6.7 Hz, 3H).
13C NMR (126 MHz, Chloroform-d) δ 168.9, 151.7, 149.4, 125.9, 82.8, 58.4, 
28.2, 18.1.

HRMS (ESI): C10H16NO3 [M+H]+ calcd: 198.1125, found: 198.1122.

tert-butyl 2-ethyl-5-oxo-2,5-dihydro-1H-pyrrole-1-carboxylate (13b)
Rf = 0.3 (hexanes:EtOAc, 2:1), white solid (1.29 g, 61% yield in 10.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 7.11 (dd, J = 6.1, 2.0 Hz, 1H), 6.08 (dd, 
J = 6.1, 1.7 Hz, 1H), 4.60 – 4.53 (m, 1H), 2.06 – 1.96 (m, 1H), 1.86 – 1.78 (m, 
1H), 1.53 (s, 9H), 0.82 (t, J = 7.5 Hz, 3H).
13C NMR (126 MHz, Chloroform-d) δ 169.52, 150.2, 149.5, 126.8, 82.8, 63.1, 

28.1, 24.3, 7.9.
HRMS (ESI): C11H18NO3 [M+H]+ calcd: 212.1281, found: 212.1276.

tert-butyl 2-oxo-5-propyl-2,5-dihydro-1H-pyrrole-1-carboxylate (13c)
Rf = 0.3 (hexanes:EtOAc, 2:1), white solid (1.35 g, 60% yield in 10.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 7.17 (dd, J = 6.1, 2.0 Hz, 1H), 6.09 
(dd, J = 6.1, 1.7 Hz, 1H), 4.63 – 4.57 (m, 1H), 2.05 – 1.97 (m, 1H), 1.75 – 
1.66 (m, 1H), 1.56 (s, 9H), 1.37 – 1.24 (m, 2H), 0.95 (t, J = 7.4 Hz, 3H).
13C NMR (126 MHz, Chloroform-d) δ 169.4, 150.5, 149.4, 126.5, 82.9, 

62.3, 33.6, 28.2, 17.5, 14.1.
HRMS (ESI): C12H20NO3 [M+H]+ calcd: 226.1438, found: 226.1438.

tert-butyl 2-(2-(1,3-dioxolan-2-yl)ethyl)-5-oxo-2,5-dihydro-1H-pyrrole-1-carboxylate (13e)
Rf = 0.4 (hexanes:EtOAc, 2:1), yellow oil (1.75 g, 62% yield in 10.0 
mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.13 (d, J = 6.2 Hz, 1H), 6.07 
(d, J = 5.7 Hz, 1H), 4.87 – 4.80 (m, 1H), 4.69 – 4.61 (m, 1H), 3.96 – 

NO

Boc
13a

NO

Boc
13b

NO

Boc
13c

NO

Boc
O

O

13e
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3.88 (m, 2H), 3.85 – 3.78 (m, 2H), 2.17 – 2.07 (m, 1H), 1.96 – 1.82 (m, 1H), 1.67 – 1.54 (m, 2H), 1.54 
– 1.51 (m, 9H).
13C NMR (126 MHz, Chloroform-d) δ 169.3, 150.1, 149.3, 126.9, 103.7, 82.9, 65.0, 64.9, 61.8, 28.1, 
25.5.
HRMS (ESI): C14H21NNaO5 [M+Na]+ calcd: 306.1312, found: 306.1307.

tert-butyl 2-allyl-5-oxo-2,5-dihydro-1H-pyrrole-1-carboxylate (13f)
Rf = 0.3 (hexanes:EtOAc, 4:1), brown oil (1.78 g, 80% yield in 10.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 7.12 (dd, J = 6.1, 2.1 Hz, 1H), 6.08 
(dd, J = 6.3, 1.7 Hz, 1H), 5.69 – 5.55 (m, 1H), 5.16 – 5.04 (m, 2H), 4.66 – 
4.57 (m, 1H), 2.81 – 2.73 (m, 1H), 2.51 – 2.42 (m, 1H), 1.55 (s, 9H).
13C NMR (126 MHz, Chloroform-d) δ 169.2, 150.0, 149.4, 131.1, 126.8, 

119.6, 82.9, 61.7, 35.7, 28.1.
HRMS (ESI): C12H18NO3 [M+H]+ calcd: 224.1281, found: 224.1278.

tert-butyl 2-(3-(methoxy(methyl)amino)-3-oxopropyl)-5-oxo-2,5-dihydro-1H-pyrrole-1-
carboxylate (13d)

Rf = 0.1 (hexanes:EtOAc, 1:1), white solid (2.00 g, 67% yield in 
10.0 mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.12 (dd, J = 6.0, 2.1 Hz, 1H), 
6.07 (dd, J = 6.2, 1.8 Hz, 1H), 4.80 – 4.67 (m, 1H), 3.62 (s, 3H), 
3.13 (s, 3H), 2.39 – 2.20 (m, 4H), 1.54 (s, 9H).
13C NMR (126 MHz, Chloroform-d) δ 173.1, 169.3, 150.1, 149.4, 

126.7, 83.1, 61.6, 61.3, 32.3, 28.1, 25.7, 25.7.
HRMS (ESI): C14H23N2O5 [M+H]+ calcd: 299.1601, found: 299.1599.

3.2 Preparation of other unsaturated N-protecting-γ-lactam

General procedure B (Preparation of 13j-13n)
The unsaturated N-protecting-γ-lactams 13j-13n were prepared from pyrrolidone S7 for four steps 

by the following procedure [2]:

N
H

O N
PG

O
THF, 0 °C

PhSeBr, LiHMDS

THF, -78 °C N
PG

O

PhSe

N
PG

O
H2O2, DCM

1) TBSOTf, Et3N, DCM, r.t.

2) CH3I, CF3CO2Ag, DCM,
0 °C to r.t.

N
PG

O

Acyl Chloride, n-BuLi

0 °C to r.t.

S7 S8 S9

S10 13j-13n

2 Curti C, Ranieri B, Battistini L, et al. Adv. Synth. Catal. 2010, 352, 2011-2022.

NO

Boc

N

O

O

13d

NO

Boc
13f



S10

To a solution of S7 (1.0 equiv.) in anhydrous THF (0.25 M), n-BuLi (1.1 equiv.) was added under 
argon atmosphere at 0 ºC. The resulting solution was stirred at the same temperature for 1 h, then the 
corresponding Acyl Chloride (1.1 equiv.) was added. The reaction mixture was stirred for 1 h, then 
allowed to warm to room temperature until reaction completion as monitored by TLC. The mixture was 
quenched with a saturated aqueous solution of NH4Cl and extracted with EtOAc. The combined organic 
layers were washed with brine, dried, filtrated and concentrated. The crude material was purified by silica 
gel chromatography eluted with petroleum ether/EtOAc to afford product S8.

To a solution of S8 (1.0 equiv.) and PhSeBr (1.1 equiv.) in anhydrous THF (0.10 M), LiHMDS (1.1 
equiv.) was added slowly dropwise over 10 min via syringe under argon atmosphere at -78 ºC. After 
being stirred for 1.5 h, the reaction was quenched with aqueous 1.0 M HCl at the same temperature and 
then warmed to room temperature extracted with EtOAc. The combined organic layers were washed with 
brine, dried, filtrated and concentrated. The crude material was purified by silica gel chromatography 
eluted with petroleum ether/EtOAc to afford product S9.

30% aqueous H2O2 (4.0 equiv.) was added to a solution of S9 (1.0 equiv.) in DCM (0.20 M) in an 
ice-bath. The resulting solution was stirred at room temperature for 1 h, then quenched with a saturated 
aqueous solution of Na2S2O3 and extracted with DCM. The combined organic layers were washed with 
brine, dried, filtrated and concentrated. The crude material was purified by silica gel chromatography 
eluted with petroleum ether/EtOAc to afford product S10.

To a solution of S10 (1.0 equiv.) and Et3N (1.2 equiv.) in anhydrous DCM (0.10 M), TBSOTf (1.05 
equiv.) was added at 0 ºC in an ice-bath. After being stirred for 30 min, the reaction mixture was directly 
concentrated under reduced pressure and pumped for another 2 h on the vacuum pump. The crude silyl 
dienol ether product was directly used to the next step without further purification. To a solution of the 
resulting crude residue in anhydrous CH2Cl2 (0.25 M) cooled to 0 ºC in an ice-bath, CH3I (2.0 equiv.) 
was added under argon atmosphere. After 10 min, CF3CO2Ag (2.0 equiv.) was added in one portion, and 
the reaction mixture was allowed to warm to room temperature and stirred for 1 h. After reaction 
completion, the mixture was filtered through Celite® and washed with EtOAc. The filtrate was 
concentrated under reduced pressure to give a residue and then purified by silica gel chromatography 
eluted with petroleum ether/EtOAc to afford product 13j-13n.

benzyl 2-methyl-5-oxo-2,5-dihydro-1H-pyrrole-1-carboxylate (13j)
Rf = 0.3 (hexanes:EtOAc, 2:1), white solid (356 mg, 22% yield in 7.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 7.44 (d, J = 6.8 Hz, 2H), 7.36 (t, 2H), 7.32 
(d, J = 7.2 Hz, 1H), 7.13 (dd, J = 6.1, 2.1 Hz, 1H), 6.06 (dd, J = 6.1, 1.7 Hz, 1H), 
5.37 – 5.28 (m, 2H), 4.72 – 4.61 (m, 1H), 1.43 (d, J = 6.8 Hz, 3H).
13C NMR (126 MHz, Chloroform-d) δ 168.5, 152.4, 150.9, 135.4, 128.6, 128.3, 

128.1, 125.7, 67.9, 58.5, 18.1.
HRMS (ESI): C13H14NO3 [M+H]+ calcd: 232.0968, found: 232.0968.

(3r)-adamantan-1-yl 2-methyl-5-oxo-2,5-dihydro-1H-pyrrole-1-carboxylate (13k)
Rf = 0.5 (hexanes:EtOAc, 2:1), white solid (701 mg, 51% yield in 5.0 mmol 
scale).

NO

Cbz

13j

NO

COOAd
13k
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1H NMR (500 MHz, Chloroform-d) δ 7.10 (dd, J = 5.9, 1.9 Hz, 1H), 6.08 – 6.03 (m, 1H), 4.65 – 4.58 
(m, 1H), 2.23 – 2.19 (m, 9H), 1.71 – 1.67 (m, 6H), 1.44 (d, J = 6.8 Hz, 3H).
13C NMR (126 MHz, Chloroform-d) δ 169.2, 151.8, 148.9, 125.9, 82.9, 58.5, 41.4, 36.1, 31.0, 18.2.
HRMS (ESI): C16H21NNaO3 [M+Na]+ calcd: 298.1414, found: 298.1413.

5-methyl-1-tosyl-1,5-dihydro-2H-pyrrol-2-one (13l)
Rf = 0.6 (hexanes:EtOAc, 2:1), white solid (138 mg, 11% yield in 5.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 7.95 (d, J = 8.0 Hz, 2H), 7.32 (d, J = 8.0 
Hz, 2H), 7.13 (dd, J = 6.0, 2.1 Hz, 1H), 5.97 (dd, J = 6.0, 1.7 Hz, 1H), 4.87 (qt, 
J = 6.8, 1.8 Hz, 1H), 2.42 (s, 3H), 1.57 (d, J = 6.8 Hz, 3H).

13C NMR (126 MHz, Chloroform-d) δ 168.6, 153.2, 145.0, 136.2, 129.6, 128.0, 125.1, 60.5, 21.7, 19.1.
HRMS (ESI): C12H14NO3S [M+H]+ calcd: 252.0689, found: 252.0691.

methyl 2-methyl-5-oxo-2,5-dihydro-1H-pyrrole-1-carboxylate (13m)
Rf = 0.3 (hexanes:EtOAc, 1:1), white solid (240 mg, 31% yield in 5.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 7.15 (dd, J = 6.1, 2.0 Hz, 1H), 6.06 (dd, 
J = 6.0, 1.7 Hz, 1H), 4.67 (qt, J = 6.8, 1.9 Hz, 1H), 3.89 (s, 3H), 1.44 (d, J = 
6.8 Hz, 3H).

13C NMR (126 MHz, Chloroform-d) δ 168.6, 152.6, 151.7, 125.7, 58.6, 53.5, 18.0.
HRMS (ESI): C7H10NO3 [M+H]+ calcd: 156.0655, found: 156.0658.

N,N,2-trimethyl-5-oxo-2,5-dihydro-1H-pyrrole-1-carboxamide (13n)
Rf = 0.1 (hexanes:EtOAc, 1:1), white solid (294 mg, 35% yield in 5.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 7.12 (dd, J = 5.9, 1.8 Hz, 1H), 5.96 (dd, 
J = 5.9, 1.8 Hz, 1H), 4.93 (qt, J = 7.0, 1.8 Hz, 1H), 3.01 (s, 6H), 1.30 (d, J = 
7.0 Hz, 3H).
13C NMR (126 MHz, Chloroform-d) δ 169.2, 153.4, 152.0, 125.2, 58.3, 38.6, 
36.9, 17.3.

HRMS (ESI): C8H13N2O2 [M+H]+ calcd: 169.0972, found: 169.0969.

benzyl 2-oxopyrrolidine-1-carboxylate (S8j)
Rf = 0.5 (hexanes:EtOAc, 1:1), white solid (6.13 g, 56% yield in 50.0 mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.42 (d, J = 6.7 Hz, 2H), 7.38 – 7.30 (m, 
3H), 5.27 (s, 2H), 3.80 (t, J = 7.2 Hz, 2H), 2.57 – 2.45 (m, 2H), 2.07 – 1.95 (m, 
2H).
13C NMR (126 MHz, Chloroform-d) δ 174.0, 151.5, 135.4, 128.6, 128.4, 128.2, 

68.0, 46.4, 32.8, 17.6.
HRMS (ESI): C12H14NO3 [M+H]+ calcd: 220.0968, found: 220.0965.

benzyl 2-oxo-3-(phenylselanyl)pyrrolidine-1-carboxylate (S9j)
Rf = 0.3 (hexanes:EtOAc, 4:1), yellow oil (4.21 g, 45% yield in 25.0 mmol scale).
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1H NMR (500 MHz, Chloroform-d) δ 7.65 (d, J = 7.5 Hz, 2H), 7.43 – 7.38 (m, 2H), 7.37 – 7.30 (m, 4H), 
7.25 (d, J = 8.2 Hz, 2H), 5.25 (s, 2H), 3.96 – 3.90 (m, 1H), 3.71 – 3.65 (m, 1H), 3.50 – 3.44 (m, 1H), 
2.52 – 2.43 (m, 1H), 2.11 – 2.04 (m, 1H).
13C NMR (126 MHz, Chloroform-d) δ 172.3, 151.4, 135.9, 135.3, 129.3, 129.0, 128.6, 128.4, 128.2, 
126.7, 68.1, 44.8, 41.6, 26.1.
HRMS (ESI): C18H18NO3Se [M+H]+ calcd: 376.0446, found: 376.0449.

benzyl 2-oxo-2,5-dihydro-1H-pyrrole-1-carboxylate (S10j)
Rf = 0.2 (hexanes:EtOAc, 2:1), white solid (1.87 g, 86% yield in 10.0 mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.45 (d, J = 6.6 Hz, 2H), 7.40 – 7.31 (m, 3H), 
7.23 (dt, J = 6.2, 2.1 Hz, 1H), 6.18 (dt, J = 6.1, 2.0 Hz, 1H), 5.33 (s, 2H), 4.41 (t, J 
= 2.1 Hz, 2H).
13C NMR (126 MHz, Chloroform-d) δ 168.7, 150.9, 145.7, 135.3, 128.6, 128.5, 

128.3, 127.7, 68.1, 51.6.
HRMS (ESI): C12H12NO3 [M+H]+ calcd: 218.0812, found: 218.0809.

(3r)-adamantan-1-yl 2-oxopyrrolidine-1-carboxylate (S8k)
Rf = 0.3 (hexanes:EtOAc, 2:1), white solid (9.07 g, 69% yield in 50.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 3.77 (t, J = 7.2 Hz, 2H), 2.54 (t, J = 8.1 
Hz, 2H), 2.25 – 2.17 (m, 9H), 2.06 – 1.97 (m, 2H), 1.73 – 1.67 (m, 6H).
13C NMR (126 MHz, Chloroform-d) δ 174.3, 149.8, 82.7, 46.5, 41.3, 36.1, 33.0, 
31.0, 17.4.

HRMS (ESI): C15H22NO3 [M+H]+ calcd: 264.1594, found: 264.1588.

(3r)-adamantan-1-yl 2-oxo-3-(phenylselanyl)pyrrolidine-1-carboxylate (S9k)
Rf = 0.5 (hexanes:EtOAc, 3:1), colorless oil (15.88 g, 76% yield in 30.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 7.67 (d, J = 7.5 Hz, 2H), 7.35 (t, 1H), 
7.29 (t, J = 7.4 Hz, 2H), 3.96 – 3.91 (m, 1H), 3.64 – 3.58 (m, 1H), 3.45 – 3.39 
(m, 1H), 2.50 – 2.40 (m, 1H), 2.21 – 2.17 (m, 2H), 2.16 – 2.13 (m, 6H), 2.11 
– 2.00 (m, 2H), 1.68 – 1.64 (m, 6H).

13C NMR (126 MHz, Chloroform-d) δ 172.5, 149.5, 135.8, 129.2, 128.8, 127.0, 83.0, 44.8, 42.1, 41.3, 
36.1, 31.0, 26.1.
HRMS (ESI): C21H26NO3Se [M+H]+ calcd: 420.1072, found: 420.1069.

(3r)-adamantan-1-yl 2-oxo-2,5-dihydro-1H-pyrrole-1-carboxylate (S10k)
Rf = 0.2 (hexanes:EtOAc, 2:1), white solid (4.70 g, 90% yield in 20.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 7.18 (dt, J = 6.2 Hz, 1H), 6.15 (dt, J = 6.2 
Hz, 1H), 4.36 – 4.33 (m, 2H), 2.23 – 2.19 (m, 9H), 1.70 – 1.66 (m, 6H).
13C NMR (126 MHz, Chloroform-d) δ 169.1, 149.1, 145.1, 128.0, 82.9, 51.7, 

41.4, 36.1, 31.0.
HRMS (ESI): C15H20NO3 [M+H]+ calcd: 262.1438, found: 262.1435.
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1-tosylpyrrolidin-2-one (S8l)
Rf = 0.1 (hexanes:EtOAc, 4:1), white solid (9.44 g, 79% yield in 50.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 7.91 (d, J = 8.1 Hz, 2H), 7.32 (d, J = 
8.1 Hz, 2H), 3.88 (t, J = 7.1 Hz, 2H), 2.42 (s, 3H), 2.42 – 2.38 (m, 2H), 2.06 
(p, J = 7.6 Hz, 2H).
13C NMR (126 MHz, Chloroform-d) δ 173.4, 145.2, 135.2, 129.7, 128.1, 47.3, 

32.3, 21.7, 18.2.
HRMS (ESI): C11H14NO3S [M+H]+ calcd: 240.0689, found: 240.0690.

3-(phenylselanyl)-1-tosylpyrrolidin-2-one (S9l)
Rf = 0.2 (hexanes:EtOAc, 4:1), colorless oil (4.49 g, 38% yield in 30.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 7.91 (d, J = 8.4 Hz, 2H), 7.42 (d, J = 
6.6 Hz, 2H), 7.35 (d, J = 8.1 Hz, 2H), 7.31 (t, J = 7.4 Hz, 1H), 7.20 (t, J = 7.7 
Hz, 2H), 3.85 – 3.78 (m, 2H), 3.61 – 3.53 (m, 1H), 2.54 – 2.47 (m, 1H), 2.46 
(s, 3H), 2.08 – 2.01 (m, 1H).

13C NMR (126 MHz, Chloroform-d) δ 171.6, 145.3, 136.1, 134.8, 129.7, 129.3, 129.1, 128.3, 126.1, 
45.7, 40.7, 26.3, 21.8.
HRMS (ESI): C17H18NO3SSe [M+H]+ calcd: 396.0167, found: 396.0160.

1-tosyl-1,5-dihydro-2H-pyrrol-2-one (S10l)
Rf = 0.3 (hexanes:EtOAc, 2:1), white solid (4.46 g, 94% yield in 20.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 7.94 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.0 
Hz, 2H), 7.24 (dt, J = 6.1, 2.0 Hz, 1H), 6.05 (dt, J = 6.1, 2.0 Hz, 1H), 4.48 (t, J 
= 2.1 Hz, 2H), 2.42 (s, 3H).

13C NMR (126 MHz, Chloroform-d) δ 168.4, 146.6, 145.2, 135.3, 129.8, 128.0, 127.1, 52.4, 21.7.
HRMS (ESI): C11H12NO3S [M+H]+ calcd: 238.0532, found: 238.0529.

methyl 2-oxopyrrolidine-1-carboxylate (S8m)
Rf = 0.3 (hexanes:EtOAc, 1:1), white solid (4.08 g, 57% yield in 50.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 3.83 – 3.79 (m, 3H), 3.77 (t, J = 7.2 Hz, 
2H), 2.50 (t, J = 8.1 Hz, 2H), 2.01 (p, J = 7.9 Hz, 2H).
13C NMR (126 MHz, Chloroform-d) δ 174.0, 152.3, 53.5, 46.5, 32.8, 17.6.
HRMS (ESI): C6H10NO3 [M+H]+ calcd: 144.0655, found: 144.0658.

methyl 2-oxo-3-(phenylselanyl)pyrrolidine-1-carboxylate (S9m)
Rf = 0.1 (hexanes:EtOAc, 4:1), colorless oil (4.29 g, 48% yield in 30.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 7.61 (d, J = 6.8 Hz, 2H), 7.29 (t, J = 
7.4 Hz, 1H), 7.24 (t, J = 6.8 Hz, 2H), 3.96 – 3.87 (m, 1H), 3.78 (s, 3H), 3.68 
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– 3.62 (m, 1H), 3.51 – 3.44 (m, 1H), 2.48 – 2.39 (m, 1H), 2.07 – 1.99 (m, 1H).
13C NMR (126 MHz, Chloroform-d) δ 172.3, 152.1, 135.9, 135.8, 129.3, 129.0, 126.8, 53.6, 44.8, 41.6, 
26.0.
HRMS (ESI): C12H14NO3Se [M+H]+ calcd: 300.0133, found: 300.0130.

methyl 2-oxo-2,5-dihydro-1H-pyrrole-1-carboxylate (S10m)
Rf = 0.1 (hexanes:EtOAc, 1:1), white solid (1.47 g, 52% yield in 20.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 7.25 (d, J = 6.1 Hz, 1H), 6.18 (d, J = 6.1 
Hz, 1H), 4.41 (s, 2H), 3.90 (s, 3H).
13C NMR (126 MHz, Chloroform-d) δ 168.6, 151.7, 145.8, 127.7, 53.6, 51.6.

HRMS (ESI): C6H8NO3 [M+H]+ calcd: 142.0499, found: 142.0503.

N,N-dimethyl-2-oxopyrrolidine-1-carboxamide (S8n)
Rf = 0.1 (hexanes:EtOAc, 1:1), white solid (3.35 g, 43% yield in 50.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 3.70 (t, J = 7.0 Hz, 2H), 2.96 (s, 6H), 
2.42 (t, J = 8.0 Hz, 2H), 2.04 (p, J = 7.5 Hz, 2H).
13C NMR (126 MHz, Chloroform-d) δ 174.3, 154.7, 46.9, 38.4, 36.7, 32.1, 
18.5.

HRMS (ESI): C7H13N2O2 [M+H]+ calcd: 157.0972, found: 157.0976.

N,N-dimethyl-2-oxo-3-(phenylselanyl)pyrrolidine-1-carboxamide (S9n)
Rf = 0.3 (hexanes:EtOAc, 1:1), yellow solid (7.09 g, 76% yield in 30.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 7.69 – 7.63 (m, 2H), 7.36 – 7.27 (m, 
3H), 3.94 (dd, J = 8.4, 5.7 Hz, 1H), 3.75 – 3.68 (m, 1H), 3.62 – 3.55 (m, 1H), 
2.94 (s, 6H), 2.59 – 2.48 (m, 1H), 2.17 – 2.07 (m, 1H).
13C NMR (126 MHz, Chloroform-d) δ 172.4, 154.3, 135.7, 129.3, 128.7, 
127.2, 45.2, 41.4, 38.5, 37.0, 26.9.

HRMS (ESI): C13H17N2O2Se [M+H]+ calcd: 313.0450, found: 313.0453.

N,N-dimethyl-2-oxo-2,5-dihydro-1H-pyrrole-1-carboxamide (S10n)
Rf = 0.1 (hexanes:EtOAc, 1:1), white solid (2.65 g, 86% yield in 20.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 7.25 (dt, J = 5.9, 1.4 Hz, 1H), 6.06 (dt, J 
= 6.0, 2.0 Hz, 1H), 4.45 (t, J = 1.9 Hz, 2H), 3.02 (s, 6H).
13C NMR (126 MHz, Chloroform-d) δ 169.8, 154.0, 146.4, 126.6, 51.9, 38.3, 
37.7.

HRMS (ESI): C7H11N2O2 [M+H]+ calcd: 155.0815, found: 155.0811.

3.3 Preparation of benzyl vinyl ketones

General procedure C (Preparation of 16)
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The benzyl vinyl ketones 16 were prepared from phenylacetic acid S11 for two steps by the 
following procedure:

OH

O CDI, Et3N, DCM

MgCl

THF, -78 °C

MeNHOMe•HCl
R

N

O
R

O
O

R

S11 S12 16

A solution of S11 (1.0 equiv.) in CH2Cl2 (0.25 M) was cooled to 0 ºC and treated with CDI (1.1 
equiv.). After being stirred for 30 min, N,O-dimethylhydroxylamine hydrochloride (1.2 equiv.) and TEA 
(3.2 equiv.) were added subsequently and the mixture was stirred overnight at room temperature. The 
mixture was quenched with a saturated aqueous solution of NH4Cl and extracted with EtOAc. The 
combined organic layers were washed with brine, dried, filtrated and concentrated. The crude material 
was purified by silica gel chromatography eluted with petroleum ether/EtOAc to afford product S12.

To a solution of S12 (1.0 equiv.) in anhydrous THF (0.25 M), vinylmagnesium chloride (1.5 equiv.) 
was added slowly via syringe under argon atmosphere at -78 ºC. After being stirred overnight, the 
reaction was quenched with a saturated aqueous solution of NH4Cl and extracted with EtOAc. The 
combined organic layers were washed with brine, dried, filtrated and concentrated. The crude material 
was purified by silica gel chromatography eluted with petroleum ether/EtOAc to afford product 16.

N-methoxy-N-methyl-2-phenylacetamide (S12a)
Rf = 0.2 (hexanes:EtOAc, 4:1), colorless oil (797 mg, 89% yield in 5.0 
mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.35 – 7.26 (m, 4H), 7.25 – 7.21 
(m, 1H), 3.77 (s, 2H), 3.60 (s, 3H), 3.19 (s, 3H).
13C NMR (126 MHz, Chloroform-d) δ 135.0, 129.3, 128.5, 126.8, 61.3, 

39.4, 32.3.
HRMS (ESI): C10H14NO2 [M+H]+ calcd: 180.1019, found: 180.1015.

1-phenylbut-3-en-2-one (16a)
Rf = 0.2 (hexanes:EtOAc, 20:1), colorless oil (225 mg, 77% yield in 2.0 
mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.31 (t, J = 7.5 Hz, 2H), 7.25 (t, J = 
7.4 Hz, 1H), 7.20 (d, J = 6.9 Hz, 2H), 6.43 – 6.35 (m, 1H), 6.28 (d, J = 16.3 
Hz, 1H), 5.79 (d, J = 10.4 Hz, 1H), 3.85 (s, 2H).

13C NMR (126 MHz, Chloroform-d) δ 197.7, 135.7, 134.1, 129.5, 129.0, 128.8, 127.0, 47.2.
HRMS (ESI): C10H11O [M+H]+ calcd: 147.0804, found: 147.0801.

N-methoxy-N-methyl-2-(o-tolyl)acetamide (S12d)
Rf = 0.2 (hexanes:EtOAc, 4:1), colorless oil (907 mg, 94% yield in 5.0 
mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.22 – 7.11 (m, 4H), 3.78 (s, 2H), 
3.61 (s, 3H), 3.21 (s, 3H), 2.31 (s, 3H).
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13C NMR (126 MHz, Chloroform-d) δ 172.6, 136.8, 133.6, 130.2, 129.9, 127.0, 126.0, 61.2, 37.2, 32.4, 
19.7.
HRMS (ESI): C11H16NO2 [M+H]+ calcd: 194.1176, found: 194.1175.

1-(o-tolyl)but-3-en-2-one (16d)
Rf = 0.2 (hexanes:EtOAc, 20:1), colorless oil (179 mg, 56% yield in 2.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 7.22 – 7.08 (m, 4H), 6.48 – 6.37 (m, 
1H), 6.31 (d, J = 17.4 Hz, 1H), 5.79 (d, J = 9.1 Hz, 1H), 3.87 (s, 2H), 2.23 (s, 
3H).

13C NMR (126 MHz, Chloroform-d) δ 197.6, 137.0, 135.4, 132.9, 130.5, 130.5, 128.6, 127.4, 126.2, 
45.6, 19.7.
HRMS (ESI): C11H13NO [M+H]+ calcd: 161.0961, found: 161.0959.

2-(2-chlorophenyl)-N-methoxy-N-methylacetamide (S12e)
Rf = 0.2 (hexanes:EtOAc, 4:1), colorless oil (1.05 g, 98% yield in 5.0 mmol 
scale).
1H NMR (500 MHz, Chloroform-d) δ 7.39 – 7.35 (m, 1H), 7.31 – 7.27 (m, 
1H), 7.24 – 7.18 (m, 2H), 3.91 (s, 2H), 3.69 (s, 3H), 3.22 (s, 3H).
13C NMR (126 MHz, Chloroform-d) δ 171.4, 134.4, 133.2, 131.4, 129.4, 

128.4, 126.9, 61.4, 37.0, 32.4.
HRMS (ESI): C10H13ClNO2 [M+H]+ calcd: 214.0629, found: 214.0629.

1-(2-chlorophenyl)but-3-en-2-one (16e)
Rf = 0.2 (hexanes:EtOAc, 20:1), colorless oil (170 mg, 47% yield in 2.0 
mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.42 – 7.36 (m, 1H), 7.25 – 7.19 (m, 
3H), 6.50 – 6.39 (m, 1H), 6.35 (d, J = 16.3 Hz, 1H), 5.86 (d, J = 10.4 Hz, 
1H), 4.03 (s, 2H).

13C NMR (126 MHz, Chloroform-d) δ 196.5, 135.6, 134.5, 132.7, 131.7, 129.6, 129.0, 128.7, 127.0, 
44.7.
HRMS (ESI): C10H10ClO [M+H]+ calcd:181.0415, found: 181.0409.

N-methoxy-N-methyl-2-(m-tolyl)acetamide (S12f)
Rf = 0.2 (hexanes:EtOAc, 4:1), colorless oil (753 mg, 78% yield in 5.0 
mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.20 (t, J = 7.6 Hz, 1H), 7.12 (s, 
1H), 7.10 – 7.03 (m, 2H), 3.74 (s, 2H), 3.61 (s, 3H), 3.19 (s, 3H), 2.33 
(s, 3H).

13C NMR (126 MHz, Chloroform-d) δ 172.6, 138.1, 134.8, 130.0, 128.4, 127.6, 126.4, 61.3, 39.3, 32.3, 
21.4.
HRMS (ESI): C11H16NO2 [M+H]+ calcd: 194.1176, found: 194.1177.

1-(m-tolyl)but-3-en-2-one (16f)
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Rf = 0.2 (hexanes:EtOAc, 20:1), colorless oil (227 mg, 71% yield in 2.0 
mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.22 (t, J = 7.5 Hz, 1H), 7.08 (d, J 
= 7.6 Hz, 1H), 7.06 – 6.99 (m, 2H), 6.45 – 6.38 (m, 1H), 6.31 (dd, J = 
17.6, 1.3 Hz, 1H), 5.82 (dd, J = 10.4, 1.3 Hz, 1H), 3.84 (s, 2H), 2.34 (s, 

3H).
13C NMR (126 MHz, Chloroform-d) δ 197.9, 138.4, 135.6, 134.0, 130.2, 129.0, 128.7, 127.8, 126.5, 
47.2, 21.4.
HRMS (ESI): C11H13O [M+H]+ calcd: 161.0961, found: 161.0957.

2-(3-chlorophenyl)-N-methoxy-N-methylacetamide (S12g)
Rf = 0.2 (hexanes:EtOAc, 4:1), colorless oil (931 mg, 87% yield in 
5.0 mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.29 (s, 1H), 7.25 – 7.20 (m, 
2H), 7.18 (d, J = 6.8 Hz, 1H), 3.74 (s, 2H), 3.63 (s, 3H), 3.19 (s, 3H).
13C NMR (126 MHz, Chloroform-d) δ 171.6, 136.9, 134.2, 129.7, 

129.5, 127.6, 127.0, 61.4, 38.9, 32.3.
HRMS (ESI): C10H13ClNO2 [M+H]+ calcd: 214.0629, found: 214.0628.

1-(3-chlorophenyl)but-3-en-2-one (16g)
Rf = 0.2 (hexanes:EtOAc, 20:1), colorless oil (206 mg, 57% yield in 2.0 
mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.27 – 7.24 (m, 2H), 7.21 (s, 1H), 
7.11 – 7.07 (m, 1H), 6.45 – 6.36 (m, 1H), 6.31 (dd, J = 17.6, 1.2 Hz, 1H), 
5.87 (dd, J = 10.2 Hz, 1H), 3.85 (s, 2H).

13C NMR (126 MHz, Chloroform-d) δ 196.9, 135.9, 135.6, 134.5, 129.9, 129.7, 129.4, 127.7, 127.3, 
46.4.
HRMS (ESI): C10H10ClO [M+H]+ calcd: 181.0415, found: 181.0411.

N-methoxy-N-methyl-2-(3-(trifluoromethyl)phenyl)acetamide (S12h)
Rf = 0.2 (hexanes:EtOAc, 4:1), colorless oil (1.12 g, 91% yield in 
5.0 mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.54 (s, 1H), 7.50 (t, J = 8.7 
Hz, 2H), 7.43 (t, J = 7.7 Hz, 1H), 3.82 (s, 2H), 3.65 (s, 3H), 3.20 (s, 
3H).

13C NMR (126 MHz, Chloroform-d) δ 171.5, 135.8, 132.9, 130.8 (q, J = 31.8 Hz), 128.9, 126.3 (q, J = 
4.0 Hz), 124.1 (q, J = 270.6 Hz), 123.7 (q, J = 4.3 Hz), 61.3, 39.0, 32.3.
HRMS (ESI): C11H13F3NO2 [M+H]+ calcd:248.0893, found: 248.0892.

1-(3-(trifluoromethyl)phenyl)but-3-en-2-one (16h)
Rf = 0.2 (hexanes:EtOAc, 20:1), colorless oil (244 mg, 57% yield in 2.0 mmol scale).

1H NMR (500 MHz, Chloroform-d) δ 7.53 (d, J = 7.3 Hz, 1H), 7.49 – 
7.42 (m, 2H), 7.40 (d, J = 7.4 Hz, 1H), 6.47 – 6.38 (m, 1H), 6.33 (d, J = 
17.5 Hz, 1H), 5.89 (d, J = 10.3 Hz, 1H), 3.95 (s, 2H).
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13C NMR (126 MHz, Chloroform-d) δ 196.7, 135.7, 134.9, 133.0, 131.1 (q, J = 31.1 Hz), 129.4, 129.1, 
126.3 (q, J = 3.5 Hz), 124.1 (q, J = 270.6 Hz), 123.9 (q, J = 3.9 Hz), 46.4.
HRMS (ESI): C11H9F3NaO [M+Na]+ calcd: 237.0498, found: 237.0497.

N-methoxy-N-methyl-2-(p-tolyl)acetamide (S12i)
Rf = 0.2 (hexanes:EtOAc, 4:1), colorless oil (917 mg, 95% yield in 5.0 
mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.18 (d, J = 7.8 Hz, 2H), 7.11 (d, 
J = 7.9 Hz, 2H), 3.72 (s, 2H), 3.59 (s, 3H), 3.17 (s, 3H), 2.31 (s, 3H).
13C NMR (126 MHz, Chloroform-d) δ 172.6, 136.3, 131.9, 129.2, 

129.2, 61.3, 39.0, 32.3, 21.1.
HRMS (ESI): C11H16NO2 [M+H]+ calcd: 194.1176, found: 194.1179.

1-(p-tolyl)but-3-en-2-one (16i)
Rf = 0.2 (hexanes:EtOAc, 20:1), colorless oil (189 mg, 59% yield in 2.0 
mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.14 (d, J = 7.7 Hz, 2H), 7.10 (d, J 
= 7.8 Hz, 2H), 6.45 – 6.35 (m, 1H), 6.29 (d, J = 17.5 Hz, 1H), 5.80 (d, J 

= 10.3 Hz, 1H), 3.83 (s, 2H), 2.33 (s, 3H).
13C NMR (126 MHz, Chloroform-d) δ 197.9, 136.7, 135.6, 131.0, 129.5, 129.4, 128.9, 46.9, 21.1.
HRMS (ESI): C11H13O [M+H]+ calcd: 161.0961, found: 161.0958.

2-(4-chlorophenyl)-N-methoxy-N-methylacetamide (S12j)
Rf = 0.2 (hexanes:EtOAc, 4:1), colorless oil (995 mg, 93% yield in 5.0 
mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.28 (d, J = 8.3 Hz, 2H), 7.22 
(d, J = 8.2 Hz, 2H), 3.73 (s, 2H), 3.63 (s, 3H), 3.19 (s, 3H).
13C NMR (126 MHz, Chloroform-d) δ 171.9, 133.4, 132.7, 130.7, 

128.6, 61.3, 38.6, 32.3.
HRMS (ESI): C10H13ClNO2 [M+H]+ calcd: 214.0629, found: 214.0625.

1-(4-chlorophenyl)but-3-en-2-one (16j)
Rf = 0.2 (hexanes:EtOAc, 20:1), white solid (188 mg, 52% yield in 2.0 
mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.30 (d, J = 8.3 Hz, 2H), 7.14 (d, 
J = 8.4 Hz, 2H), 6.49 – 6.36 (m, 1H), 6.30 (d, J = 17.5 Hz, 1H), 5.85 (d, 
J = 10.5 Hz, 1H), 3.85 (s, 2H).

13C NMR (126 MHz, Chloroform-d) δ 197.1, 135.6, 133.0, 132.5, 130.9, 129.2, 128.9, 46.2.
HRMS (ESI): C10H10ClO [M+H]+ calcd: 181.0415, found: 181.0413.

N-methoxy-2-(4-methoxyphenyl)-N-methylacetamide (S12k)
Rf = 0.2 (hexanes:EtOAc, 2:1), colorless oil (993 mg, 95% yield in 
5.0 mmol scale).
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1H NMR (500 MHz, Chloroform-d) δ 7.21 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.7 Hz, 2H), 3.78 (s, 3H), 
3.71 (s, 2H), 3.61 (s, 3H), 3.18 (s, 3H).
13C NMR (126 MHz, Chloroform-d) δ 172.8, 158.5, 130.3, 127.0, 114.0, 61.3, 55.3, 38.5, 32.3.
HRMS (ESI): C11H16NO3 [M+H]+ calcd: 210.1125, found: 210.1127.

1-(4-methoxyphenyl)but-3-en-2-one (16k)
Rf = 0.2 (hexanes:EtOAc, 20:1), colorless oil (225 mg, 64% yield in 
2.0 mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.12 (d, J = 8.7 Hz, 2H), 6.86 
(d, J = 8.7 Hz, 2H), 6.44 – 6.35 (m, 1H), 6.33 – 6.26 (m, 1H), 5.81 
(dd, J = 10.3, 1.3 Hz, 1H), 3.81 (s, 2H), 3.78 (s, 3H).

13C NMR (126 MHz, Chloroform-d) δ 198.1, 158.7, 135.6, 130.5, 128.9, 126.0, 114.2, 55.3, 46.4.
HRMS (ESI): C11H13O2 [M+H]+ calcd: 177.0910, found: 177.0907.

N-methoxy-2-(2-methoxyphenyl)-N-methylacetamide (S12l)
Rf = 0.2 (hexanes:EtOAc, 4:1), colorless oil (972 mg, 93% yield in 5.0 
mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.25 – 7.17 (m, 2H), 6.91 (t, J = 
7.4 Hz, 1H), 6.86 (d, J = 8.1 Hz, 1H), 3.81 (s, 3H), 3.77 (s, 2H), 3.66 (s, 
3H), 3.20 (s, 3H).

13C NMR (126 MHz, Chloroform-d) δ 157.4, 130.9, 128.2, 123.8, 120.6, 110.5, 61.2, 55.5, 33.5.
HRMS (ESI): C11H16NO3 [M+H]+ calcd: 210.1125, found: 210.1122.

1-(2-methoxyphenyl)but-3-en-2-one (16l)
Rf = 0.2 (hexanes:EtOAc, 20:1), colorless oil (162 mg, 46% yield in 2.0 
mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.25 (t, J = 7.7 Hz, 1H), 7.14 (d, 
J = 7.3 Hz, 1H), 6.92 (t, J = 7.4 Hz, 1H), 6.87 (d, J = 8.2 Hz, 1H), 6.46 
– 6.36 (m, 1H), 6.34 – 6.26 (m, 1H), 5.76 (d, J = 10.1 Hz, 1H), 3.85 (s, 

2H), 3.79 (s, 3H).
13C NMR (126 MHz, Chloroform-d) δ 198.1, 157.4, 135.7, 131.1, 128.5, 128.2, 123.3, 120.7, 110.6, 
55.4, 41.8.
HRMS (ESI): C11H13O2 [M+H]+ calcd: 177.0910, found: 177.0905.

2-(4-fluorophenyl)-N-methoxy-N-methylacetamide (S12m)
Rf = 0.2 (hexanes:EtOAc, 4:1), colorless oil (896 mg, 91% yield in 5.0 
mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.25 (t, J = 7.2 Hz, 2H), 6.99 
(t, 2H), 3.73 (s, 2H), 3.63 (s, 3H), 3.18 (s, 3H).
13C NMR (126 MHz, Chloroform-d) δ 172.2, 162.8, 160.9, 130.9, 

130.8, 115.4, 115.2, 61.3, 38.4, 32.3.
HRMS (ESI): C10H13FNO2 [M+H]+ calcd: 198.0925, found: 198.0924.

1-(4-fluorophenyl)but-3-en-2-one (16m)
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Rf = 0.2 (hexanes:EtOAc, 20:1), colorless oil (180 mg, 55% yield in 2.0 
mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.20 – 7.13 (m, 2H), 7.02 (t, J = 
8.6 Hz, 2H), 6.41 (dd, J = 17.6, 10.4 Hz, 1H), 6.31 (dd, J = 17.6, 1.3 
Hz, 1H), 5.85 (dd, J = 10.4, 1.3 Hz, 1H), 3.85 (s, 2H).

13C NMR (126 MHz, Chloroform-d) δ 197.4, 163.0, 161.0, 135.6, 131.0, 131.0, 129.0, 115.7, 115.5, 
46.1.
HRMS (ESI): C10H10FO [M+H]+ calcd: 165.0710, found: 165.0711.

N-methoxy-N-methyl-2-(naphthalen-1-yl)acetamide (S12n)
Rf = 0.2 (hexanes:EtOAc, 20:1), colorless oil (1.12 g, 98% yield in 5.0 
mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 8.06 (d, J = 8.4 Hz, 1H), 7.86 
(d, J = 8.0 Hz, 1H), 7.78 (d, J = 7.4 Hz, 1H), 7.56 – 7.46 (m, 2H), 
7.46 – 7.40 (m, 2H), 4.23 (s, 2H), 3.61 (s, 3H), 3.23 (s, 3H).

13C NMR (126 MHz, Chloroform-d) δ 172.5, 133.9, 132.4, 131.4, 128.7, 127.7, 126.2, 125.7, 125.4, 
124.0, 61.4, 37.1.
HRMS (ESI): C14H16NO2 [M+H]+ calcd: 230.1176, found: 230.1173.

1-(naphthalen-1-yl)but-3-en-2-one (16n)
Rf = 0.8 (hexanes:EtOAc, 20:1), colorless oil (172 mg, 44% yield in 2.0 
mmol scale).
1H NMR (500 MHz, Chloroform-d) δ 7.91 – 7.84 (m, 2H), 7.81 (d, J = 
8.2 Hz, 1H), 7.55 – 7.48 (m, 2H), 7.45 (t, J = 7.6 Hz, 1H), 7.38 (d, J = 
7.0 Hz, 1H), 6.47 (dd, J = 17.5, 10.4 Hz, 1H), 6.36 (dd, J = 17.5, 1.5 
Hz, 1H), 5.76 (dd, J = 10.4, 1.5 Hz, 1H), 4.30 (s, 2H).

13C NMR (126 MHz, Chloroform-d) δ 197.7, 134.9, 134.0, 132.3, 130.7, 128.9, 128.8, 128.3, 128.1, 
126.5, 125.9, 125.5, 123.9, 45.7.
HRMS (ESI): C14H13O [M+H]+ calcd: 197.0961, found: 197.0966.
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4. Substrate Scope of the Michael Addition Reaction

4.1 Preparation of 15

General procedure: Ni(ClO4)2·6H2O (7.2 mg, 10 mmol%, 0.02 mmol), L-1 (13.6 mg, 12 mmol%, 
0.024 mmol), KHCO3 (20.0 mg, 0.2 mmol), and 4Å molecular sieves (20.0 mg) were stirred in anhydrous 
CH3CN (0.2 M) under argon atmosphere at 35 °C for 1 hour. Then a mixture of α, β-unsaturated γ-
butyrolactam 13 (0.2 mmol) and α, β-unsaturated ketones 14 (0.24mmol) in the acetonitrile was added 
to the above solution. The mixture was stirred at 35 °C until TLC showed the staring material was no 
longer consumed. The reaction mixture was filtered through Celite® and washed with EtOAc. The filtrate 
was then concentrated under reduced pressure to give a residue which was purified by silica gel 
chromatography to afford the addition product 15.

Unsuccessful Substrates

NO
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NO
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8% ee

NO
NO

COOMe
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OO
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O

R3

Ni(ClO4)2•6H2O / L-1
(1:1.2, 10 mol % )

KHCO3, 4 Å M.S.,
CH3CN, 35 °C
(0.2 mmol scale)

NO

R2
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13 15

+

14

NO
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PG
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Scheme S1. Unsuccessful substrates for the Michael addition reactions.

tert-butyl 2-methyl-5-oxo-2-(3-oxobutyl)-2,5-dihydro-1H-pyrrole-1-carboxylate (15a)
Rf = 0.3 (hexanes:EtOAc, 1:1), white solid.
[α]D

20 = -10.99 (c = 0.335, CHCl3).
HPLC analysis: 84% ee, Chiralpak OD-H, Hexane/i-PrOH = 85/15, flow 
rate = 0.7 mL/min, λ = 214 nm; Major isomer: tr(major) = 12.00 min, 
tr(minor) = 11.15 min.
1H NMR (500 MHz, Chloroform-d) δ 6.89 (d, J = 6.1 Hz, 1H), 6.01 (d, J 

= 6.0 Hz, 1H), 2.57 – 2.48 (m, 1H), 2.25 – 2.17 (m, 1H), 2.13 – 2.08 (m, 1H), 2.07 (s, 3H), 2.06 – 1.99 
(m, 1H), 1.55 (s, 9H), 1.55 (s, 3H).
13C NMR (126 MHz, Chloroform-d) δ 207.0, 169.5, 156.1, 149.3, 124.7, 83.1, 67.8, 37.4, 30.1, 29.2, 
28.2, 23.9.
HRMS (ESI): C14H21NNaO4 [M+Na]+ calcd: 290.1363, found: 290.1358.

tert-butyl 2-ethyl-5-oxo-2-(3-oxobutyl)-2,5-dihydro-1H-pyrrole-1-carboxylate (15b)
Rf = 0.3 (hexanes:EtOAc, 1:1), white solid.
[α]D

20 = -4.88 (c = 0.355, CHCl3).
HPLC analysis: 75% ee, Chiralpak OD-H, Hexane/i-PrOH = 90/10, flow 
rate = 0.4 mL/min, λ = 214 nm; Major isomer: tr(major) = 24.14 min, 
tr(minor) = 25.67 min.
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1H NMR (500 MHz, Chloroform-d) δ 6.79 (d, J = 6.1 Hz, 1H), 6.09 (d, J = 6.1 Hz, 1H), 2.51 – 2.44 (m, 
1H), 2.28 – 2.20 (m, 2H), 2.18 – 2.09 (m, 2H), 2.08 (s, 3H), 1.83 – 1.75 (m, 1H), 1.55 (s, 9H), 0.70 (t, J 
= 7.5 Hz, 3H).
13C NMR (126 MHz, Chloroform-d) δ 207.3, 170.1, 154.7, 149.3, 126.0, 83.1, 71.4, 37.1, 30.2, 29.1, 
28.8, 28.2, 7.4.
HRMS (ESI): C15H23NNaO4 [M+Na]+ calcd: 304.1519, found: 304.1512.

tert-butyl 5-oxo-2-(3-oxobutyl)-2-propyl-2,5-dihydro-1H-pyrrole-1-carboxylate (15c)
Rf = 0.3 (hexanes:EtOAc, 1:1), white solid.
[α]D

20 = -15.03 (c = 0.173, CHCl3).
HPLC analysis: 73% ee, Chiralpak OD-H, Hexane/i-PrOH = 90/10, flow 
rate = 0.6 mL/min, λ = 214 nm; Major isomer: tr(major) = 14.47 min, 
tr(minor) = 15.75 min.
1H NMR (500 MHz, Chloroform-d) δ 6.81 (d, J = 6.1 Hz, 1H), 6.05 (d, J = 

6.0 Hz, 1H), 2.49 – 2.41 (m, 1H), 2.25 – 2.14 (m, 2H), 2.14 – 2.06 (m, 2H), 2.06 (s, 3H), 1.74 – 1.67 (m, 
1H), 1.53 (s, 9H), 1.10 – 1.02 (m, 2H), 0.86 (t, J = 7.3 Hz, 3H).
13C NMR (126 MHz, Chloroform-d) δ 207.3, 170.1, 155.0, 149.3, 125.6, 83.1, 71.1, 38.4, 37.0, 30.2, 
29.0, 28.2, 16.5, 14.0.
HRMS (ESI): C16H25NNaO4 [M+Na]+ calcd: 318.1676, found: 318.1674.

tert-butyl 2-(3-(methoxy(methyl)amino)-3-oxopropyl)-5-oxo-2-(3-oxobutyl)-2,5-dihydro-1H-
pyrrole-1-carboxylate (15d)

Rf = 0.2 (hexanes:EtOAc, 0:1), white solid.
[α]D

20 = +11.65 (c = 0.105, CHCl3).
HPLC analysis: 68% ee, Chiralpak AD-H, Hexane/i-PrOH/MeOH 
= 90/05/05, flow rate = 0.7 mL/min, λ = 214 nm; Major isomer: 
tr(major) = 24.94 min, tr(minor) = 28.89 min. The enantiomeric 
excess can be enhanced to >99% by recrystallization from 10% 
EtOAc in n-hexane.

1H NMR (500 MHz, Chloroform-d) δ 6.83 (d, J = 6.1 Hz, 1H), 6.04 (d, J = 6.1 Hz, 1H), 3.57 (s, 3H), 
3.09 (s, 3H), 2.57 – 2.44 (m, 2H), 2.23 – 2.05 (m, 6H), 2.04 (s, 3H), 1.52 (s, 9H).
13C NMR (126 MHz, Chloroform-d) δ 206.9, 173.0, 170.0, 154.7, 149.2, 125.7, 83.5, 70.6, 61.3, 37.0, 
32.2, 30.4, 30.1, 29.2, 28.1, 25.5.
HRMS (ESI): C18H28N2NaO6 [M+Na]+ calcd: 391.1840, found: 391.1838.

tert-butyl 2-(2-(1,3-dioxolan-2-yl)ethyl)-5-oxo-2-(3-oxobutyl)-2,5-dihydro-1H-pyrrole-1-
carboxylate (15e)

Rf = 0.2 (hexanes:EtOAc, 1:1), white solid.
[α]D

20 = -0.44 (c = 0.450, CHCl3).
HPLC analysis: 71% ee, Chiralpak AD-H, Hexane/i-PrOH = 85/15, 
flow rate = 0.7 mL/min, λ = 214 nm; Major isomer: tr(major) = 18.55 
min, tr(minor) = 15.84 min.
1H NMR (500 MHz, Chloroform-d) δ 6.80 (d, J = 6.1 Hz, 1H), 6.07 (d, 
J = 6.0 Hz, 1H), 4.80 (t, J = 4.4 Hz, 1H), 3.94 – 3.87 (m, 2H), 3.83 – 
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3.78 (m, 2H), 2.52 – 2.44 (m, 1H), 2.42 – 2.34 (m, 1H), 2.25 – 2.18 (m, 1H), 2.16 – 2.07 (m, 2H), 2.06 
(s, 3H), 1.87 – 1.81 (m, 1H), 1.54 (s, 9H), 1.43 – 1.33 (m, 2H).
13C NMR (126 MHz, Chloroform-d) δ 207.0, 169.8, 154.5, 149.1, 126.0, 103.5, 83.3, 70.5, 65.0, 37.0, 
30.2, 29.8, 29.1, 28.1, 27.6.
HRMS (ESI): C18H27NNaO6 [M+Na]+ calcd: 376.1731, found: 376.1726.

tert-butyl 2-allyl-5-oxo-2-(3-oxo-3-(2-oxooxazolidin-3-yl)propyl)-2,5-dihydro-1H-pyrrole-1-
carboxylate (15f) 

Rf = 0.1 (hexanes:EtOAc, 2:1), white solid.
[α]D

20 = -16.50 (c = 0.208, CHCl3).
HPLC analysis: 73% ee, Chiralpak OD-H, Hexane/i-PrOH = 
60/40, flow rate = 0.7 mL/min, λ = 214 nm; Major isomer: 
tr(major) = 18.44 min, tr(minor) = 25.61 min.
1H NMR (500 MHz, Chloroform-d) δ 6.93 (d, J = 6.1 Hz, 1H), 

6.09 (d, J = 6.1 Hz, 1H), 5.51 – 5.38 (m, 1H), 5.09 – 5.02 (m, 2H), 4.42 – 4.36 (m, 2H), 4.02 – 3.91 (m, 
2H), 2.99 – 2.90 (m, 1H), 2.75 – 2.65 (m, 3H), 2.57 – 2.50 (m, 1H), 2.16 – 2.10 (m, 1H), 1.56 (s, 9H).
13C NMR (126 MHz, Chloroform-d) δ 172.3, 169.5, 153.9, 153.3, 149.3, 130.6, 126.3, 120.1, 83.2, 70.5, 
62.1, 42.6, 40.4, 30.0, 29.2, 28.2.
HRMS (ESI): C18H24N2NaO6 [M+Na]+ calcd: 387.1527, found: 387.1521.

tert-butyl 2-methyl-5-oxo-2-(3-oxo-3-(2-oxooxazolidin-3-yl)propyl)-2,5-dihydro-1H-pyrrole-1-
carboxylate (15g)

Rf = 0.2 (hexanes:EtOAc, 1:1), white solid.
[α]D

20 = -12.03 (c = 0.453, CHCl3).
HPLC analysis: 77% ee, Chiralpak IC, Hexane/i-PrOH/MeOH 
= 70/20/10, flow rate = 0.7 mL/min, λ = 214 nm; Major isomer: 
tr(major) = 47.32 min, tr(minor) = 69.71 min.
1H NMR (500 MHz, Chloroform-d) δ 7.03 (d, J = 6.0 Hz, 1H), 

6.08 (d, J = 6.0 Hz, 1H), 4.43 (t, J = 8.3 Hz, 2H), 4.07 – 3.95 (m, 2H), 2.76 – 2.68 (m, 3H), 2.15 (s, 1H), 
1.61 (s, 9H), 1.60 (s, 3H).
13C NMR (126 MHz, Chloroform-d) δ 172.2, 169.4, 155.8, 153.3, 149.3, 125.0, 83.2, 67.8, 62.1, 42.6, 
30.8, 29.6, 28.2, 24.0.
HRMS (ESI): C16H22N2NaO6 [M+Na]+ calcd: 361.1370, found: 361.1368.

tert-butyl 2-methyl-5-oxo-2-(3-oxopropyl)-2,5-dihydro-1H-pyrrole-1-carboxylate (15h)
Rf = 0.3 (hexanes:EtOAc, 1:1), colorless oil.
[α]D

20 = -0.23 (c = 0.383, CHCl3).
HPLC analysis: 80% ee was obtained by its derivative 15h1.
1H NMR (500 MHz, Chloroform-d) δ 9.74 (s, 1H), 6.94 (d, J = 6.0 Hz, 
1H), 6.08 (d, J = 6.0 Hz, 1H), 2.68 – 2.61 (m, 1H), 2.36 – 2.26 (m, 1H), 

2.25 – 2.17 (m, 1H), 2.15 – 2.07 (m, 1H), 1.61 (s, 3H), 1.60 (s, 9H).
13C NMR (126 MHz, Chloroform-d) δ 200.3, 169.2, 155.7, 149.3, 125.1, 83.3, 67.5, 38.1, 28.2, 27.8, 
23.9.
HRMS (ESI): C13H19NNaO4 [M+Na]+ calcd: 276.1206, found: 276.1204.
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tert-butyl 2-(3,3-dimethoxypropyl)-2-methyl-5-oxo-2,5-dihydro-1H-pyrrole-1-carboxylate (15h1)
Rf = 0.4 (hexanes:EtOAc, 1:1), white solid.
[α]D

20 = +3.92 (c = 0.393, CHCl3).
HPLC analysis: 80% ee, Chiralpak IC, Hexane/i-PrOH = 85/15, 
flow rate = 0.7 mL/min, λ = 214 nm; Major isomer: tr(major) = 26.10 
min, tr(minor) = 20.93 min.
1H NMR (500 MHz, Chloroform-d) δ 6.91 (d, J = 6.1 Hz, 1H), 6.04 
(d, J = 6.0 Hz, 1H), 4.28 (t, J = 5.4 Hz, 1H), 3.28 (s, 3H), 3.26 (s, 

3H), 2.33 (d, J = 31.2 Hz, 1H), 1.76 – 1.69 (m, 1H), 1.56 (s, 9H), 1.53 (s, 3H), 1.38 – 1.32 (m, 1H), 1.30 
– 1.25 (m, 1H).
13C NMR (126 MHz, Chloroform-d) δ 169.5, 156.1, 149.4, 124.9, 104.1, 82.9, 68.0, 53.3, 52.7, 30.9, 
28.2, 26.8, 24.0.
HRMS (ESI): C15H25NNaO5 [M+Na]+ calcd: 322.1625, found: 322.1619.

tert-butyl 2-methyl-5-oxo-2-(3-oxopentyl)-2,5-dihydro-1H-pyrrole-1-carboxylate (15i)
Rf = 0.2 (hexanes:EtOAc, 1:1), white solid.
[α]D

20 = -0.30 (c = 0.380, CHCl3).
HPLC analysis: 83% ee, Chiralpak OD-H, Hexane/i-PrOH/MeOH = 
90/05/05, flow rate = 0.3 mL/min, λ = 214 nm; Major isomer: 
tr(major) = 25.05 min, tr(minor) = 27.22 min.
1H NMR (500 MHz, Chloroform-d) δ 6.93 (d, J = 6.0 Hz, 1H), 6.05 

(d, J = 6.1 Hz, 1H), 2.61 – 2.53 (m, 1H), 2.43 – 2.33 (m, 2H), 2.27 – 2.18 (m, 1H), 2.14 – 2.07 (m, 2H), 
1.60 (s, 9H), 1.59 (s, 3H), 1.05 (t, J = 7.3 Hz, 3H).
13C NMR (126 MHz, Chloroform-d) δ 210.0, 169.6, 156.2, 149.3, 124.6, 83.1, 67.9, 36.2, 36.0, 29.4, 
28.2, 24.0, 7.8.
HRMS (ESI): C15H23NNaO4 [M+Na]+ calcd: 304.1519, found: 304.1514.

benzyl 2-methyl-5-oxo-2-(3-oxobutyl)-2,5-dihydro-1H-pyrrole-1-carboxylate (15j)
Rf = 0.2 (hexanes:EtOAc, 2:1), colorless oil.
[α]D

20 = -3.82 (c = 0.433, CHCl3).
HPLC analysis: 70% ee, Chiralpak OD-H, Hexane/i-PrOH = 95/5, flow 
rate = 0.7 mL/min, λ = 214 nm; Major isomer: tr(major) = 79.57 min, 
tr(minor) = 75.81 min.
1H NMR (500 MHz, Chloroform-d) δ 7.46 (d, J = 6.9 Hz, 2H), 7.37 (t, J 

= 7.3 Hz, 2H), 7.33 (d, J = 6.9 Hz, 1H), 6.95 (d, J = 6.0 Hz, 1H), 6.03 (d, J = 6.0 Hz, 1H), 5.37 – 5.29 
(m, 2H), 2.57 – 2.49 (m, 1H), 2.17 – 2.09 (m, 1H), 2.08 – 2.01 (m, 2H), 2.00 (s, 3H), 1.56 (s, 3H).
13C NMR (126 MHz, Chloroform-d) δ 207.1, 169.0, 156.9, 150.7, 135.4, 128.7, 128.4, 128.1, 124.5, 
68.2, 67.9, 37.3, 30.1, 28.9, 23.8.
HRMS (ESI): C17H19NNaO4 [M+Na]+ calcd: 324.1206, found: 324.1200.

(3r)-adamantan-1-yl 2-methyl-5-oxo-2-(3-oxobutyl)-2,5-dihydro-1H-pyrrole-1-carboxylate (15k)
Rf = 0.2 (hexanes:EtOAc, 2:1), colorless oil.
[α]D

20 = -42.15 (c = 0.138, CHCl3).
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HPLC analysis: 80% ee, Chiralpak OD-H, Hexane/i-PrOH = 85/15, flow rate = 0.7 mL/min, λ = 214 
nm; Major isomer: tr(major) = 13.49 min, tr(minor) = 12.12 min.
1H NMR (500 MHz, Chloroform-d) δ 6.87 (d, J = 6.0 Hz, 1H), 6.00 (d, J = 6.0 Hz, 1H), 2.56 – 2.47 (m, 
1H), 2.20 (s, 9H), 2.13 – 1.98 (m, 6H), 1.67 (s, 6H), 1.54 (s, 3H).
13C NMR (126 MHz, Chloroform-d) δ 207.2, 169.6, 156.1, 148.8, 124.7, 83.2, 67.8, 41.5, 37.4, 36.1, 
31.0, 30.2, 29.3, 24.0.
HRMS (ESI): C20H28NO4 [M+H]+ calcd: 346.2013, found: 346.2008.

4.2 Preparation of 17

General procedure: Ni(ClO4)2·6H2O (7.2 mg, 0.020 mmol), L-1 (13.6 mg, 0.024 mmol), KHCO3 
(20.0 mg, 0.2 mmol), and 4Å molecular sieves (20.0 mg) were stirred in anhydrous 1,2-DCE (0.2 M) 
under argon atmosphere at 35 °C for 1 hour. Then a mixture of α, β-Unsaturated γ-butyrolactam 13 (0.2 
mmol) and benzyl vinyl ketone 16 (0.24mmol) in 1,2-DCE was added to the above solution. The mixture 
was stirred at 35 °C until TLC showed the staring material was no longer consumed. The reaction mixture 
was filtered through Celite® and washed with EtOAc. The filtrate was then concentrated under reduced 
pressure to give a residue which was purified by silica gel chromatography to afford the addition product 
octahydroindoles 17.

O

Ni(ClO4)2•6H2O / L-1
(1:1.2, 10 mol % )

KHCO3, 4 A M.S.,
1,2-DCE, 35 °C
(0.2 mmol scale)

NO

Boc

R1 + Ar
NO

R1
Boc

Ar OH

13 1716

Unsuccessful Michael-acceptors

O
OF

no reaction no reaction

O

no reaction

OMe

Scheme S2. Unsuccessful Michael-acceptors for the double Michael additions.

tert-butyl 7a-methyl-2,5-dioxo-4-phenyloctahydro-1H-indole-1-carboxylate (17a)
Rf = 0.2 (hexanes:EtOAc, 4:1), white solid.
[α]D

20 = +6.92 (c = 0.535, CHCl3).
HPLC analysis: 83% ee, Chiralpak IC, Hexane/i-PrOH/MeOH = 
70/20/10, flow rate = 0.7 mL/min, λ = 214 nm; Major isomer: tr(major) = 
24.38 min, tr(minor) = 28.84 min.
1H NMR (500 MHz, Chloroform-d) δ 7.34 (t, J = 7.2 Hz, 2H), 7.29 (d, J 
= 7.3 Hz, 1H), 7.01 (d, J = 7.0 Hz, 2H), 3.49 (d, J = 12.6 Hz, 1H), 2.69 – 

2.62 (m, 1H), 2.60 – 2.54 (m, 2H), 2.49 – 2.41 (m, 2H), 2.37 – 2.30 (m, 1H), 2.15 – 2.09 (m, 1H), 1.62 
(s, 3H), 1.58 (s, 9H).
13C NMR (126 MHz, Chloroform-d) δ 209.1, 172.7, 150.1, 135.6, 129.5, 128.8, 127.7, 83.6, 63.7, 56.7, 
43.3, 35.9, 35.7, 32.6, 28.2, 24.7.

NO
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HRMS (ESI): C20H25NNaO4 [M+Na]+ calcd: 366.1676, found: 366.1670.

tert-butyl 7a-ethyl-2,5-dioxo-4-phenyloctahydro-1H-indole-1-carboxylate (17b)
Rf = 0.2 (hexanes:EtOAc, 4:1), white solid.
[α]D

20 = +60.45 (c = 0.118, CHCl3).
HPLC analysis: 73% ee, Chiralpak IC, Hexane/i-PrOH/MeOH = 
70/20/10, flow rate = 0.4 mL/min, λ = 214 nm; Major isomer: tr(major) = 
44.07 min, tr(minor) = 39.57 min.
1H NMR (500 MHz, Chloroform-d) δ 7.35 (t, J = 7.4 Hz, 2H), 7.30 (d, J 
= 7.1 Hz, 1H), 7.04 (d, J = 7.3 Hz, 2H), 3.57 (d, J = 11.8 Hz, 1H), 2.68 – 

2.45 (m, 5H), 2.38 – 2.31 (m, 1H), 2.26 – 2.19 (m, 1H), 2.19 – 2.14 (m, 1H), 1.93 – 1.85 (m, 1H), 1.57 
(s, 9H), 0.98 (t, J = 7.5 Hz, 3H).
13C NMR (126 MHz, Chloroform-d) δ 209.2, 173.1, 150.3, 135.5, 129.4, 128.8, 127.8, 83.6, 66.8, 57.7, 
40.2, 37.2, 35.9, 31.9, 31.1, 28.1, 8.3.
HRMS (ESI): C21H27NNaO4 [M+Na]+ calcd: 380.1832, found: 380.1827.

tert-butyl 2,5-dioxo-4-phenyl-7a-propyloctahydro-1H-indole-1-carboxylate (17c)
Rf = 0.2 (hexanes:EtOAc, 4:1), white solid.
[α]D

20 = +4.32 (c = 0.445, CHCl3).
HPLC analysis: 64% ee, Chiralpak IC, Hexane/i-PrOH/MeOH = 70/20/10, 
flow rate = 0.7 mL/min, λ = 214 nm; Major isomer: tr(major) = 24.23 min, 
tr(minor) = 18.93 min.
1H NMR (500 MHz, Chloroform-d) δ 7.36 – 7.32 (m, 2H), 7.30 (d, J = 7.2 
Hz, 1H), 7.03 (d, J = 6.9 Hz, 2H), 3.56 (d, J = 12.0 Hz, 1H), 2.66 (dt, J = 

14.2, 4.2 Hz, 1H), 2.61 – 2.52 (m, 3H), 2.51 – 2.44 (m, 1H), 2.37 – 2.30 (m, 1H), 2.17 – 2.09 (m, 2H), 
1.87 – 1.78 (m, 1H), 1.56 (s, 9H), 1.40 – 1.33 (m, 2H), 0.98 (t, J = 7.2 Hz, 3H).
13C NMR (126 MHz, Chloroform-d) δ 209.2, 173.1, 150.3, 135.5, 129.4, 128.8, 127.8, 83.5, 66.5, 57.7, 
40.9, 40.6, 37.2, 35.9, 32.1, 28.1, 17.2, 14.4.
HRMS (ESI): C22H29NNaO4 [M+Na]+ calcd: 394.1989, found: 394.1989.

tert-butyl 7a-methyl-2,5-dioxo-4-(o-tolyl)octahydro-1H-indole-1-carboxylate (17d)
Rf = 0.2 (hexanes:EtOAc, 4:1), white solid.
[α]D

20 = +62.49 (c = 0.123, CHCl3).
HPLC analysis: 93% ee, Chiralpak IC, Hexane/i-PrOH/MeOH = 
70/20/10, flow rate = 0.6 mL/min, λ = 214 nm; Major isomer: tr(major) = 
18.96 min, tr(minor) = 22.30 min.
1H NMR (500 MHz, Chloroform-d) δ 7.22 (t, J = 8.3 Hz, 1H), 7.10 (d, J = 
7.2 Hz, 1H), 6.86 – 6.78 (m, 2H), 3.43 (d, J = 14.9 Hz, 1H), 2.69 – 2.62 (m, 
1H), 2.61 – 2.54 (m, 2H), 2.49 – 2.41 (m, 2H), 2.34 – 2.30 (m, 4H), 2.14 

(d, J = 18.2 Hz, 1H), 1.63 (s, 3H), 1.58 (s, 9H).
13C NMR (126 MHz, Chloroform-d) δ 209.4, 172.8, 150.1, 138.5, 135.5, 130.3, 128.7, 128.5, 126.4, 
83.6, 63.7, 56.6, 43.2, 35.9, 35.7, 32.7, 28.2, 24.7, 21.4.
HRMS (ESI): C21H27NNaO4 [M+Na]+ calcd: 380.1832, found: 380.1824.
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tert-butyl 4-(2-chlorophenyl)-7a-methyl-2,5-dioxooctahydro-1H-indole-1-carboxylate (17e)
Rf = 0.2 (hexanes:EtOAc, 4:1), white solid.
[α]D

20 = +70.31 (c = 0.245, CHCl3).
HPLC analysis: 75% ee, Chiralpak AD-H, Hexane/i-PrOH = 80/20, flow 
rate = 0.7 mL/min, λ = 214 nm; Major isomer: tr(major) = 12.56 min, 
tr(minor) = 18.35 min.
1H NMR (500 MHz, Chloroform-d) δ 7.43 – 7.37 (m, 1H), 7.27 – 7.23 (m, 
2H), 7.09 – 7.01 (m, 1H), 3.84 (d, J = 10.0 Hz, 1H), 2.75 – 2.64 (m, 2H), 
2.63 – 2.56 (m, 2H), 2.55 – 2.47 (m, 1H), 2.35 – 2.28 (m, 1H), 2.10 (d, J = 
16.7 Hz, 1H), 1.64 (s, 3H), 1.58 (s, 9H).

13C NMR (126 MHz, Chloroform-d) δ 207.6, 172.6, 150.1, 134.6, 134.0, 131.6, 130.2, 129.2, 127.2, 
83.6, 63.7, 54.7, 41.8, 35.8, 35.7, 32.6, 28.2, 24.8.
HRMS (ESI): C20H24ClNNaO4 [M+Na]+ calcd: 400.1286, found: 400.1278.

tert-butyl 7a-methyl-2,5-dioxo-4-(m-tolyl)octahydro-1H-indole-1-carboxylate (17f)
Rf = 0.2 (hexanes:EtOAc, 4:1), white solid.
[α]D

20 = +55.04 (c = 0.185, CHCl3).
HPLC analysis: 81% ee, Chiralpak IC, Hexane/i-PrOH/MeOH = 
70/20/10, flow rate = 0.7 mL/min, λ = 214 nm; Major isomer: tr(major) = 
24.48 min, tr(minor) = 28.67 min.
1H NMR (500 MHz, Chloroform-d) δ 7.20 – 7.15 (m, 3H), 6.88 (d, J = 6.6 
Hz, 1H), 3.71 (d, J = 12.9 Hz, 1H), 2.71 – 2.64 (m, 1H), 2.62 – 2.55 (m, 
2H), 2.55 – 2.41 (m, 2H), 2.35 – 2.29 (m, 1H), 2.21 (s, 3H), 2.04 (d, J = 
18.0 Hz, 1H), 1.64 (s, 3H), 1.58 (s, 9H).

13C NMR (126 MHz, Chloroform-d) δ 209.1, 172.9, 150.1, 137.4, 134.3, 130.9, 128.5, 127.6, 126.4, 
83.6, 63.7, 52.7, 42.7, 35.9, 35.8, 32.8, 28.2, 24.6, 20.2.
HRMS (ESI): C21H27NNaO4 [M+Na]+ calcd: 380.1832, found: 380.1823.

tert-butyl 4-(3-chlorophenyl)-7a-methyl-2,5-dioxooctahydro-1H-indole-1-carboxylate (17g)
Rf = 0.2 (hexanes:EtOAc, 4:1), white solid.
[α]D

20 = +47.26 (c = 0.145, CHCl3).
HPLC analysis: 78% ee, Chiralpak IB-3, Hexane/i-PrOH = 70/30, flow 
rate = 0.5 mL/min, λ = 214 nm; Major isomer: tr(major) = 14.81 min, 
tr(minor) = 17.57 min.
1H NMR (500 MHz, Chloroform-d) δ 7.31 – 7.26 (m, 2H), 7.02 (s, 1H), 
6.91 (t, J = 4.6 Hz, 1H), 3.48 (d, J = 12.7 Hz, 1H), 2.72 – 2.65 (m, 1H), 
2.61 – 2.54 (m, 2H), 2.49 – 2.38 (m, 2H), 2.36 – 2.29 (m, 1H), 2.10 (d, J = 
18.4 Hz, 1H), 1.62 (s, 3H), 1.57 (s, 9H).

13C NMR (126 MHz, Chloroform-d) δ 208.3, 172.3, 150.1, 137.6, 134.8, 130.0, 129.4, 128.0, 127.9, 
83.7, 63.6, 56.4, 43.3, 35.8, 35.6, 32.6, 28.2, 24.7.
HRMS (ESI): C20H24ClNNaO4 [M+Na]+ calcd: 400.1286, found: 400.1284.

tert-butyl 7a-methyl-2,5-dioxo-4-(3-(trifluoromethyl)phenyl)octahydro-1H-indole-1-carboxylate 
(17h)
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Rf = 0.2 (hexanes:EtOAc, 4:1), white solid.
[α]D

20 = +47.08 (c = 0.160, CHCl3).
HPLC analysis: 71% ee, Chiralpak OD-H, Hexane/i-PrOH = 85/15, flow 
rate = 0.7 mL/min, λ = 214 nm; Major isomer: tr(major) = 14.97 min, 
tr(minor) = 22.08 min.
1H NMR (500 MHz, Chloroform-d) δ 7.57 (d, J = 7.4 Hz, 1H), 7.48 (t, J 
= 7.6 Hz, 1H), 7.28 (s, 1H), 7.22 (d, J = 7.4 Hz, 1H), 3.60 (d, J = 12.7 Hz, 
1H), 2.74 – 2.66 (m, 1H), 2.64 – 2.56 (m, 2H), 2.53 – 2.42 (m, 2H), 2.40 
– 2.33 (m, 1H), 2.06 (d, J = 19.9 Hz, 1H), 1.64 (s, 3H), 1.58 (s, 9H).

13C NMR (126 MHz, Chloroform-d) δ 208.1, 172.1, 150.1, 136.6, 133.1, 131.2 (q, J = 32.1 Hz), 129.3, 
126.1 (q, J = 4.1 Hz), 124.7 (q, J = 3.9 Hz), 123.9 (q, J = 271.1 Hz), 83.8, 63.6, 56.6, 43.3, 35.9, 35.6, 
32.6, 28.1, 24.7.
HRMS (ESI): C21H24F3NNaO4 [M+Na]+ calcd: 434.1550, found: 434.1546.

tert-butyl 7a-methyl-2,5-dioxo-4-(p-tolyl)octahydro-1H-indole-1-carboxylate (17i)
Rf = 0.2 (hexanes:EtOAc, 4:1), white solid.
[α]D

20 = +31.44 (c = 0.148, CHCl3).
HPLC analysis: 86% ee, Chiralpak IC, Hexane/i-PrOH/MeOH = 70/20/10, 
flow rate = 0.7 mL/min, λ = 214 nm; Major isomer: tr(major) = 36.65 min, 
tr(minor) = 42.69 min.
1H NMR (500 MHz, Chloroform-d) δ 7.14 (d, J = 7.6 Hz, 2H), 6.90 (d, J = 
7.6 Hz, 2H), 3.44 (d, J = 12.7 Hz, 1H), 2.68 – 2.61 (m, 1H), 2.59 – 2.52 (m, 
2H), 2.46 – 2.39 (m, 2H), 2.32 (s, 3H), 2.31 – 2.29 (m, 1H), 2.14 (d, J = 
18.3 Hz, 1H), 1.61 (s, 3H), 1.57 (s, 9H).

13C NMR (126 MHz, Chloroform-d) δ 209.4, 172.8, 150.2, 137.4, 132.5, 129.6, 129.3, 83.6, 63.7, 56.3, 
43.3, 35.9, 35.7, 32.6, 28.2, 24.8, 21.1.
HRMS (ESI): C21H27NNaO4 [M+Na]+ calcd: 380.1832, found: 380.1826.

tert-butyl 4-(4-chlorophenyl)-7a-methyl-2,5-dioxooctahydro-1H-indole-1-carboxylate (17j)
Rf = 0.2 (hexanes:EtOAc, 4:1), white solid.
[α]D

20 = +29.72 (c = 0.248, CHCl3).
HPLC analysis: 92% ee, Chiralpak IC, Hexane/i-PrOH/MeOH = 
70/20/10, flow rate = 0.7 mL/min, λ = 214 nm; Major isomer: tr(major) = 
17.70 min, tr(minor) = 21.43 min.
1H NMR (500 MHz, Chloroform-d) δ 7.31 (d, J = 7.9 Hz, 2H), 6.95 (d, 
J = 8.0 Hz, 2H), 3.48 (d, J = 12.7 Hz, 1H), 2.71 – 2.62 (m, 1H), 2.60 – 
2.53 (m, 2H), 2.47 – 2.37 (m, 2H), 2.35 – 2.28 (m, 1H), 2.08 (d, J = 17.6 
Hz, 1H), 1.61 (s, 3H), 1.56 (s, 9H).
13C NMR (126 MHz, Chloroform-d) δ 208.7, 172.4, 150.1, 134.0, 133.7, 

130.8, 129.1, 83.8, 63.7, 56.1, 43.3, 35.8, 35.6, 32.6, 28.2, 24.7.
HRMS (ESI): C20H24ClNNaO4 [M+Na]+ calcd: 400.1286, found: 400.1284.

tert-butyl 4-(4-methoxyphenyl)-7a-methyl-2,5-dioxooctahydro-1H-indole-1-carboxylate (17k)

NO

Boc

O

17i

NO

Boc

O

Cl

17j

NO

Boc

O

F3C

17h



S29

Rf = 0.2 (hexanes:EtOAc, 4:1), white solid.
[α]D

20 = +41.86 (c = 0.120, CHCl3).
HPLC analysis: 75% ee, Chiralpak IC, Hexane/i-PrOH/MeOH = 
70/20/10, flow rate = 0.7 mL/min, λ = 214 nm; Major isomer: tr(major) 
= 48.27 min, tr(minor) = 59.75 min.
1H NMR (500 MHz, Chloroform-d) δ 6.93 (d, J = 8.2 Hz, 2H), 6.87 (d, 
J = 8.1 Hz, 2H), 3.79 (s, 3H), 3.43 (d, J = 12.6 Hz, 1H), 2.68 – 2.61 (m, 
1H), 2.60 – 2.53 (m, 2H), 2.47 – 2.30 (m, 3H), 2.15 (d, J = 18.3 Hz, 1H), 
1.62 (s, 3H), 1.57 (s, 9H).
13C NMR (126 MHz, Chloroform-d) δ 209.5, 172.7, 159.1, 150.2, 

130.4, 127.4, 114.4, 83.6, 63.7, 56.0, 55.3, 43.5, 35.9, 35.7, 32.6, 28.2, 24.8.
HRMS (ESI): C21H27NNaO5 [M+Na]+ calcd: 396.1781, found: 396.1781.
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5. NMR Spectra

1H NMR spectrum of compound 13a (500 MHz, Chloroform-d) 
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1H NMR spectrum of compound 13b (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 13c (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 13d (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 13e (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 13f (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 13j (500 MHz, Chloroform-d)

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0

f1 (ppm)

-1000

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

11000

12000

13000

14000
XWQ-20210305-YJH-V-97/10 — H

3.
07

1.
00

2.
24

0.
96

1.
00

1.
01

2.
06

2.
09

1
.4
2

1
.4
4

4
.6
7

4
.6
8

5
.3
1

5
.3
4

6
.0
5

6
.0
6

6
.0
6

6
.0
7

7
.1
2

7
.1
3

7
.1
3

7
.1
4

7
.3
1

7
.3
3

7
.3
6

7
.4
4

7
.4
5

13C NMR spectrum of compound 13j (126 MHz, Chloroform-d)

-100102030405060708090100110120130140150160170180190200210

f1 (ppm)

0

100

200

300

400

500

600

700

800

900

XWQ-20210305-YJH-V-97/11 — C

1
8
.1

5
8
.5

6
7
.9

1
2
5
.7

1
2
8
.1

1
2
8
.3

1
2
8
.6

1
3
5
.4

1
5
0
.9

1
5
2
.4

1
6
8
.5

NO

Cbz

NO

Cbz



S37

1H NMR spectrum of compound 13k (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 13l (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 13m (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 13n (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S8j (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S9j (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S10j (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S8k (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S9k (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S10k (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S8l (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S9l (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S10l (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S8m (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S9m (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S10m (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S8n (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S9n (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S10n (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S12a (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 16a (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S12d (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 16d (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S12e (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 16e (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S12f (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 16f (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S12g (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 16g (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S12h (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 16h (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S12i (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 16i (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S12j (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 16j (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S12k (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 16k (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S12l (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 16l (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S12m (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 16m (500 MHz, Chloroform-d)
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1H NMR spectrum of compound S12n (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 16n (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 15a (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 15b (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 15c (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 15d (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 15e (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 15f (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 15g (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 15h (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 15h1 (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 15i (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 15j (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 15k (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 17a (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 17b (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 17c (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 17d (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 17e (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 17f (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 17g (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 17h (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 17i (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 17j (500 MHz, Chloroform-d)
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1H NMR spectrum of compound 17k (500 MHz, Chloroform-d)
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6. HPLC Data

HPLC data of compound 15a
(Chiralpak OD-H, Hexane/i-PrOH = 85/15, 0.7 mL/min, 214 nm)
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HPLC data of compound 15b
(Chiralpak OD-H, Hexane/i-PrOH = 90/10, 0.4 mL/min, 214 nm)
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HPLC data of compound 15c
(Chiralpak OD-H, Hexane/i-PrOH = 90/10, 0.6 mL/min, 214 nm)
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HPLC data of compound 15d
(Chiralpak AD-H, Hexane/i-PrOH/MeOH = 95/5/5, 0.7 mL/min, 214 nm)
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HPLC data of compound 15e
(Chiralpak AD-H, Hexane/i-PrOH = 85/15, 0.7 mL/min, 214 nm)
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HPLC data of compound 15f
(Chiralpak OD-H, Hexane/i-PrOH = 60/40, 0.7 mL/min, 214 nm)
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HPLC data of compound 15g
(Chiralpak IC, Hexane/i-PrOH/MeOH = 70/20/10, 0.7 mL/min, 214 nm)
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HPLC data of compound 15h1
(Chiralpak IC, Hexane/i-PrOH = 85/15, 0.7 mL/min, 214 nm)
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HPLC data of compound 15i
(Chiralpak OD-H, Hexane/i-PrOH/MeOH = 95/5/5, 0.3 mL/min, 214 nm)
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HPLC data of compound 15j
(Chiralpak OD-H, Hexane/i-PrOH = 95/5, 0.7 mL/min, 214 nm)
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HPLC data of compound 15k
(Chiralpak OD-H, Hexane/i-PrOH = 85/15, 0.7 mL/min, 214 nm)
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HPLC data of compound 17a
(Chiralpak IC, Hexane/i-PrOH/MeOH = 70/20/10, 0.7 mL/min, 214 nm)
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HPLC data of compound 17b
(Chiralpak IC, Hexane/i-PrOH/MeOH = 70/20/10, 0.4 mL/min, 214 nm)
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HPLC data of compound 17c
(Chiralpak IC, Hexane/i-PrOH/MeOH = 70/20/10, 0.7 mL/min, 214 nm)
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HPLC data of compound 17d
(Chiralpak IC, Hexane/i-PrOH/MeOH = 70/20/10, 0.6 mL/min, 214 nm)
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HPLC data of compound 17e
(Chiralpak AD-H, Hexane/i-PrOH = 80/20, 0.7 mL/min, 214 nm)
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HPLC data of compound 17f
(Chiralpak IC, Hexane/i-PrOH/MeOH = 70/20/10, 0.7 mL/min, 214 nm)
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HPLC data of compound 17g
(Chiralpak IB-3, Hexane/i-PrOH = 70/30, 0.5 mL/min, 214 nm)
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HPLC data of compound 17h
(Chiralpak OD-H, Hexane/i-PrOH = 85/15, 0.7 mL/min, 214 nm)
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HPLC data of compound 17i
(Chiralpak IC, Hexane/i-PrOH/MeOH = 70/20/10, 0.7 mL/min, 214 nm)

NO

Boc

O



S123

HPLC data of compound 17j
(Chiralpak IC, Hexane/i-PrOH/MeOH = 70/20/10, 0.7 mL/min, 214 nm)
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HPLC data of compound 17k
(Chiralpak IC, Hexane/i-PrOH/MeOH = 70/20/10, 0.7 mL/min, 214 nm)
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HPLC data of compound 15d (Recrystallization)
(Chiralpak AD-H, Hexane/i-PrOH/MeOH = 95/5/5, 0.7 mL/min, 214 nm)
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7. X-Ray Single Crystal Diffraction Data

Compound 15d

NO

N
O

Boc

O

O

Figure S1. X-ray crystallographic structure of 15d
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Table S8 Crystal data and structure refinement for 15d. 
Identification code 15d 
Empirical formula C18H28N2O6 
Formula weight 368.42 
Temperature/K 173.00(10) 
Crystal system orthorhombic 
Space group P212121 
a/Å 7.53431(4) 
b/Å 11.74547(7) 
c/Å 21.92815(13) 
α/° 90 
β/° 90 
γ/° 90 
Volume/Å3 1940.51(2) 
Z 4 
ρcalcg/cm3 1.261 
μ/mm-1 0.785 
F(000) 792.0 
Crystal size/mm3 0.42 × 0.36 × 0.28 
Radiation CuKα (λ = 1.54184) 
2Θ range for data collection/° 8.54 to 134.132 
Index ranges -9 ≤ h ≤ 9, -14 ≤ k ≤ 14, -26 ≤ l ≤ 26 
Reflections collected 43698 
Independent reflections 3438 [Rint = 0.0307, Rsigma = 0.0109] 
Data/restraints/parameters 3438/0/241 
Goodness-of-fit on F2 1.108 
Final R indexes [I>=2σ (I)] R1 = 0.0271, wR2 = 0.0686 
Final R indexes [all data] R1 = 0.0272, wR2 = 0.0687 
Largest diff. peak/hole / e Å-3 0.16/-0.17 
Flack parameter 0.01(3)

Table S9 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for 15d. Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ 
tensor.
Atom x y z U(eq)
O1 641.1(15) 2808.1(10) 6294.3(5) 26.3(3)
O2 -150.0(19) 4663.3(11) 6322.0(7) 36.7(3)
O3 3258.8(17) 2270.4(10) 5515.3(6) 27.9(3)
O4 -1950.5(19) 6415.3(12) 4680.0(7) 38.2(3)
O5 6476.8(16) 7694.8(10) 6379.7(5) 26.3(3)
O6 4715.8(19) 6041.6(11) 7547.9(5) 33.4(3)
N1 2285.2(18) 4103.6(11) 5783.1(6) 19.4(3)
N2 6197(2) 7307.2(13) 6979.9(6) 26.7(3)
C1 2760(2) 5286.0(13) 5597.6(7) 20.5(3)
C2 4327(2) 5062.0(14) 5191.5(7) 21.3(3)
C3 4667(2) 3963.3(14) 5130.0(7) 21.3(3)
C4 3377(2) 3297.9(14) 5486.7(7) 20.0(3)
C5 807(2) 3902.8(14) 6154.4(7) 23.2(3)
C6 -973(2) 2413.8(15) 6632.0(8) 26.4(4)
C7 -630(3) 1146.8(18) 6697.4(12) 48.0(6)
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C8 -2595(2) 2615.8(17) 6240.9(8) 30.8(4)
C9 -1104(3) 2981(2) 7249.4(9) 44.7(5)
C10 1254(2) 5871.0(14) 5239.1(7) 23.1(3)
C11 599(2) 5215.0(14) 4686.5(8) 24.6(4)
C12 -1071(2) 5707.1(15) 4413.2(8) 25.8(4)
C13 -1625(3) 5243.4(17) 3808.1(9) 36.0(5)
C14 3299(2) 6028.8(14) 6146.5(7) 23.4(3)
C15 4967(2) 5613.4(14) 6480.3(8) 24.5(4)
C16 5276(2) 6324.7(14) 7045.3(8) 23.6(4)
C17 8337(3) 7645.0(19) 6240.8(9) 36.7(4)
C18 6182(3) 8198.7(16) 7439.7(8) 30.0(4)

Table S10 Anisotropic Displacement Parameters (Å2×103) for 15d. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…].
Atom U11 U22 U33 U23 U13 U12

O1 21.4(6) 25.2(6) 32.2(6) 7.1(5) 8.5(5) 0.5(5)
O2 35.2(7) 25.8(6) 49.1(8) -3.4(6) 20.0(6) 1.7(6)
O3 29.5(6) 16.7(6) 37.5(7) -1.0(5) 2.4(5) 1.8(5)
O4 31.9(8) 33.8(7) 48.8(8) 0.0(6) -1.2(6) 10.3(6)
O5 29.1(6) 27.1(6) 22.6(6) 3.9(5) 1.3(5) 1.5(5)
O6 43.8(8) 32.5(7) 23.8(6) 1.1(5) 4.8(6) -3.1(6)
N1 20.5(7) 15.8(6) 21.8(6) -1.1(5) 3.0(5) -0.2(5)
N2 37.0(8) 23.9(7) 19.2(6) -3.2(6) 3.9(6) -1.9(7)
C1 23.5(8) 14.4(7) 23.8(8) -0.2(6) 2.5(7) -2.1(6)
C2 20.6(8) 23.3(8) 20.2(8) 1.1(6) 0.6(7) -3.6(6)
C3 17.8(8) 26.0(8) 20.1(7) -1.2(7) 2.0(6) 1.3(7)
C4 20.1(8) 20.0(8) 20.1(7) -1.7(6) -2.5(6) 2.6(6)
C5 23.1(8) 22.9(8) 23.5(8) 0.0(6) 2.6(6) -1.2(7)
C6 20.1(8) 29.8(9) 29.3(8) 6.6(7) 6.7(7) -1.5(7)
C7 36.3(12) 36.6(11) 71.3(15) 26.8(11) 21.1(11) 4.5(9)
C8 25.0(9) 37.1(10) 30.5(9) -1.7(8) 1.7(7) -1.7(8)
C9 35.7(11) 73.6(15) 24.6(9) -0.6(10) 4.7(8) -18.8(11)
C10 25.2(9) 17.9(7) 26.3(8) -1.9(6) -0.1(7) 2.6(7)
C11 25.6(9) 20.0(8) 28.3(8) -1.6(6) -2.1(7) 2.3(7)
C12 23.3(8) 20.3(8) 33.8(9) 6.8(7) 0.2(7) -3.9(7)
C13 37.0(11) 32.5(10) 38.3(10) 5.0(8) -12.3(8) -5.6(8)
C14 27.2(9) 18.3(7) 24.7(8) -3.1(7) -0.1(7) 0.9(7)
C15 31.2(9) 17.3(8) 25.1(8) -2.0(6) -1.7(7) 2.1(7)
C16 25.3(8) 21.6(8) 23.8(8) -0.9(6) -1.0(7) 4.9(7)
C17 31.5(10) 47.5(11) 31.2(9) 2.1(9) 6.5(8) 5.4(9)
C18 30.4(9) 28.6(9) 31.0(9) -11.4(7) 0.2(8) -0.4(7)

Table S11 Bond Lengths for 15d.
Atom Atom Length/Å Atom Atom Length/Å
O1 C5 1.328(2) C1 C2 1.502(2)
O1 C6 1.4971(19) C1 C10 1.542(2)
O2 C5 1.205(2) C1 C14 1.541(2)
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O3 C4 1.212(2) C2 C3 1.322(2)
O4 C12 1.214(2) C3 C4 1.472(2)
O5 N2 1.4086(18) C6 C7 1.517(3)
O5 C17 1.435(2) C6 C8 1.512(2)
O6 C16 1.226(2) C6 C9 1.512(3)
N1 C1 1.491(2) C10 C11 1.518(2)
N1 C4 1.412(2) C11 C12 1.509(2)
N1 C5 1.399(2) C12 C13 1.494(3)
N2 C16 1.354(2) C14 C15 1.534(2)
N2 C18 1.454(2) C15 C16 1.512(2)

Table S12 Bond Angles for 15d.
Atom Atom Atom Angle/˚ Atom Atom Atom Angle/˚
C5 O1 C6 119.37(13) O1 C5 N1 111.88(14)
N2 O5 C17 109.36(13) O2 C5 O1 126.21(16)
C4 N1 C1 111.04(13) O2 C5 N1 121.91(15)
C5 N1 C1 120.44(13) O1 C6 C7 102.24(14)
C5 N1 C4 128.18(14) O1 C6 C8 109.12(13)
O5 N2 C18 114.60(14) O1 C6 C9 111.07(15)
C16 N2 O5 116.82(13) C8 C6 C7 110.18(17)
C16 N2 C18 122.46(15) C8 C6 C9 112.69(16)
N1 C1 C2 100.79(13) C9 C6 C7 111.04(18)
N1 C1 C10 112.19(13) C11 C10 C1 114.82(14)
N1 C1 C14 112.18(13) C12 C11 C10 113.16(14)
C2 C1 C10 110.75(13) O4 C12 C11 121.77(16)
C2 C1 C14 110.77(14) O4 C12 C13 121.69(17)
C14 C1 C10 109.88(13) C13 C12 C11 116.50(16)
C3 C2 C1 112.54(14) C15 C14 C1 114.13(14)
C2 C3 C4 109.64(15) C16 C15 C14 109.95(14)
O3 C4 N1 126.94(16) O6 C16 N2 120.17(16)
O3 C4 C3 127.20(16) O6 C16 C15 122.25(16)
N1 C4 C3 105.86(13) N2 C16 C15 117.58(15)

Table S13 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for 15d.
Atom x y z U(eq)
H2 4986.25 5632.83 5004.07 26
H3 5581.36 3657.56 4896.92 26
H7A -512.06 810.79 6300.33 72
H7B -1605.18 798.52 6908.6 72
H7C 443.67 1029.3 6924.49 72
H8A -2805.26 3419.23 6205.48 46
H8B -3606.71 2258.35 6426.01 46
H8C -2404.31 2297.99 5842.94 46
H9A -6.74 2883.34 7465.81 67
H9B -2052.87 2642.1 7478.12 67
H9C -1335.04 3778.98 7196.26 67
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H10A 260.28 5993.24 5512.78 28
H10B 1666.25 6612.4 5105.37 28
H11A 1524.06 5210.75 4378.71 30
H11B 376.42 4431.95 4804.38 30
H13A -2081.07 4486.3 3859.52 54
H13B -619.81 5224.7 3539.22 54
H13C -2530.24 5721.28 3636.58 54
H14A 3501.66 6800.53 6005.27 28
H14B 2320.85 6049.83 6433.76 28
H15A 4823.29 4820.69 6594.1 29
H15B 5986.27 5671.31 6211.81 29
H17A 8508.53 7767.59 5812.02 55
H17B 8793.91 6910.42 6351.17 55
H17C 8952.15 8223.77 6466.36 55
H18A 7136.15 8721.28 7362.87 45
H18B 6329.43 7865.23 7836.18 45
H18C 5071.84 8598.38 7423.64 45
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Figure S2. X-ray crystallographic structure of 17j
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Table S14 Crystal data and structure refinement for 17j. 
Identification code 17j 
Empirical formula C20H24ClNO4 
Formula weight 377.85 
Temperature/K 173.00(10) 
Crystal system monoclinic 
Space group P21 
a/Å 12.41290(10) 
b/Å 6.44320(10) 
c/Å 24.3361(3) 
α/° 90 
β/° 101.1400(10) 
γ/° 90 
Volume/Å3 1909.70(4) 
Z 4 
ρcalcg/cm3 1.314 
μ/mm-1 1.978 
F(000) 800.0 
Crystal size/mm3 0.36 × 0.28 × 0.22 
Radiation CuKα (λ = 1.54184) 
2Θ range for data collection/° 7.258 to 134.12 
Index ranges -14 ≤ h ≤ 14, -7 ≤ k ≤ 7, -29 ≤ l ≤ 29 
Reflections collected 42350 
Independent reflections 6817 [Rint = 0.0504, Rsigma = 0.0305] 
Data/restraints/parameters 6817/1/478 
Goodness-of-fit on F2 1.078 
Final R indexes [I>=2σ (I)] R1 = 0.0299, wR2 = 0.0866 
Final R indexes [all data] R1 = 0.0315, wR2 = 0.0878 
Largest diff. peak/hole / e Å-3 0.18/-0.19 
Flack parameter 0.008(5)

Table S15 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for 17j. Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ 
tensor.
Atom x y z U(eq)
Cl1 10056.9(6) 4090.3(13) 5522.8(4) 71.6(3)
O1 3632.9(12) 9110(3) 7733.3(6) 37.6(4)
O2 2527.3(12) 8866(3) 6883.3(6) 38.5(4)
O3 5783.2(12) 8593(3) 7704.5(6) 36.5(4)
O4 4910.4(13) 4272(3) 5117.4(6) 39.2(4)
N1 4340.0(13) 8598(2) 6936.4(6) 23.2(3)
C1 4174.5(15) 8528(3) 6310.7(7) 23.3(4)
C2 3384.1(16) 6775(3) 6068.4(8) 28.2(4)
C3 3561.5(16) 6129(3) 5488.8(8) 31.5(5)
C4 4692.7(16) 5313(3) 5493.8(8) 27.1(4)
C5 5552.8(15) 5885(3) 6011.8(7) 24.1(4)
C6 5363.9(16) 8115(3) 6208.2(8) 24.6(4)
C7 6128.5(15) 8612(3) 6762.5(8) 28.5(4)
C8 5438.5(16) 8589(3) 7206.1(7) 25.2(4)
C9 3497.9(16) 8886(3) 7236.9(8) 26.7(4)
C10 1504.2(18) 9283(4) 7084.6(10) 41.3(5)
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C11 1337(2) 7703(6) 7511.8(12) 66.0(8)
C12 1533(2) 11465(5) 7298.9(19) 96.1(14)
C13 647(2) 8996(8) 6560.7(14) 88.4(14)
C14 6700.6(16) 5496(3) 5903.5(7) 26.6(4)
C15 7150.2(19) 3519(3) 5982.8(9) 35.6(5)
C16 8178(2) 3066(4) 5866.3(10) 43.4(6)
C17 8756.6(19) 4612(4) 5664.7(10) 41.8(6)
C18 8334.2(19) 6604(4) 5578.4(11) 44.8(6)
C19 7305.3(17) 7023(4) 5695.0(9) 36.4(5)
C20 3789.7(18) 10655(3) 6067.1(8) 33.2(5)
Cl2 -35.3(5) -457.3(13) 9476.2(3) 63.3(2)
O5 4228.5(12) 3847(2) 7306.3(5) 32.9(3)
O6 5073.9(13) -478(3) 9848.5(6) 41.3(4)
O7 7501.5(11) 4035(2) 8087.8(6) 31.5(3)
O8 6387.3(11) 3327(3) 7255.3(5) 31.6(3)
N2 5697.8(12) 3728(2) 8060.7(6) 22.3(3)
C21 5887.9(15) 3853(3) 8688.2(7) 23.7(4)
C22 6666.1(16) 2121(3) 8953.9(8) 28.6(4)
C23 6441.2(16) 1509(3) 9526.8(8) 31.5(5)
C24 5306.2(16) 658(3) 9494.8(7) 27.2(4)
C25 4462.6(15) 1315(3) 8978.0(7) 24.8(4)
C26 4700.2(15) 3552(3) 8804.6(7) 24.6(4)
C27 3947.4(16) 4192(3) 8258.3(8) 30.9(5)
C28 4594.7(15) 3884(3) 7802.9(7) 24.4(4)
C29 6529.9(15) 3664(3) 7749.5(8) 24.0(4)
C30 8538.2(16) 3603(4) 7899.7(10) 36.3(5)
C31 9387(2) 4233(6) 8407.8(11) 55.6(7)
C32 8592(2) 1305(4) 7780.0(13) 56.5(7)
C33 8647.9(18) 4946(4) 7405.2(9) 45.6(6)
C34 3310.1(16) 956(3) 9079.5(7) 26.4(4)
C35 2722.4(17) 2474(4) 9302.1(9) 35.5(5)
C36 1695.5(19) 2057(4) 9424.0(10) 42.9(6)
C37 1258.7(18) 85(4) 9326.4(9) 39.4(5)
C38 1818(2) -1440(4) 9108.1(11) 45.4(6)
C39 2841.5(19) -995(3) 8988.8(10) 39.3(5)
C40 6298.8(18) 6005(3) 8894.6(8) 32.3(5)

Table S16 Anisotropic Displacement Parameters (Å2×103) for 17j. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…].
Atom U11 U22 U33 U23 U13 U12

Cl1 51.7(4) 80.7(7) 91.7(6) 1.8(4) 36.7(4) 22.3(4)
O1 42.9(8) 47.2(9) 25.7(7) -5.1(7) 14.6(6) -8.6(7)
O2 31.4(8) 51.8(10) 33.3(8) -3.8(7) 8.5(6) 6.9(7)
O3 42.7(8) 43.2(9) 21.2(7) 1.0(6) 0.2(6) -1.9(7)
O4 44.9(8) 42.8(9) 29.7(8) -15.7(7) 6.8(6) -2.1(7)
N1 30.7(8) 20.5(7) 18.5(7) 0.2(6) 5.4(6) -0.7(6)
C1 31.0(9) 20.7(9) 18.6(8) 0.7(7) 5.4(7) -0.7(7)
C2 31.6(10) 28.0(10) 25.0(10) -2.5(8) 5.4(7) -3.4(8)
C3 34.6(10) 36.3(11) 21.6(9) -6.0(8) 0.4(8) -5.7(9)
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C4 35.6(10) 26.3(10) 19.6(9) -0.7(8) 5.7(7) -6.0(8)
C5 31.9(10) 20.7(9) 19.5(8) 0.3(7) 4.8(7) -2.1(7)
C6 32.0(10) 20.6(9) 21.9(9) -0.2(7) 7.2(7) -4.0(7)
C7 29.3(10) 29.4(10) 26.7(10) -8.7(8) 5.2(8) -6.3(8)
C8 33.4(10) 20.2(9) 21.7(9) -1.0(7) 4.1(8) -2.3(8)
C9 32.4(10) 22.3(9) 27.0(10) -0.7(8) 9.5(8) -2.9(8)
C10 31.5(11) 42.7(13) 53.3(14) -4.0(11) 17.0(10) 2.9(9)
C11 42.1(14) 76(2) 83(2) 16.7(18) 21.8(13) -13.2(14)
C12 59.7(18) 43.7(17) 204(4) -33(2) 73(2) -5.0(14)
C13 37.4(14) 157(4) 67.6(19) 1(2) 0.8(13) 26(2)
C14 33.0(10) 27.0(10) 19.3(9) -1.4(7) 3.8(7) 1.2(8)
C15 44.7(12) 26.4(10) 37.2(11) -0.4(9) 11.5(9) 3.2(9)
C16 49.2(13) 36.2(13) 44.9(13) -5.2(10) 9.4(10) 11.8(10)
C17 37.1(12) 51.5(14) 38.7(12) -3.8(11) 12.0(10) 8.7(11)
C18 39.7(12) 48.0(15) 50.7(14) 10.8(12) 18.8(10) 3.1(11)
C19 36.5(11) 34.4(11) 40.7(12) 8.9(9) 13.4(9) 5.4(9)
C20 41.4(11) 28.2(11) 30.5(10) 8.8(9) 7.9(8) 4.7(9)
Cl2 47.1(4) 75.4(6) 74.2(5) 2.5(4) 28.3(3) -17.6(3)
O5 36.6(8) 38.4(8) 22.6(7) 2.9(6) 3.0(6) -0.5(6)
O6 45.1(8) 46.0(10) 32.7(8) 18.5(7) 7.6(7) 2.4(7)
O7 28.5(7) 38.2(8) 28.5(7) -4.3(6) 7.5(6) -2.6(6)
O8 36.7(7) 35.9(8) 23.8(7) -5.1(6) 10.1(6) -3.0(6)
N2 29.6(8) 19.3(7) 18.8(7) -0.7(6) 6.6(6) 0.7(6)
C21 32.1(10) 22.2(10) 17.0(8) -0.8(7) 5.7(7) 1.5(8)
C22 32.3(10) 29.2(10) 24.6(10) 3.1(8) 5.7(8) 4.5(8)
C23 35.1(10) 36.9(12) 21.3(9) 6.0(8) 2.5(8) 4.5(9)
C24 34.7(10) 26.8(10) 20.6(9) 1.5(8) 6.4(7) 6.8(8)
C25 32.4(10) 23.3(9) 19.3(9) 0.7(7) 6.4(7) 3.4(7)
C26 32.6(10) 22.6(9) 20.2(9) 0.8(7) 9.0(7) 5.0(8)
C27 34.5(10) 32.6(11) 27.3(10) 9.2(8) 10.3(8) 12.0(8)
C28 31.3(10) 19.1(9) 23.2(9) 4.4(7) 6.3(8) 1.8(7)
C29 29.2(10) 18.4(9) 24.7(9) -2.0(7) 6.2(7) -2.0(7)
C30 26.6(10) 40.9(12) 43.5(12) -3.0(10) 11.5(9) -1.7(9)
C31 33.6(12) 81(2) 49.9(14) -3.8(15) 1.4(10) -6.8(13)
C32 38.9(12) 41.5(14) 92(2) -8.8(14) 19.9(12) 4.6(11)
C33 36.9(12) 55.4(15) 47.2(13) 1.4(12) 15.0(10) -9.6(11)
C34 33.0(10) 27.6(10) 18.4(9) 1.1(7) 4.0(7) 1.5(8)
C35 34.8(10) 34.7(12) 38.4(11) -10.9(9) 10.5(9) -4.6(9)
C36 36.1(11) 50.1(14) 45.4(13) -12.4(11) 15.1(9) 0.0(11)
C37 36.5(11) 50.0(14) 32.8(11) 2.2(10) 9.7(9) -7.7(10)
C38 50.1(14) 38.0(13) 49.8(14) 0.9(11) 13.6(11) -11.6(11)
C39 47.9(13) 28.7(12) 44.4(12) -5.3(10) 16.8(10) -3.6(10)
C40 44.3(11) 27.0(10) 26.3(10) -6.6(8) 8.4(8) -3.4(9)

Table S17 Bond Lengths for 17j.
Atom Atom Length/Å Atom Atom Length/Å
Cl1 C17 1.747(2) Cl2 C37 1.750(2)
O1 C9 1.196(2) O5 C28 1.206(2)
O2 C9 1.338(2) O6 C24 1.207(2)
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O2 C10 1.472(2) O7 C29 1.344(2)
O3 C8 1.206(2) O7 C30 1.473(2)
O4 C4 1.208(2) O8 C29 1.201(2)
N1 C1 1.497(2) N2 C21 1.502(2)
N1 C8 1.394(2) N2 C28 1.395(2)
N1 C9 1.399(2) N2 C29 1.394(2)
C1 C2 1.537(3) C21 C22 1.535(3)
C1 C6 1.567(3) C21 C26 1.566(3)
C1 C20 1.533(3) C21 C40 1.529(3)
C2 C3 1.527(3) C22 C23 1.526(3)
C3 C4 1.497(3) C23 C24 1.500(3)
C4 C5 1.531(2) C24 C25 1.533(2)
C5 C6 1.546(3) C25 C26 1.546(3)
C5 C14 1.519(3) C25 C34 1.516(3)
C6 C7 1.526(2) C26 C27 1.526(3)
C7 C8 1.502(3) C27 C28 1.502(3)
C10 C11 1.498(4) C30 C31 1.517(3)
C10 C12 1.498(4) C30 C32 1.513(3)
C10 C13 1.506(4) C30 C33 1.510(3)
C14 C15 1.389(3) C34 C35 1.391(3)
C14 C19 1.392(3) C34 C39 1.385(3)
C15 C16 1.391(3) C35 C36 1.390(3)
C16 C17 1.373(4) C36 C37 1.384(4)
C17 C18 1.387(4) C37 C38 1.368(4)
C18 C19 1.387(3) C38 C39 1.387(3)

Table S18 Bond Angles for 17j.
Atom Atom Atom Angle/˚ Atom Atom Atom Angle/˚

C9 O2 C10 120.78(16) C29 O7 C30 120.69(15)
C8 N1 C1 114.08(15) C28 N2 C21 113.65(15)
C8 N1 C9 121.07(15) C29 N2 C21 124.52(15)
C9 N1 C1 124.47(15) C29 N2 C28 121.56(15)
N1 C1 C2 111.37(15) N2 C21 C22 110.60(15)
N1 C1 C6 102.63(14) N2 C21 C26 102.06(14)
N1 C1 C20 109.73(15) N2 C21 C40 111.08(15)
C2 C1 C6 111.43(15) C22 C21 C26 111.82(15)
C20 C1 C2 112.38(16) C40 C21 C22 112.24(16)
C20 C1 C6 108.85(15) C40 C21 C26 108.59(16)
C3 C2 C1 111.06(16) C23 C22 C21 111.19(16)
C4 C3 C2 112.99(15) C24 C23 C22 112.51(16)
O4 C4 C3 122.40(17) O6 C24 C23 122.43(17)
O4 C4 C5 122.38(18) O6 C24 C25 122.25(18)
C3 C4 C5 115.22(16) C23 C24 C25 115.32(16)
C4 C5 C6 110.79(16) C24 C25 C26 110.21(16)
C14 C5 C4 110.23(15) C34 C25 C24 109.92(15)
C14 C5 C6 114.23(16) C34 C25 C26 115.00(16)
C5 C6 C1 114.26(15) C25 C26 C21 113.61(15)
C7 C6 C1 105.54(15) C27 C26 C21 104.38(14)
C7 C6 C5 111.28(16) C27 C26 C25 111.86(16)
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C8 C7 C6 106.83(15) C28 C27 C26 106.39(15)
O3 C8 N1 126.74(18) O5 C28 N2 126.59(18)
O3 C8 C7 125.60(18) O5 C28 C27 126.15(18)
N1 C8 C7 107.65(15) N2 C28 C27 107.22(15)
O1 C9 O2 125.71(19) O7 C29 N2 109.46(15)
O1 C9 N1 124.82(18) O8 C29 O7 125.93(18)
O2 C9 N1 109.47(16) O8 C29 N2 124.61(17)
O2 C10 C11 110.6(2) O7 C30 C31 101.95(18)
O2 C10 C12 108.8(2) O7 C30 C32 108.58(18)
O2 C10 C13 102.1(2) O7 C30 C33 110.98(18)
C11 C10 C13 109.5(3) C32 C30 C31 111.7(2)
C12 C10 C11 113.2(3) C33 C30 C31 109.9(2)
C12 C10 C13 112.1(3) C33 C30 C32 113.2(2)
C15 C14 C5 119.50(18) C35 C34 C25 122.57(18)
C15 C14 C19 117.94(19) C39 C34 C25 119.56(19)
C19 C14 C5 122.45(18) C39 C34 C35 117.69(19)
C14 C15 C16 121.6(2) C36 C35 C34 121.2(2)
C17 C16 C15 118.9(2) C37 C36 C35 119.1(2)
C16 C17 Cl1 119.8(2) C36 C37 Cl2 119.50(19)
C16 C17 C18 121.1(2) C38 C37 Cl2 119.53(19)
C18 C17 Cl1 119.0(2) C38 C37 C36 121.0(2)
C17 C18 C19 119.0(2) C37 C38 C39 119.2(2)
C18 C19 C14 121.3(2) C34 C39 C38 121.9(2)

Table S19 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for 17j.
Atom x y z U(eq)
H2A 3500.67 5587.4 6317.88 34
H2B 2632.69 7239.54 6042.48 34
H3A 3029.92 5067.06 5341.08 38
H3B 3430.85 7316.49 5239.84 38
H5 5446.72 4943.65 6313.01 29
H6 5514.94 9092.56 5924.02 29
H7A 6707.51 7582.77 6844.56 34
H7B 6461.86 9966.29 6745.09 34
H11A 1418.99 6335.55 7368.74 99
H11B 612.58 7850.71 7591.22 99
H11C 1871.29 7910.22 7849.11 99
H12A 2037.36 11552.18 7650.98 144
H12B 813.12 11861.35 7348.96 144
H12C 1768.57 12380.88 7033.96 144
H13A 773.5 9971.71 6281.78 133
H13B -68.4 9224.65 6644.15 133
H13C 690.13 7609.58 6422.23 133
H15 6754.05 2473.53 6117.14 43
H16 8469.34 1735.79 5923.99 52
H18 8734.94 7643.66 5444.47 54
H19 7013.87 8351.52 5632.5 44
H20A 3063.38 10927.75 6130.67 50
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H20B 3782.4 10661.79 5671.88 50
H20C 4282.39 11708.89 6246.03 50
H22A 6572.56 917.35 8709.74 34
H22B 7419.81 2589.36 8993.83 34
H23A 6973.09 473.47 9692.34 38
H23B 6535.85 2716.79 9769.41 38
H25 4561.51 399.06 8670.15 30
H26 4591.35 4509.92 9101.94 30
H27A 3291.03 3339.42 8189.8 37
H27B 3731.42 5633.73 8275.22 37
H31A 9299.88 5677.16 8485.71 83
H31B 10109.89 4000.26 8334.18 83
H31C 9288.79 3419.87 8724.95 83
H32A 8430.58 530.4 8091.17 85
H32B 9315.58 957.06 7724.47 85
H32C 8065.07 970.32 7448.57 85
H33A 8140.08 4481.65 7079.61 68
H33B 9383.25 4848.41 7338.01 68
H33C 8489.99 6362.19 7483.42 68
H35 3022.48 3793.59 9370.65 43
H36 1307.15 3089.22 9569.15 51
H38 1515.7 -2757.25 9040.51 55
H39 3224.01 -2036.55 8843.88 47
H40A 7006.73 6247.15 8803.12 48
H40B 6356.2 6081.59 9293.14 48
H40C 5791.48 7039 8717.06 48


