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I General Information

All reactions were performed in Schlenk tubes at 30 oC using oven-dried glassware. 

Commercially obtained reagents were used without further purification, unless 

otherwise noted. Dry 1,2-dichloroethane (DCE) was obtained from solvent distillation 

machine (Vigor VSPS-5) and stored under argon over 4 Å type molecular sieves. THF 

and toluene were distilled freshly before use over sodium and benzophenone. 

Dichloromethane (DCM) was distilled from CaH2. Methanol was used without further 

purification. Reactions were checked by TLC analysis and plates were visualized with 

short-wave UV light (254 nm). The 1H and 13C NMR spectra were obtained in CDCl3 

using a Bruker-BioSpin AVANCE III HD NMR spectrometer at 400 and 100 MHz, 

respectively. Chemical shifts are reported in parts per million (δ value) calibrated 

against the residual solvent peak. Signal patterns are indicated as follows: s, singlet; d, 

doublet; t, triplet; q, quartet; m, multiplet. Coupling constants (J) are given in hertz 

(Hz). HPLC analyses of the compounds were performed on chiralcel IA-IF columns 

and chiralcel AD-H, AS-H, OJ-H and OD-H columns using hexane and isopropanol 

as eluent. The infrared spectra were recorded on a Bruker VERTEX 70 IR 

spectrometer as KBr pellets, with absorption reported in cm-1. High-resolution mass 

spectra were recorded on a Bruker Impact II UHR TOF LC/MS Mass Spectrometry.
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II Optimization of Reaction Conditions

Table 1. Optimization of the reaction conditionsa

O
N

O2N

Me

MeO

N

N

Me

+
O N

NO2

Me
O

N

N

Me1a 2a 3a

 (2 mol %)

base (0.2 eq-10 eq)

10 h-120 h
solvent, 30 oC

Ar1 =

Me

Me

Ar2 =

CF3

CF3

amine:

M

N

O

N

O
tBu

tBu

N

N


+ PF6-

-M

R1

R1

R1 R2

-Rh1
-Rh2
-Rh3
-Ir1

R2

R2

H

H

H

H

H

Ar1

Ar2

HC
CH3

C CH3

Rh, Ir

N

DIPEA

N

TEA

N

N

DBU
N

N

DABCO

entry Ʌ-M (x mol %) base (y equiv.) solvent time (h) yield (%)b ee(%)c

1 Ʌ-Rh1 (2) DIPEA (0.2) DCE 96 95 94

2 Ʌ-Rh2 (2) DIPEA (0.2) DCE 96 90 94

3 Ʌ-Rh3 (2) DIPEA (0.2) DCE 96 92 79

4 Ʌ-Ir1 (2) DIPEA (0.2) DCE 120 70 92

5 / DIPEA (0.2) DCE 24 NR NR

6 Ʌ-Rh1 (2) / DCE 24 trace trace

7 Ʌ-Rh1 (2) DIPEA (0.2) DCM 96 75 93

8 Ʌ-Rh1 (2) DIPEA (0.2) THF 96 86 90

9 Ʌ-Rh1(2) DIPEA (0.2) CH3OH 96 95 88

10 Ʌ-Rh1(2) DIPEA (0.2) toluene 96 85 78

11 Ʌ-Rh1(2) DABCO (0.2) DCE 96 68 93

12 Ʌ-Rh1(2) DBU (0.2) DCE 96 80 92

13 Ʌ-Rh1(2) TEA (0.2) DCE 96 90 94

15 d Ʌ-Rh1(2) DIPEA (0.2) DCE 40 92 94

16 d Ʌ-Rh1(2) DIPEA (0.5) DCE 18 96 95
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17 d Ʌ-Rh1(2) DIPEA (2.0) DCE 16 95 94

18 d Ʌ-Rh1(2) DIPEA (5.0) DCE 14 90 94

19 d Ʌ-Rh1(2) DIPEA (10.0) DCE 10 93 95

20 d Ʌ-Rh1(1) DIPEA (0.5) DCE 60 92 94

aReaction conditions: 1a (0.20 mmol), 2a (0.40 mmol), Ʌ-M (2 mol %), base (0.2 - 10 eq), solvent 

(0.5-1 mL) at 30 oC under argon atmosphere. bIsolated yields. cDetermined by chiral HPLC. d1,2-

dichloroethane (0.5 mL). DIPEA = N,N-Diisopropylethylamine, DABCO = Triethylenediamine, DBU= 

1,8-Diazabicyclo[5.4.0]undec-7-ene, TEA= Triethylamine.
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III Experimental Section

Ʌ-Rh1, Ʌ-Rh2, Ʌ-Rh3 and Ʌ-Ir1 were prepared according to reported procedure.1-2 

α,β-unsaturated 2-acyl imidazoles3 and 3,5-disubstituted-4-nitroisoxazole substrates 

2a-2f were synthesized according to reported procedures.4

General procedure for catalytic asymmetric synthesis of isoxazole analogues.

O
N

O2N

Me

R2
R1

O

N

N

R

+

O N

NO2

R2
R1O

N

N

R

-Rh1 (2 mol %)

DIPEA (0.5 eq)
DCE, 30 oC
18 h-192 h1 2 3

To an oven-dried 25 mL Schlenk tube equipped with a stir bar, Ʌ-Rh1 (2.0 mol %) 

was added along with α,β-unsaturated 2-acyl imidazole 1 (1 equiv., 0.2 mmol), 

DIPEA (50 mol %) and DCE (0.5 mL). After being stirred at room temperature for 5 

min, 3,5-disubstituted-4-nitroisoxazole substrates 2 (2.0 equiv., 0.40 mmol) was 

added. The reaction was stirring at 30 oC until consumption of the 2-acyl imidazole 

(monitored by TLC). The reaction mixture was concentrated and directly purified by 

silica gel column chromatography (with ethyl acetate-petroleum ether as the eluent) to 

afford the desired products 3 or 4.

General procedure for gram-scale experiments with lower catalyst loading.

Ph

O

N

N

Me

+

1a
1.10 g, 5.12 mmol

Rh1 (0.25 mol %)

DIPEA (50 mol %)
DCE, 26 h, 30 oCO

N

O2N

Me

Me

2a
1.47 g, 10.38 mmol

O N

NO2

Me
PhO

N

N

Me
3a

1.69 g, 93% yield, 95% ee

To an oven-dried 50 mL Schlenk tube equipped with a stir bar, Ʌ-Rh1 (0.25 mol%) 

was added along with α,β-unsaturated 2-acyl imidazole 1a (1.10 g, 5.12 mmol, 1.0 

equiv.), DIPEA (50 mol %) and DCE (6 mL). After being stirred at room temperature 

for 5 min, 3,5-dimethyl-substituted 4-nitroisoxazole 2a (1.47 g, 10.38 mmol, 2.0 

equiv.) was added. The reaction was stirring at room temperature until consumption 

of the 2-acyl imidazole as monitored by TLC for 26 h. The reaction mixture was 
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concentrated and directly purified by silica gel column chromatography 

(EtOAc/Petroleum ether = 1:4-1:3) to afford 3a (white solid, 1.69 g, 93% yield, 95% 

ee).

General procedure for synthetic transformation.

O N

NO2

Me
PhO

N

N

Me

O N

NO2

Me
PhO

MeO

3a
120 mg, 95% ee

5a
86% yield, 95 % ee

(1) CH3I (10 eq), DMF, 80 oC

(2) DBU (1.0 eq), DCM, rt

A solution of 3a (120 mg, 0.34 mmol, 1 equiv.) and methyl iodide (10 equiv.) in DMF 

(2 ml) was stirred in a sealed tube at 80 °C overnight, after 3a was fully converted to 

salt (monitored by TLC), the reaction was cooled down to room temperature. The 

reaction mixture was concentrated and CH3OH (2 mL) was added to the mixture, and 

then DBU (10 equiv.) was added to the solution. The resulting mixture was stirred for 

12 hours at room temperature before it was quenched with NH4Cl (20 mL, sat. aq.), 

the aqueous layer was extracted with EtOAc (3 × 20 mL). The combined organic 

layers were washed with brine (20 mL), dried (Na2SO4) and concentrated in vacuo. 

Flash column chromatography (silica gel) afforded the desired product 5a (89 mg, 86% 

yield, 95% ee).

O N

NO2

Me
PhO

N

N

Me
3a

120 mg, 95% ee
6a

93% yield, 90% ee

(1) NaOH (10 eq), THF, H2O

(2) SOCl2 (10 eq), CH3OH
60 oC, overnight

COOMe
PhO

N

N

Me

To the compound 3a (120 mg, 0.34 mmol, 1 equiv.) in 5 mL solvent (5:1 THF/H2O) 

was added NaOH (10 equiv.) at 0 oC. The resulting mixture was refluxed for 3 h. The 

reaction mixture was quenched with 4 M aqueous HCl and the solvent was removed 

under reduced pressure. The remaining precipitation dissolves in methanol, and then 5 

mL SOCl2 was added to the above reaction solution. The reaction was stirred at 60 oC 

overnight. After evaporation of solvent, dissolved the crude product in 20 mL 
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saturated sodium carbonate solution and 30 mL ethyl acetate, then the reaction was 

stirred under the room temperature for 120 min. The aqueous layer was extracted 

three times with ethyl acetate (20 mL × 3). The combined organic layer was dried 

over Na2SO4. The volatile solvent was removed under reduced pressure at last, the 

product 6a was obtained after purified by flash column chromatography on silica gel 

(90 mg, 93% yield, 90% ee) as light yellow oil.
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O N

NO2

Me
O

N

N

Me 3a

White solid, m.p. 119.1-119.5 oC, 68 mg, 96% yield, 95% ee (HPLC: chiralpak IC 

column, 254 nm, hexane/isopropanol = 80/20, flow rate 1.0 mL/min, tr (major) = 9.50 

min, tr (minor) = 10.88 min); [α]D
25 = +16.8 (c = 0.5, CHCl3). 1H NMR (400 MHz, 

CDCl3): δ = 7.26 (d, J = 4.3 Hz, 4H), 7.20-7.18 (m, 1H), 7.13 (s, 1H), 7.01 (s, 1H), 

4.01-3.92 (m, 1H), 3.91 (s, 3H), 3.74-3.62 (m, 2H), 3.58-3.50 (m, 2H), 2.47 (s, 3H). 

13C NMR (CDCl3, 100 MHz): δ = 189.9, 173.2, 155.4, 142.8, 141.8, 130.4, 129.2, 

128.7, 127.3, 127.2, 44.5, 38.9, 36.2, 34.2, 11.7. IR (KBr): ν (cm-1) 2921, 2851, 2359, 

1676, 1603, 1519, 1415, 1379, 1365, 1289, 1075, 985, 915, 829. HRMS (ESI, m/z) 

calcd for C18H18N4NaO4 [M+Na]+: 377.1219, found: 377.1220.

O N

NO2

Me
O

N

N

Me

Br

3b

Light yellow oil, 79 mg, 92% yield, 97% ee (HPLC: chiralpak IC column, 254 nm, 

hexane/isopropanol = 80/20, flow rate 1.0 mL/min, tr (major) = 9.74 min, tr (minor) = 

10.93 min); [α]D
25 = +8.4 (c = 0.5, CHCl3). 1H NMR (400 MHz, CDCl3): δ = 7.51 (d, 

J = 8.0 Hz, 1H), 7.34 (d, J = 7.7 Hz, 1H), 7.26 (d, J = 7.8 Hz, 1H), 7.13 (s, 1H), 7.13-

7.03 (m, 1H), 7.03 (s, 1H), 4.58-4.51 (m, 1H), 3.94 (s, 3H), 3.68-3.56 (m, 4H), 2.49 (s, 

3H). 13C NMR (CDCl3, 100 MHz): δ = 189.4, 172.5, 155.4, 142.7, 140.7, 133.3, 

130.6, 129.2, 128.7, 127.9, 127.3, 124.5, 43.6, 37.4, 36.2, 32.8, 11.7. IR (KBr): ν (cm-

1) 2922, 2852, 2361, 1675, 1603, 1519, 1413, 1379, 1365, 1289, 1155, 1023, 985, 829, 

759. HRMS (ESI, m/z) calcd for C18H17BrN4NaO4 [M+Na]+: 455.0324, found: 

455.0325.

O N

NO2

Me
O

N

N

Me

Br

3c

Yellow oil, 75 mg, 87% yield, 95% ee (HPLC: chiralpak IC column, 254 nm, 
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hexane/isopropanol = 80/20, flow rate 1.0 mL/min, tr (major) = 8.21 min, tr (minor) = 

8.93 min); [α]D
25 = +12.4 (c = 0.5, CHCl3). 1H NMR (400 MHz, CDCl3): δ = 7.42 (s, 

1H), 7.33 (d, J = 7.9 Hz, 1H), 7.22 (d, J = 7.7 Hz, 1H), 7.20-7.10 (m, 1H), 7.14 (s, 

1H), 7.04 (s, 1H), 4.00-3.95 (m, 1H), 3.93 (s, 3H), 3.71-3.50 (m, 4H), 2.49 (s, 3H). 

13C NMR (CDCl3, 100 MHz): δ = 189.3, 172.6, 155.5, 144.2, 142.5, 130.5, 130.4, 

130.3, 129.2, 127.4, 126.0, 122.7, 44.3, 38.5, 36.2, 34.0, 11.6. IR (KBr): ν (cm-1) 2923, 

2360, 1676, 1615, 1519, 1413, 1383, 1289, 984. HRMS (ESI, m/z) calcd for 

C18H17BrN4NaO4 [M+Na]+: 455.0325, found: 455.0325.

O N

NO2

Me
O

N

N

Me

Br

3d

Light yellow oil, 77 mg, 89% yield, 96% ee (HPLC: chiralpak IC column, 254 nm, 

hexane/isopropanol = 80/20, flow rate 1.0 mL/min, tr (major) = 8.58 min, tr (minor) = 

9.40 min); [α]D
25 = +15.9 (c = 0.5, CHCl3). 1H NMR (400 MHz, CDCl3): δ = 7.38 (d, 

J = 8.4 Hz, 2H), 7.16 (d, J = 8.4 Hz, 2H), 7.13 (s, 1H), 7.03 (s, 1H), 4.01-3.96(m, 1H), 

3.92 (s, 3H), 3.73-3.60 (m, 2H), 3.53-3.46 (m, 2H), 2.49 (s, 3H). 13C NMR (CDCl3, 

100 MHz): δ = 189.5, 172.7, 155.5, 142.7, 140.8, 131.8, 130.4, 129.3, 129.1, 127.4, 

121.1, 44.3, 38.3, 36.2, 34.0, 11.7. IR (KBr): ν (cm-1) 2922, 2360, 1674, 1603, 1519, 

1414, 1382, 1289, 985, 828. HRMS (ESI, m/z) calcd for C18H17BrN4NaO4 [M+Na]+: 

455.0322, found: 455.0325.

O N

NO2

Me
O

N

N

Me

Cl

3e

Light yellow oil, 74 mg, 95% yield, 96% ee (HPLC: chiralpak IC column, 254 nm, 

hexane/isopropanol = 80/20, flow rate 1.0 mL/min, tr (major) = 8.24 min, tr (minor) = 

9.05 min); [α]D
25 = +12.1 (c = 0.5, CHCl3). 1H NMR (400 MHz, CDCl3): δ = 7.22 (brs, 
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4H), 7.13 (s, 1H), 7.03 (s, 1H), 4.03-3.95(m, 1H), 3.92 (s, 3H), 3.73-3.60 (m, 2H), 

3.54-3.47 (m, 2H), 2.49 (s, 3H). 13C NMR (CDCl3, 100 MHz): δ = 189.5, 172.8, 155.5, 

142.7, 140.3, 132.9, 130.4, 129.3, 128.9, 128.7, 127.4, 44.4, 38.3, 36.2, 34.1, 11.7. IR 

(KBr): ν (cm-1) 2922, 2360, 2340, 1674, 1603, 1519, 1492, 1415, 1380, 1092, 829. 

HRMS (ESI, m/z) calcd for C18H17ClN4NaO4 [M+Na]+: 411.0841, found: 411.0831.

O N

NO2

Me
O

N

N

Me

CN

3f

Light yellow oil, 68 mg, 90% yield, 92% ee (HPLC: chiralpak OD-H column, 254 nm, 

hexane/isopropanol = 70/30, flow rate 1.0 mL/min, tr (major) = 14.08 min, tr (minor) 

= 16.97 min); [α]D
25 = +7.8 (c = 0.5, CHCl3). 1H NMR (400 MHz, CDCl3): δ = 7.57 

(d, J = 8.1 Hz, 2H), 7.42 (d, J = 8.1 Hz, 2H), 7.15 (s, 1H), 7.06 (s, 1H), 4.10-4.00 (m, 

1H), 3.93 (s, 3H), 3.79-3.73 (m, 1H), 3.69-3.63 (m, 1H), 3.58-3.52 (m, 2H), 2.49 (s, 

3H). 13C NMR (CDCl3, 100 MHz): δ = 188.9, 172.2, 155.6, 147.3, 142.3, 132.6, 

130.5, 129.2, 128.3, 127.6, 118.6, 111.3, 44.1, 38.8, 36.2, 33.7, 11.6. IR (KBr): ν (cm-

1) 2922, 2360, 1672, 1603, 1593, 1517, 1409, 1385, 1366, 702. HRMS (ESI, m/z) 

calcd for C19H17N5NaO4 [M+Na]+: 402.1170, found: 402.1173.

O N

NO2

Me
O

N

N

Me

OMe

3g

Light yellow oil, 65 mg, 85% yield, 94% ee (HPLC: chiralpak IC column, 254 nm, 

hexane/isopropanol = 80/20, flow rate 1.0 mL/min, tr (major) = 13.38 min, tr (minor) 

= 15.38 min); [α]D
25 = +18.0 (c = 0.5, CHCl3). 1H NMR (400 MHz, CDCl3): δ = 7.18 

(d, J = 8.5 Hz, 2H), 7.12 (s, 1H), 7.01 (s, 1H), 6.78 (d, J = 8.5 Hz, 2H), 3.99-3.95 (m, 

1H), 3.91 (s, 3H), 3.74 (s, 3H), 3.71-3.59 (m, 2H), 3.53-3.46 (m, 2H), 2.47 (s, 3H). 

13C NMR (CDCl3, 100 MHz): δ = 190.0, 173.3, 158.5, 155.4, 142.8, 133.8, 130.4, 
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129.2, 128.3, 127.2, 114.0, 55.2, 44.7, 38.2, 36.1, 34.4, 11.7. IR (KBr): ν (cm-1) 2923, 

2360, 2341, 1672, 1604, 1514, 1410, 1382, 1249, 985, 829. HRMS (ESI, m/z) calcd 

for C19H20N4NaO5 [M+Na]+: 407.1326, found: 407.1326.

O N

NO2

Me
O

N

N

Me

Me

3h

Light yellow oil, 66 mg, 90% yield, 94% ee (HPLC: chiralpak IC column, 254 nm, 

hexane/isopropanol = 80/20, flow rate 1.0 mL/min, tr (major) = 9.90 min, tr (minor) = 

10.99 min); [α]D
25 = +14.3 (c = 0.5, CHCl3). 1H NMR (400 MHz, CDCl3): δ = 7.15 (d, 

J = 7.9 Hz, 2H), 7.12 (s, 1H), 7.06 (d, J = 7.9 Hz, 2H), 7.01 (s, 1H), 3.98-3.94 (m, 1H), 

3.91 (s, 3H), 3.71-3.59 (m, 2H), 3.56-3.47 (m, 2H), 2.47 (s, 3H), 2.27 (s, 3H). 13C 

NMR (CDCl3, 100 MHz): δ = 190.0, 173.3, 155.4, 142.8, 138.8, 136.8, 130.4, 129.4, 

129.2, 127.2, 127.1, 44.6, 38.5, 36.2, 34.3, 21.1, 11.7. IR (KBr): ν (cm-1) 2922, 2360, 

2341, 1673, 1603, 1518, 1492, 1410, 1379, 1365, 985, 829. HRMS (ESI, m/z) calcd 

for C19H20N4NaO4 [M+Na]+: 391.1376, found: 391.1377.

O N

NO2

Me
O

N

N

Me 3i

White solid, 75 mg, m.p. 130.1-130.5 oC, 93% yield, 96% ee (HPLC: chiralpak IC 

column, 254 nm, hexane/isopropanol = 80/20, flow rate 1.0 mL/min, tr (major) = 9.98 

min, tr (minor) = 10.92 min); [α]D
25 = +13.2 (c = 0.5, CHCl3). 1H NMR (400 MHz, 

CDCl3): δ = 8.24 (d, J = 8.5 Hz, 1H), 7.83 (d, J = 8.0 Hz, 1H), 7.72 (d, J = 8.1 Hz, 

1H), 7.56-7.39 (m, 4H), 7.13 (s, 1H), 6.99 (s, 1H), 4.98 (brs, 1H), 3.85 (s, 3H), 3.83-

3.60 (m, 4H), 2.41 (s, 3H). 13C NMR (CDCl3, 100 MHz): δ = 190.0, 173.0, 155.4, 

142.7, 138.1, 133.9, 131.1, 130.5, 129.3, 129.0, 127.8, 127.3, 126.5, 125.7, 125.5, 

123.5, 122.6, 44.5, 36.1, 33.7, 32.8, 11.6. IR (KBr): ν (cm-1) 2921, 2851, 2361, 2341, 
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1672, 1601, 1518, 1409, 1155, 829, 778. HRMS (ESI, m/z) calcd for C22H20N4NaO4 

[M+Na]+: 427.1377, found: 427.1377.

O N

NO2

Me
O

N

N

Me

S

3j

Light yellow oil, 66 mg, 91% yield, 95% ee (HPLC: chiralpak IC column, 254 nm, 

hexane/isopropanol = 80/20, flow rate 1.0 mL/min, tr (major) = 11.20 min, tr (minor) 

= 12.22 min); [α]D
25 = +16.7 (c = 0.5, CHCl3). 1H NMR (400 MHz, CDCl3): δ = 7.18-

7.11 (m, 1H), 7.13 (s, 1H), 7.04 (s, 1H), 6.86 (t, J = 3.5 Hz, 2H), 4.37-4.30 (m, 1H), 

3.95 (s, 3H), 3.77-3.65 (m, 2H), 3.60-3.54 (m, 2H), 2.50 (s, 3H). 13C NMR (CDCl3, 

100 MHz): δ = 189.3, 172.6, 155.5, 145.2, 142.6, 130.6, 129.3, 127.4, 126.8, 124.5, 

124.1, 45.4, 36.2, 35.1, 34.2, 11.7. IR (KBr): ν (cm-1) 2361, 2341, 1675, 1603, 1519, 

1414, 1378, 981, 915, 829, 703. HRMS (ESI, m/z) calcd for C16H16N4NaO4S 

[M+Na]+: 383.0785, found: 383.0784.

O N

NO2

Me
O

N

N

Me

O

3k

Light yellow oil, 60 mg, 87% yield, 93% ee (HPLC: chiralpak IC column, 254 nm, 

hexane/isopropanol = 87/13, flow rate 1.0 mL/min, tr (major) = 16.37 min, tr (minor) 

= 17.80 min); [α]D
25 = +27.6 (c = 0.5, CHCl3). 1H NMR (400 MHz, CDCl3): δ = 7.29 

(s, 1H), 7.14 (s, 1H), 7.05 (s, 1H), 6.22 (m, 1H), 6.06 (d, J = 3.2 Hz, 1H), 4.14-4.06 

(m, 1H), 3.97 (s, 3H), 3.73-3.64 (m, 2H), 3.58-3.47 (m, 2H), 2.52 (s, 3H). 13C NMR 

(CDCl3, 100 MHz): δ = 189.4, 172.7, 155.5, 154.6, 142.6, 141.9, 130.5, 129.3, 127.3, 

110.2, 106.0, 42.1, 36.2, 32.5, 31.9, 11.7. IR (KBr): ν (cm-1) 2922, 2361, 2341, 1675, 

1604, 1519, 1415, 1380, 1151, 915, 830. HRMS (ESI, m/z) calcd for C16H16N4NaO5 

[M+Na]+: 367.1013, found: 367.1013.

O N

NO2

Me
O

N

N

Me

Me

3l
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Light yellow oil, 47 mg, 80% yield, 94% ee (HPLC: chiralpak IC column, 254 nm, 

hexane/isopropanol = 94/6, flow rate 1.0 mL/min, tr (major) = 21.72 min, tr (minor) = 

23.38 min); [α]D
25 = +9.2 (c = 0.5, CHCl3). 1H NMR (400 MHz, CDCl3): δ = 7.13 (s, 

1H), 7.05 (s, 1H), 4.00 (s, 3H), 3.32-3.12 (m, 4H), 2.84-2.76 (m, 1H), 2.55 (s, 3H), 

1.10 (d, J = 6.8 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ = 191.0, 174.0, 155.6, 142.9, 

130.4, 129.0, 127.2, 45.2, 36.3, 33.9, 28.6, 20.3, 11.7. IR (KBr): ν (cm-1) 2360, 2341, 

1690, 1609, 1521, 1418, 1382, 1169, 829. HRMS (ESI, m/z) calcd for C13H16N4NaO4 

[M+Na]+: 315.1062, found: 315.1064.

O N

NO2

Me
O

N

N

Me

CO
OE
t

3m

Light yellow oil, 62 mg, 89% yield, 93% ee (HPLC: chiralpak IC column, 254 nm, 

hexane/isopropanol = 75/25, flow rate 1.0 mL/min, tr (major) = 17.74 min, tr (minor) 

= 22.34 min); [α]D
25 = +5.6 (c = 0.5, CHCl3). 1H NMR (400 MHz, CDCl3): δ = 7.08 (s, 

1H), 6.99 (s, 1H), 4.08 (q, J = 7.1 Hz, 2H), 3.92 (s, 3H), 3.68-3.58(m, 2H), 3.53-3.35 

(m, 3H), 2.49 (s, 3H), 1.13 (t, J = 7.1 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ = 

188.0, 171.6, 171.5, 154.6, 141.2, 129.4, 128.2, 126.3, 60.4, 39.0, 36.8, 35.2, 28.1, 

12.9, 10.6. IR (KBr): ν (cm-1) 2921, 2360, 2341, 1734, 1679, 1607, 1520, 1417, 1383, 

1155, 829. HRMS (ESI, m/z) calcd for C15H18N4NaO6 [M+Na]+: 373.1120, found: 

373.1119.

O N

NO2

Me
CF3O

N

N

Ph
3n

Light yellow oil, 68 mg, 83% yield, 97% ee (HPLC: chiralpak AD-H column, 254 nm, 

hexane/isopropanol = 80/20, flow rate 1.0 mL/min, tr (major) = 11.74 min, tr (minor) 

= 9.50 min); [α]D
25 = -15.0 (c = 0.5, CHCl3). 1H NMR (400 MHz, CDCl3): δ = 7.49-

7.43 (m, 3H), 7.29-7.18 (m, 4H), 3.68-3.58 (m, 2H), 3.54-3.45 (m, 2H), 3.28 (dd, J = 

14.8, 7.2 Hz, 1H), 2.50 (s, 3H). 13C NMR (CDCl3, 100 MHz): δ = 185.8, 170.8, 155.7, 

141.9, 137.9, 130.7, 130.1, 129.1, 129.0, 127.9, 126.8 (q, J = 279.7 Hz), 125.9, 37.4, 

36.6 (q, J = 27.8 Hz), 26.6 (q, J = 2.8 Hz), 11.6. 19F NMR (376.4 MHz, CDCl3): δ = -
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71.7. IR (KBr): ν (cm-1) 2360, 2341, 1690, 1608, 1521, 1418, 1382, 1168, 829. 

HRMS (ESI, m/z) calcd for C18H15F3N4NaO4 [M+Na]+: 431.0936, found: 431.0938.

O N

NO2

Me
O

N

N

i-Pr 3o

Light yellow oil, 73 mg, 95% yield, 92% ee (HPLC: chiralpak IC column, 254 nm, 

hexane/isopropanol = 80/20, flow rate 1.0 mL/min, tr (major) = 9.19 min, tr (minor) = 

8.30 min); [α]D
25 = -17.2 (c = 0.5, CHCl3). 1H NMR (400 MHz, CDCl3): δ = 7.27-

7.23 (m, 5H), 7.20-7.14 (m, 2H), 5.46-5.36 (m, 1H), 4.04-3.96 (m, 1H), 3.74-3.50 (m, 

4H), 2.47 (s, 3H), 1.38 (d, J = 6.6 Hz, 3H), 1.35 (d, J = 6.6 Hz, 3H). 13C NMR (CDCl3, 

100 MHz): δ = 190.1, 173.2, 155.4, 142.0, 141.8, 130.4, 129.7, 128.7, 127.3, 127.2, 

121.4, 49.2, 45.1, 39.0, 34.3, 23.6, 23.4, 11.6. IR (KBr): ν (cm-1) 2361, 2341, 1674, 

1603, 1519, 1396, 1381, 1365, 1255, 985, 829. HRMS (ESI, m/z) calcd for 

C20H22N4NaO4 [M+Na]+: 405.1531, found: 405.1533.

O N

NO2

Me
O

N

N

Ph 3p

Light yellow oil, 75 mg, 90% yield, 95% ee (HPLC: chiralpak IC column, 254 nm, 

hexane/isopropanol = 80/20, flow rate 1.0 mL/min, tr (major) = 11.63 min, tr (minor) 

= 14.78 min); [α]D
25 = -31.3 (c = 0.5, CHCl3). 1H NMR (400 MHz, CDCl3): δ = 7.43-

7.38 (m, 3H), 7.26-7.11 (m, 9H), 3.98-3.91 (m, 1H), 3.74-3.54 (m, 3H), 3.50-3.44 (m, 

1H), 2.45 (s, 3H). 13C NMR (CDCl3, 100 MHz): δ = 188.5, 173.1, 155.4, 142.7, 141.8, 

138.1, 130.4, 129.7, 129.0, 128.8, 128.7, 127.4, 127.3, 125.8, 44.7, 38.8, 34.2, 11.7. 

IR (KBr): ν (cm-1) 2923, 2360, 2341, 1685, 1602, 1517, 1493, 1407, 1378, 1364, 829, 

763, 700. HRMS (ESI, m/z) calcd for C23H20N4NaO4 [M+Na]+: 439.1375, found: 

439.1377.
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O N

NO2

O

N

N

Me
4a

Light yellow oil, 73 mg, 88% yield, 90% ee (HPLC: chiralpak IC column, 254 nm, 

hexane/isopropanol = 80/20, flow rate 1.0 mL/min, tr (major) = 9.39 min, tr (minor) = 

10.57 min); [α]D
25 = +18.7 (c = 0.5, CHCl3). 1H NMR (400 MHz, CDCl3): δ = 7.53-

7.44 (m, 5H),7.31-7.18 (m, 5H), 7.14 (s, 1H), 7.01 (s, 1H), 4.10-4.03 (m, 1H), 3.91 (s, 

3H), 3.78-3.57 (m, 4H). 13C NMR (CDCl3, 100 MHz): δ = 189.9, 173.8, 157.6, 142.8, 

141.8, 130.7, 129.8, 129.2, 128.8, 128.5, 127.3, 125.8, 44.4, 38.9, 36.2, 34.5. IR 

(KBr): ν (cm-1) 2922, 2851, 2360, 2341, 1676, 1636, 1617, 1593, 1515, 1413, 1367, 

829. HRMS (ESI, m/z) calcd for C23H20N4NaO4 [M+Na]+: 439.1375, found: 439.1377.

O N

NO2

O

N

N

Me

F

4b

Light yellow oil, 78 mg, 90% yield, 95% ee (HPLC: chiralpak IC column, 254 nm, 

hexane/isopropanol = 80/20, flow rate 1.0 mL/min, tr (major) = 8.45 min, tr (minor) = 

9.30 min); [α]D
25 = +7.9 (c = 0.5, CHCl3). 1H NMR (400 MHz, CDCl3): δ = 7.55-7.51 

(m, 2H), 7.31-7.26 (m, 4H), 7.21-7.12 (m, 4H), 7.01 (s, 1H), 4.09-4.02 (m, 1H), 3.90 

(s, 3H), 3.78-3.57 (m, 4H). 13C NMR (CDCl3, 100 MHz): δ = 189.8, 174.1, 164.2 (d, 

J = 249.9 Hz), 156.7, 142.7, 141.8, 131.5 (d, J = 8.7 Hz), 129.7, 129.2, 128.8, 127.3, 

127.3, 121.9 (d, J = 3.5 Hz), 115.7 (d, J = 21.9 Hz), 44.5, 38.9, 36.2, 34.5. 19F NMR 

(376.4 MHz, CDCl3): δ = -109.2. IR (KBr): ν (cm-1) 2922, 2360, 2341, 1674, 1606, 

1617, 1593, 1515, 1413, 1367, 828, 699. HRMS (ESI, m/z) calcd for C23H19FN4NaO4 

[M+Na]+: 457.1283, found: 457.1283.

O N

NO2

O

N

N

Me

Cl

4c

White solid, 83 mg, m.p. 128.4-128.8 oC, 92% yield, 95% ee (HPLC: chiralpak IC 

column, 254 nm, hexane/isopropanol = 80/20, flow rate 1.0 mL/min, tr (major) = 8.83 
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min, tr (minor) = 9.69 min); [α]D
25 = +8.0 (c = 0.5, CHCl3). 1H NMR (400 MHz, 

CDCl3): δ = 7.48-7.41 (m, 4H), 7.31-7.25 (m, 4H), 7.21-7.18 (m, 1H), 7.13 (s, 1H), 

7.01 (s, 1H), 4.10-4.02 (m, 1H), 3.90 (s, 3H), 3.77-3.57 (m, 4H). 13C NMR (CDCl3, 

100 MHz): δ = 189.8, 174.2, 156.7, 142.7, 141.7, 137.0, 130.7, 129.7, 129.2, 128.8, 

127.6, 127.4, 127.3, 124.3, 44.5, 38.9, 36.2, 34.5. IR (KBr): ν (cm-1) 2918, 2849, 2360, 

2341, 1671, 1604, 1521, 1507, 1409, 1384, 831, 701. HRMS (ESI, m/z) calcd for 

C23H19ClN4NaO4 [M+Na]+: 473.0983, found: 473.0987.

O N

NO2

O

N

N

Me

OMe

4d

White solid, 85 mg, m.p. 126.5-126.9 oC, 95% yield, 95% ee (HPLC: chiralpak IC 

column, 254 nm, hexane/isopropanol = 80/20, flow rate 1.0 mL/min, tr (major) = 

13.60 min, tr (minor) = 15.61 min); [α]D
25 = +9.1 (c = 0.5, CHCl3). 1H NMR (400 

MHz, CDCl3): δ = 7.49 (d, J = 8.7 Hz, 2H), 7.31-7.25 (m, 4H), 7.20 (t, J = 7.0 Hz, 

1H), 7.13 (s, 1H), 7.00 (s, 1H), 6.96 (d, J = 8.7 Hz, 2H), 4.09-4.02 (m, 1H), 3.90 (s, 

3H), 3.84 (s, 3H), 3.77-3.55 (m, 4H). 13C NMR (CDCl3, 100 MHz): δ = 189.9, 173.8, 

161.5, 157.2, 142.7, 141.9, 130.8, 129.8, 129.2, 128.8, 127.4, 127.3, 117.9, 113.9, 

55.4, 44.4, 38.9, 36.2, 34.5. IR (KBr): ν (cm-1) 2924, 2360, 1674, 1598, 1520, 1411, 

1365, 1155, 982, 827, 702. HRMS (ESI, m/z) calcd for C24H22N4NaO5 [M+Na]+: 

469.1479, found: 469.1482.

O N

NO2

O

N

N

Me

Me

4e

Yellow oil, 77 mg, 90% yield, 95% ee (HPLC: chiralpak IC column, 254 nm, 

hexane/isopropanol = 80/20, flow rate 1.0 mL/min, tr (major) = 8.88 min, tr (minor) = 

10.15 min); [α]D
25 = +4.8 (c = 0.5, CHCl3). 1H NMR (400 MHz, CDCl3): δ = 7.36-

7.25 (m, 8H), 7.20 (t, J = 6.8 Hz, 1H), 7.13 (s, 1H), 7.00 (s, 1H), 4.10-4.02 (m, 1H), 

3.90 (s, 3H), 3.78-3.55 (m, 4H), 2.40 (s, 3H). 13C NMR (CDCl3, 100 MHz): δ = 189.9, 

173.7, 157.7, 142.8, 141.8, 138.3, 131.4, 129.8, 129.7, 129.2, 128.8, 128.4, 127.3, 
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126.3, 125.7, 44.4, 38.9, 36.2, 34.5, 21.4. IR (KBr): ν (cm-1) 2924, 2360, 1674, 1598, 

1520, 1411, 1365, 1155, 982, 702. HRMS (ESI, m/z) calcd for C24H22N4NaO4 

[M+Na]+: 453.1532, found: 453.1533.

O N

NO2

O

N

N

Me

S

4f

White solid, 75 mg, m.p. 120.2-120.5 oC, 89% yield, 95% ee (HPLC: chiralpak IC 

column, 254 nm, hexane/isopropanol = 80/20, flow rate 1.0 mL/min, tr (major) = 

10.75 min, tr (minor) = 11.80 min); [α]D
25 = +13.0 (c = 0.5, CHCl3). 1H NMR (400 

MHz, CDCl3): δ = 7.80 (t, J = 3.1 Hz, 1H), 7.53-7.51 (m, 1H), 7.31-7.25 (m, 4H), 

7.21-7.12 (m, 3H), 7.00 (s, 1H), 4.08-4.01 (m, 1H), 3.89 (s, 3H), 3.75-3.55 (m, 4H). 

13C NMR (CDCl3, 100 MHz): δ = 189.9, 174.5, 151.7, 142.7, 141.8, 131.8, 129.9, 

129.4, 129.2, 128.8, 127.8, 127.3, 127.2, 125.6, 44.5, 38.9, 36.2, 34.6. IR (KBr): ν 

(cm-1) 2922, 2360, 1673, 1594, 1517, 1409, 1385, 1365, 702. HRMS (ESI, m/z) calcd 

for C21H18N4NaO4S [M+Na]+: 445.0943, found: 445.0941.

O N

NO2

O

MeO
Me

5a

Light yellow oil, 88.6 mg, 86% yield, 95% ee (HPLC: chiralpak OD-H column, 254 

nm, hexane/isopropanol = 90/10, flow rate 1.0 mL/min, tr (major) = 9.88 min, tr 

(minor) = 15.62 min); [α]D
25 = +5.6 (c = 0.5, CHCl3). 1H NMR (400 MHz, CDCl3): δ 

= 7.28 (t, J = 6.9 Hz, 2H), 7.23-7.19 (m, 3H), 3.82-3.74 (m, 1H), 3.65-3.59 (m, 1H), 

3.60 (s, 3H), 3.55-3.49 (m, 1H), 2.82-2.72 (m, 2H), 2.48 (s, 3H). 13C NMR (CDCl3, 

100 MHz): δ = 172.8, 171.6, 155.5, 141.1, 130.4, 128.9, 127.5, 127.0, 51.9, 40.3, 39.9, 

33.8, 11.6. IR (KBr): ν (cm-1) 2921, 2360, 1733, 1679, 1607, 1520, 1416, 1384, 1155, 

829. HRMS (ESI, m/z) calcd for C15H16N2NaO5 [M+Na]+: 327.0949, found: 327.0951.
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6a

COOMe
O

N

N

Me

Light yellow oil, 90.0 mg, 93% yield, 90% ee (HPLC: chiralpak IC column, 254 nm, 

hexane/isopropanol = 85/15, flow rate 1.0 mL/min, tr (major) = 11.68 min, tr (minor) 

= 13.53 min); [α]D
25 = +12.3 (c = 0.5, CHCl3). 1H NMR (400 MHz, CDCl3): δ = 7.30-

7.22 (m, 4H), 7.19-7.14 (m, 1H), 7.12 (s, 1H), 7.00 (s, 1H), 3.91 (s, 3H), 3.88-3.83 (m, 

1H), 3.65 (dd, J = 17.0, 7.7 Hz, 1H), 3.57 (s, 3H), 3.47 (dd, J = 17.0, 6.7 Hz, 1H), 

2.77 (dd, J = 15.6, 7.0 Hz, 1H), 2.67 (dd, J = 15.6, 8.0 Hz, 1H). 13C NMR (CDCl3, 

100 MHz): δ = 190.4, 172.3, 143.2, 128.7, 128.5, 127.5, 126.9, 126.7, 51.6, 44.8, 41.0, 

37.2, 36.2. IR (KBr): ν (cm-1) 2924, 2361 1733, 1679, 1607, 1520, 1416, 1384, 1155, 

828. HRMS (ESI, m/z) calcd for C16H18N2NaO3 [M+Na]+: 309.1215, found: 309.1216.
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V NMR Spectrum
1H NMR (400 MHz) spectra of 3a
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1H NMR (400 MHz) spectra of 3b

8 7 6 5 4 3 2 1 0 ppm
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1H NMR (400 MHz) spectra of 3c
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1H NMR (400 MHz) spectra of 3d
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1H NMR (400 MHz) spectra of 3e
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1H NMR (400 MHz) spectra of 3f
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1H NMR (400 MHz) spectra of 3g
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1H NMR (400 MHz) spectra of 3h
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1H NMR (400 MHz) spectra of 3i
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1H NMR (400 MHz) spectra of 3j
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1H NMR (400 MHz) spectra of 3k
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1H NMR (400 MHz) spectra of 3l

7 6 5 4 3 2 1 0 ppm
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1H NMR (400 MHz) spectra of 3m
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1H NMR (400 MHz) spectra of 3n
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19F NMR (376.4 MHz) spectra of 3n
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1H NMR (400 MHz) spectra of 3o
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1H NMR (400 MHz) spectra of 3p
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1H NMR (400 MHz) spectra of 4a
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1H NMR (400 MHz) spectra of 4b
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19F NMR (376.4 MHz) spectra of 4b
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1H NMR (400 MHz) spectra of 4c

8 7 6 5 4 3 2 1 0 ppm

3.
56
8

3.
58
6

3.
59
2

3.
60
5

3.
62
3

3.
63
5

3.
65
8

3.
67
9

3.
69
6

3.
71
1

3.
71
6

3.
72
8

3.
75
4

3.
77
1

3.
89
9

4.
01
5

4.
03
3

4.
05
2

4.
07
1

4.
08
8

4.
16
0

7.
00
9

7.
13
1

7.
17
7

7.
19
3

7.
20
5

7.
21
0

7.
24
9

7.
26
9

7.
28
6

7.
30
6

7.
41
4

7.
43
6

7.
46
1

4.
08
3

3.
00
0

1.
03
7

0.
94
0

0.
92
9

1.
02
8

4.
17
5

4.
04
6

13C NMR (100 MHz) spectra of 4c

200 180 160 140 120 100 80 60 40 20 0 ppm

3
4
.
5

3
6
.
2

3
8
.
9

4
4
.
5

7
6
.
8

7
7
.
1

7
7
.
4

1
2
4
.
3

1
2
7
.
3

1
2
7
.
4

1
2
7
.
6

1
2
8
.
8

1
2
9
.
2

1
2
9
.
7

1
3
0
.
7

1
3
7
.
0

1
4
1
.
7

1
4
2
.
7

1
5
6
.
7

1
7
4
.
2

1
8
9
.
8

O N

NO2

O

N

N

Me

Cl

4c

O N

NO2

O

N

N

Me

Cl

4c



42

1H NMR (400 MHz) spectra of 4d
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1H NMR (400 MHz) spectra of 4e
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1H NMR (400 MHz) spectra of 4f

8 7 6 5 4 3 2 1 0 ppm
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1H NMR (400 MHz) spectra of 5a
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1H NMR (400 MHz) spectra of 6a
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VI Chiral HPLC trace analysis
Racemic 3a

Chiral 3a:

HPLC traces of racemic 3a and chiral 3a. Area integration = 95% ee.
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Chiral 3a’:

HPLC traces of racemic 3a and chiral 3a’. Area integration = 95% ee.
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Racemic 3b

Chiral 3b:

HPLC traces of racemic 3b and chiral 3b. Area integration = 97% ee.
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Racemic 3c

Chiral 3c:

HPLC traces of racemic 3c and chiral 3c. Area integration = 95% ee.
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Racemic 3d

Chiral 3d:

HPLC traces of racemic 3d and chiral 3d. Area integration = 96% ee.
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Racemic 3e

Chiral 3e:

HPLC traces of racemic 3e and chiral 3e. Area integration = 96% ee.
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Racemic 3f

Chiral 3f:

HPLC traces of racemic 3f and chiral 3f. Area integration = 92% ee.
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Racemic 3g

Chiral 3g:

HPLC traces of racemic 3g and chiral 3g. Area integration = 94% ee.
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Racemic 3h

Chiral 3h:

HPLC traces of racemic 3h and chiral 3h. Area integration = 94% ee.
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Racemic 3i

Chiral 3i:

HPLC traces of racemic 3i and chiral 3i. Area integration = 96% ee.
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Racemic 3j

Chiral 3j:

HPLC traces of racemic 3j and chiral 3j. Area integration = 95% ee.
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Racemic 3k

Chiral 3k:

HPLC traces of racemic 3k and chiral 3k. Area integration = 93% ee.
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Racemic 3l

Chiral 3l:

HPLC traces of racemic 3l and chiral 3l. Area integration = 94% ee.
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Racemic 3m

Chiral 3m:

HPLC traces of racemic 3m and chiral 3m. Area integration = 93% ee.

O N

NO2

Me
O

N

N

Me

CO
OE
t

3m

O N

NO2

Me
O

N

N

Me

CO
OE
t

3m



61

Racemic 3n

Chiral 3n:

HPLC traces of racemic 3n and chiral 3n. Area integration = 97% ee.
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Racemic 3o

Chiral 3o:

HPLC traces of racemic 3o and chiral 3o. Area integration = 92% ee.
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Racemic 3p

Chiral 3p:

HPLC traces of racemic 3p and chiral 3p. Area integration = 95% ee.
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Racemic 4a

Chiral 4a:

HPLC traces of racemic 4a and chiral 4a. Area integration = 90% ee.
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Racemic 4b

Chiral 4b:

HPLC traces of racemic 4b and chiral 4b. Area integration = 95% ee.
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Racemic 4c

Chiral 4c:

HPLC traces of racemic 4c and chiral 4c. Area integration = 95% ee.
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Racemic 4d

Chiral 4d:

HPLC traces of racemic 4d and chiral 4d. Area integration = 95% ee.
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Racemic 4e

Chiral 4e:

HPLC traces of racemic 4e and chiral 4e. Area integration = 95% ee.
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Racemic 4f

Chiral 4f:

HPLC traces of racemic 4f and chiral 4f. Area integration = 95% ee.
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Racemic 5a

Chiral 5a:

HPLC traces of racemic 5a and chiral 5a. Area integration = 95% ee.
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Racemic 6a

Chiral 6a:

HPLC traces of racemic 6a and chiral 6a. Area integration = 90% ee.
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VII. Single Crystal X-Ray Diffraction of 4f

Table 1. Crystal data and structure refinement for 4f.

CCDC 1903727.

Table 1.  Crystal data and structure refinement for 4f.

Identification code compound-4f
Empirical formula C21H18N4O4S

Formula weight 422.45

Temperature (K) 127(2)

Wavelength (Å) 1.54184

Crystal system orthorhombic

Space group P212121

Unit cell dimensions (Å, °) a = 6.0211(2)  = 90

b = 16.1241(5)  = 90

c = 20.6340(5)  = 90

Volume (Å) 2003.25(10)

Z 4

Calculated density (g cm-3) 1.401

Absorption coefficient (mm-1) 1.753

F000 880

Crystal size (mm3) 0.6  0.4  0.3

 range for data collection () 3.479 to 67.079

Miller index ranges -7  h  7, -16  k  19, -23  l  24

Reflections collected 16910

Independent reflections 3543 [Rint = 0.0657]

Completeness to max (%) 0.987

Max. and min. transmission 0.3203 and 0.7521

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3543 / 15 / 272
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Goodness-of-fit on F2 1.064

Final R indices [I2(I)] R1 = 0.0916, wR2 = 0.2275

R indices (all data) R1 = 0.1040, wR2 = 0.2394

Largest diff. peak and hole (e Å-3) 1.320 and -0.460

Absolute structure parameter .018(13)


