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1. General Information

General data:

NMR spectra were recorded on a Brucker-400 MHz spectrometer. Chemical shifts (δ) are given 

in ppm relative to TMS. The residual solvent signals were used as references and the chemical shifts 

converted to the TMS scale (CDCl3: δH = 7.26 ppm, δC = 77.16 ppm).

The high resolution mass spectra were recorded on a Thermo LTQ Orbitrap XL (ESI+) or a P-

SIMS-Gly of Brucker DaltonicsInc (EI+). Infrared spectra were recorded on a Nicolet MX-1E FT-IR 

spectrometer.

Enantiomeric excesses were performed on Waters-Breeze (2487 Dual λ Absorbance Detector 

and 1525 Binary HPLC Pump, UV detection monitored at 254 nm). Chiralpak AD-H and OD-H 

columns were purchased from Daicel Chemical Industries, LTD.

Optical rotations were determined at 589 nm (sodium D line) by using a Perkin-Elmer-343 

polarimeter.

Materials:

All starting materials, reagents and solvents were purchased from commercial suppliers 

(Aldrich, Alfa, TCI, Adamas, etc.) and used as supplied unless otherwise stated. Some substrates[1] 

and chiral Lewis base catalysts[2] were synthesized in accordance with the similar procedures in 

literatures. Toluene was dried over Na and distilled prior to use.
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2. Details for Condition Optimization

Table S1. Optimal Conditions for the Asymmetric Formal [4+2] Cycloaddition Reactiona

N
NH
R

Cl + COOH
N

N

R
O

H

Chiral Lewis base
Base, Additive

Solvent
T oC, 12 h

1a: R = Boc
1b: R = Bz
1c: R = COOMe

2a

3aa: R = Boc
3ba: R = Bz
3ca: R = COOMe

N

S
N

R'

4: R' = iPr
5: R' = tBu
6: R' = Bn
7: R' = Ph

N

S
N

Ph

8

Entry 1 Chiral Lewis base Base Solvent T/°C Yieldb (%) drc eed (%)
1e 1a 4 iPr2NEt THF - 20 79 91:9 >99
2e 1a 4 - THF - 20 N.R. - -
3e 1a - iPr2NEt THF - 20 N.R. - -
4 1a 4 iPr2NEt THF - 20 97 92:8 >99
5 1a 4 iPr2NEt THF - 30 90 92:8 >99
6 1a 4 iPr2NEt THF 0 99 92:8 >99
7 1a 4 iPr2NEt THF 25 99 90:10 >99
8 1b 4 iPr2NEt THF 0 89 85:15 >99 (86)
9 1c 4 iPr2NEt THF 0 94 80:20 99 (55)
10 1a 4 Na2CO3 THF 0 99 89:11 >99
11 1a 4 K2CO3 THF 0 47 90:10 >99
12 1a 4 NEt3 THF 0 93 92:8 >99
13f 1a 4 iPr2NEt THF 0 97 92:8 >99
14f 1a 5 iPr2NEt THF 0 88 92:8 >99
15f 1a 6 iPr2NEt THF 0 98 85:15 >99
16f 1a 7 iPr2NEt THF 0 80 83:17 99
17f 1a 8 iPr2NEt THF 0 80 72:28 99
18f 1a 4 iPr2NEt DCM 0 63 91:9 >99
19f 1a 4 iPr2NEt DCE 0 88 93:7 >99
20f 1a 4 iPr2NEt CH3CN 0 80 82:18 99
21f 1a 4 iPr2NEt Toluen

e
0 95 >95:5 >99

a Unless noted, reactions were performed with 1 (0.20 mmol), 2a (0.30 mmol), tBuCOCl (0.40 mmol), Base (0.80 
mmol), chiral Lewis base (0.04 mmol, 20 mol%), solvent (2.0 mL). b Isolated yield. c The diastereomeric ratios 
were determined by 1H NMR spectroscopic analysis. d Determined by HPLC analysis. e Using TsCl (0.40 mmol) 
instead of tBuCOCl (0.40 mmol). f Chiral Lewis base (0.02 mmol, 10 mol%) was used. DCM = dichloromethane. 
DCE = 1,2-dichloroethane.

3. General Procedure and Characterization of Products
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To a flame-dried and N2-purged Schlenk tube A were added requisite acid 2 (0.30 mmol), 

tBuCOCl (0.40 mmol), iPr2NEt (0.40 mmol) and Toluene (1.0 mL). The suspension was stirred for 

15 min at 0 °C. Meanwhile, to another flame-dried and N2-purged Schlenk tube B were added 1 (0.20 

mmol) and Toluene (0.5 mL). The resulting solution was stirred for 10 min at 0 °C. Then the solution 

in Schlenk tube A (1.0 mL) was added to Schlenk tube B. Then, a solution of chiral Lewis base 

catalyst (0.02 mmol, 10 mol%) and iPr2NEt (0.40 mmol) in Toluene (0.5 mL) was also added to 

Schlenk tube B. The resulting solution was stirred at 0 °C for 12 hours. After purification by column 

chromatography on silica gel (Petrol ether: Ethyl acetate = 10:1) the desired product 3 was obtained.

4. Characterization Data of Substrates and Products

tert-butyl 2-(2-chloro-3,4-dihydronaphthalen-1(2H)-ylidene)hydrazine-1-carboxylate (1a)

White solid; 1H NMR (400 MHz, CDCl3) δ 8.32 (s, 1H), 8.23 (d, J = 7.3 Hz, 1H), 

7.30 - 7.19 (m, 2H), 7.13 (d, J = 7.0 Hz, 1H), 5.06 (t, J = 3.2 Hz, 1H), 3.23 (ddd, J 

= 16.4, 12.3, 4.2 Hz, 1H), 2.71 (dt, J = 16.3, 3.5 Hz, 1H), 2.39 – 2.21 (m, 2H), 1.57 

(s, 9H). 13C NMR (100 MHz, CDCl3) δ 152.55, 144.12, 137.62, 129.76, 129.43, 

128.30, 126.87, 125.45, 81.95, 48.95, 31.17, 28.27, 24.08. IR (KBr, cm-1) γ 3239, 2979, 1701, 1532, 

1454, 1393, 1368, 1272, 1248, 1145, 1066, 1011, 862, 814, 771; HRMS (ESI) m/z (M+Na)+: 

calculated for C15H19ClN2O2Na: 317.1033, found: 317.1024.

tert-butyl 2-(2-chloro-7-fluoro-3,4-dihydronaphthalen-1(2H)-ylidene)hydrazine-1-carboxylate 

(1d)

White solid; 1H NMR (400 MHz, CDCl3) δ 8.31 (s, 1H), 7.89 (d, J = 8.8 Hz, 

1H), 7.10 (dd, J = 8.4, 5.6 Hz, 1H), 6.96 (td, J = 8.3, 2.7 Hz, 1H), 5.03 (t, J = 3.2 

Hz, 1H), 3.27 – 3.08 (m, 1H), 2.70 (dt, J = 16.2, 3.5 Hz, 1H), 2.41 – 2.13 (m, 

2H), 1.56 (s, 9H). 13C NMR (100 MHz, CDCl3) δ 161.78 (d, J = 244.2 Hz), 

152.42, 143.02, 133.27 (d, J = 2.9 Hz), 131.63 (d, J = 8.0 Hz), 129.88 (d, J = 7.8 Hz), 116.77 (d, J = 

22.2 Hz), 111.49 (d, J = 23.4 Hz), 82.23, 48.29, 31.13, 28.23, 23.38. IR (KBr, cm-1) γ 3192, 2978, 

1733, 1703, 1539, 1492, 1393, 1368, 1275, 1249, 1226, 1147, 1063, 1015, 813, 752, 741; HRMS 

(ESI) m/z (M+Na)+: calculated for C15H18ClFN2O2Na: 335.0939, found: 335.0932.

N
NH

Cl
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N
NH
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tert-butyl 2-(2,7-dichloro-3,4-dihydronaphthalen-1(2H)-ylidene)hydrazine-1-carboxylate (1e)

White solid; 1H NMR (400 MHz, CDCl3) δ 8.28 (s, 1H), 8.21 (s, 1H), 7.22 (dd, 

J = 8.2, 2.2 Hz, 1H), 7.08 (d, J = 8.2 Hz, 1H), 5.03 (t, J = 3.3 Hz, 1H), 3.18 (ddd, 

J = 16.4, 12.5, 4.0 Hz, 1H), 2.70 (dt, J = 16.4, 3.5 Hz, 1H), 2.41 – 2.13 (m, 2H), 

1.57 (s, 9H). 13C NMR (100 MHz, CDCl3) δ 152.30, 142.79, 135.83, 132.98, 

131.32, 129.68, 129.43, 125.07, 82.28, 48.37, 30.96, 28.23, 23.57. IR (KBr, cm-1) γ 3219, 2977, 1685, 

1385, 1370, 1349, 1146, 1059, 1015, 909, 817, 749; HRMS (ESI) m/z (M+Na)+: calculated for 

C15H18Cl2N2O2Na: 351.0643, found: 351.0638.

tert-butyl 2-(7-bromo-2-chloro-3,4-dihydronaphthalen-1(2H)-ylidene)hydrazine-1-carboxylate 

(1f)

White solid; 1H NMR (400 MHz, CDCl3) δ 8.37 (s, 1H), 8.24 (s, 1H), 7.37 (dd, 

J = 8.2, 2.1 Hz, 1H), 7.02 (d, J = 8.1 Hz, 1H), 5.01 (t, J = 3.3 Hz, 1H), 3.23 – 

3.06 (m, 1H), 2.69 (dt, J = 16.3, 3.5 Hz, 1H), 2.36 (ddd, J = 14.5, 7.2, 3.3 Hz, 

1H), 2.30 – 2.18 (m, 1H), 1.57 (s, 9H). 13C NMR (100 MHz, CDCl3) δ 152.27, 

142.62, 136.30, 132.30, 131.63, 129.92, 128.02, 120.94, 82.28, 48.37, 30.91, 28.22, 23.64. IR (KBr, 

cm-1) γ 3190, 2978, 1682, 1382, 1345, 1145, 1056, 1010, 908, 812, 747; HRMS (ESI) m/z (M+Na)+: 

calculated for C15H18BrClN2O2Na: 395.0138, found: 395.0135.

tert-butyl 2-(2-chloro-7-methyl-3,4-dihydronaphthalen-1(2H)-ylidene)hydrazine-1-carboxylate 

(1g)

White solid; 1H NMR (400 MHz, CDCl3) δ 8.26 (s, 1H), 8.06 (s, 1H), 7.09 (dd, 

J = 7.8, 1.3 Hz, 1H), 7.03 (d, J = 7.8 Hz, 1H), 5.04 (t, J = 3.3 Hz, 1H), 3.29 – 

3.07 (m, 1H), 2.68 (dt, J = 16.2, 3.5 Hz, 1H), 2.36 (dd, J = 7.2, 3.3 Hz, 1H), 

2.32 (s, 3H), 2.30 – 2.20 (m, 1H), 1.57 (s, 9H). 13C NMR (100 MHz, CDCl3) 

δ 152.54, 144.47, 136.52, 134.81, 130.55, 129.37, 128.20, 125.53, 81.94, 49.09, 31.33, 28.26, 23.70, 

21.09. IR (KBr, cm-1) γ 3217, 2977, 1703, 1531, 1498, 1367, 1250, 1145, 1058, 1019, 814, 764, 750; 

HRMS (ESI) m/z (M+Na)+: calculated for C16H21ClN2O2Na: 331.1189, found: 331.1180.
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tert-butyl 2-(2-chloro-7-methoxy-3,4-dihydronaphthalen-1(2H)-ylidene)hydrazine-1-

carboxylate (1h)

White solid; 1H NMR (400 MHz, CDCl3) δ 8.33 (s, 1H), 7.72 (d, J = 2.6 Hz, 

1H), 7.05 (d, J = 8.4 Hz, 1H), 6.86 (dd, J = 8.4, 2.7 Hz, 1H), 5.05 (t, J = 3.2 

Hz, 1H), 3.83 (s, 3H), 3.16 (ddd, J = 16.2, 12.4, 4.0 Hz, 1H), 2.66 (dt, J = 

16.1, 3.5 Hz, 1H), 2.44 – 2.30 (m, 1H), 2.28 – 2.19 (m, 1H), 1.57 (s, 9H). 13C 

NMR (100 MHz, CDCl3) δ 158.46, 152.54, 144.06, 130.58, 130.32, 129.46, 117.95, 107.62, 81.95, 

55.42, 48.84, 31.36, 28.27, 23.29. IR (KBr, cm-1) γ 3223, 2978, 1736, 1701, 1533, 1495, 1368, 1290, 

1272, 1240, 1149, 1065, 1036, 1013, 857, 820, 740; HRMS (ESI) m/z (M+Na)+: calculated for 

C16H21ClN2O3Na: 347.1138, found: 347.1131.

tert-butyl 2-(2,6-dichloro-3,4-dihydronaphthalen-1(2H)-ylidene)hydrazine-1-carboxylate (1i)

White solid; 1H NMR (400 MHz, CDCl3) δ 8.27 (s, 1H), 8.16 (d, J = 7.8 Hz, 

1H), 7.20 (dd, J = 28.0, 20.0 Hz, 2H), 5.03 (s, 1H), 3.22 (t, J = 12.5 Hz, 1H), 

2.69 (d, J = 16.1 Hz, 1H), 2.31 (dd, J = 32.9, 11.9 Hz, 2H), 1.56 (s, 9H). 13C 

NMR (100 MHz, CDCl3) δ 152.41, 143.19, 139.10, 135.30, 128.32, 128.10, 

127.27, 127.02, 82.17, 48.45, 30.90, 28.24, 23.89. IR (KBr, cm-1) γ 3441, 2979, 1703, 1607, 1562, 

1531, 1475, 1392, 1368, 1265, 1147, 1066, 1012, 746; HRMS (ESI) m/z (M+Na)+: calculated for 

C15H18Cl2N2O2Na: 351.0643, found: 351.0633.

tert-butyl 2-(5-bromo-2-chloro-3,4-dihydronaphthalen-1(2H)-ylidene)hydrazine-1-carboxylate 

(1j)

White solid; 1H NMR (400 MHz, CDCl3) δ 8.29 – 8.18 (m, 2H), 7.55 (dd, J = 7.8, 

1.0 Hz, 1H), 7.11 (t, J = 8.0 Hz, 1H), 5.04 (t, J = 3.3 Hz, 1H), 3.21 – 2.92 (m, 2H), 

2.40 (ddd, J = 14.7, 7.0, 3.3 Hz, 1H), 2.30 – 2.14 (m, 1H), 1.57 (s, 9H). 13C NMR 

(100 MHz, CDCl3) δ 152.31, 143.30, 136.72, 133.39, 131.96, 127.84, 124.77, 

124.40, 82.24, 47.86, 30.43, 28.23, 24.13. IR (KBr, cm-1) γ 3231, 2979, 1700, 1525, 1494, 1454, 

1392, 1368, 1249, 1149, 1063, 740; HRMS (ESI) m/z (M+Na)+: calculated for C15H18BrClN2O2Na: 

395.0138, found: 395.0133.
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tert-butyl 2-(2-chloro-5-methoxy-3,4-dihydronaphthalen-1(2H)-ylidene)hydrazine-1-

carboxylate (1k)

White solid; 1H NMR (400 MHz, CDCl3) δ 8.25 (s, 1H), 7.86 (d, J = 8.0 Hz, 1H), 

7.19 (t, J = 8.1 Hz, 1H), 6.82 (d, J = 8.0 Hz, 1H), 5.04 (t, J = 3.2 Hz, 1H), 3.84 (s, 

3H), 3.10 – 2.97 (m, 1H), 2.91 – 2.76 (m, 1H), 2.36 (ddd, J = 14.6, 7.0, 3.1 Hz, 1H), 

2.17 (ddt, J = 16.8, 12.4, 4.2 Hz, 1H), 1.56 (s, 9H). 13C NMR (100 MHz, CDCl3) δ 

156.32, 152.53, 144.30, 130.60, 126.88, 126.86, 117.50, 110.44, 81.91, 55.50, 48.35, 30.39, 28.25, 

16.85. IR (KBr, cm-1) γ 3210, 2960, 1732, 1705, 1537, 1470, 1438, 1368, 1261, 1148, 1019, 851, 

790, 745; HRMS (ESI) m/z (M+Na)+: calculated for C16H21ClN2O3Na: 347.1138, found: 347.1130.

tert-butyl (4R,4aR)-3-oxo-4-phenyl-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-carboxylate 

(3aa)

White solid; yield: 95%; d.r.: > 95:5; 1H NMR (400 MHz, CDCl3) δ 8.34 – 

8.24 (m, 1H), 7.35 – 7.19 (m, 5H), 7.19 – 7.04 (m, 3H), 3.88 (d, J = 7.0 Hz, 

1H), 3.25 (ddd, J = 12.4, 6.9, 5.3 Hz, 1H), 2.86 – 2.68 (m, 2H), 2.01 – 1.89 

(m, 1H), 1.62 (s, 9H), 1.48 – 1.36 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 

167.10, 151.62, 150.61, 140.02, 134.47, 130.48, 130.33, 129.05, 128.80, 128.53, 128.02, 126.92, 

125.31, 84.47, 50.33, 38.44, 28.94, 27.98, 24.67. IR (KBr, cm-1) γ 2981, 2935, 1772, 1721, 1454, 

1369, 1309, 1272, 1249, 1151, 1093, 767, 736, 701; HRMS (ESI) m/z (M+Na)+: calculated for 

C23H24N2O3Na: 399.1685, found: 399.1677; [α]20
D = + 266.1 (c = 0.31, CHCl3); The product was 

analyzed by HPLC to determine the enantiomeric excess: > 99% ee (CHIRALPAK AD-H, hexane/i-

PrOH = 70/30, flow rate: 1.0 mL/min, T = 30 °C, 254 nm), tR (major) = 5.808 min, tR (minor) = 

11.550 min.

tert-butyl (4R,4aR)-4-(4-bromophenyl)-3-oxo-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-

carboxylate (3ab)

White solid; yield: 99%; d.r.: 93:7; 1H NMR (400 MHz, CDCl3) δ 8.27 

(dd, J = 7.7, 1.6 Hz, 1H), 7.39 – 7.34 (m, 2H), 7.33 – 7.22 (m, 2H), 7.11 

(dd, J = 7.2, 1.2 Hz, 1H), 7.05 – 6.95 (m, 2H), 3.85 (d, J = 6.9 Hz, 1H), 

N
NH

Cl

Boc

OMe

N
N

Boc
O

H

N
N
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3.25 (ddd, J = 12.4, 6.8, 5.3 Hz, 1H), 2.79 (dd, J = 8.4, 3.3 Hz, 2H), 2.01 – 1.86 (m, 1H), 1.62 (s, 9H), 

1.44 – 1.29 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 166.41, 151.41, 150.43, 139.91, 133.42, 132.16, 

130.62, 130.40, 130.07, 128.53, 126.97, 125.23, 122.20, 84.61, 49.71, 38.23, 28.84, 27.93, 24.63. IR 

(KBr, cm-1) γ 2981, 2936, 1772, 1721, 1489, 1370, 1306, 1272, 1250, 1151, 1011, 774, 755, 734; 

HRMS (ESI) m/z (M+Na)+: calculated for C23H23BrN2O3Na: 477.0790, found: 477.0789; [α]20
D = + 

151.3 (c = 0.64, CHCl3); The product was analyzed by HPLC to determine the enantiomeric excess: > 

99% ee (CHIRALPAK AD-H, hexane/i-PrOH = 70/30, flow rate: 1.0 mL/min, T = 30 °C, 254 nm), 

tR (major) = 5.575 min, tR (minor) = 12.834 min.

tert-butyl (4R,4aR)-3-oxo-4-(4-(trifluoromethyl)phenyl)-4,4a,5,6-tetrahydrobenzo[h]cinnoline-

2(3H)-carboxylate (3ac)

White solid; yield: 74%; d.r.: > 95:5; 1H NMR (400 MHz, CDCl3) δ 

8.29 (dd, J = 7.6, 1.6 Hz, 1H), 7.51 (d, J = 8.2 Hz, 2H), 7.38 – 7.23 (m, 

4H), 7.12 (dd, J = 7.2, 1.2 Hz, 1H), 3.96 (d, J = 7.0 Hz, 1H), 3.30 (ddd, 

J = 12.5, 6.9, 5.3 Hz, 1H), 2.86 – 2.80 (m, 2H), 1.97 (ddd, J = 8.9, 4.3, 

2.5 Hz, 1H), 1.62 (s, 9H), 1.47 – 1.24 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 158.78 (d, J = 1488.0 

Hz), 150.39, 139.92, 138.50, 130.76, 130.33 (d, J = 32.7 Hz), 130.00, 129.84, 129.23, 128.62, 127.08, 

126.03 (q, J = 3.7 Hz), 125.30, 123.82 (d, J = 272.3 Hz), 84.79, 50.10, 38.27, 28.87, 27.95, 24.71. 

IR (KBr, cm-1) γ 2981, 2935, 1773, 1721, 1370, 1326, 1273, 1250, 1152, 1124, 1071, 1018, 849, 832, 

764, 732; HRMS (ESI) m/z (M+Na)+: calculated for C24H23F3N2O3Na: 467.1558, found: 467.1561; 

[α]20
D = + 179.0 (c = 0.59, CHCl3); The product was analyzed by HPLC to determine the 

enantiomeric excess: > 99% ee (CHIRALPAK AD-H, hexane/i-PrOH = 70/30, flow rate: 1.0 mL/min, 

T = 30 °C, 254 nm), tR (major) = 4.357 min, tR (minor) = 9.197 min.

tert-butyl (4R,4aR)-3-oxo-4-(p-tolyl)-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-carboxylate 

(3ad)

White solid; yield: 98%; d.r.: > 95:5; 1H NMR (400 MHz, CDCl3) δ 8.34 

– 8.23 (m, 1H), 7.28 (ddd, J = 6.6, 4.1, 2.1 Hz, 2H), 7.09 (dd, J = 7.0, 1.6 

Hz, 1H), 7.06 – 6.97 (m, 4H), 3.84 (d, J = 6.9 Hz, 1H), 3.26 – 3.19 (m, 

1H), 2.77 (dd, J = 6.8, 3.4 Hz, 2H), 2.24 (s, 3H), 1.97 – 1.82 (m, 1H), 

N
N

Boc
O

CF3
H

N
N

Boc
O

Me
H



8

1.61 (s, 9H), 1.52 – 1.33 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 167.21, 151.60, 150.64, 140.00, 

137.70, 131.37, 130.37, 130.36, 129.67, 128.60, 128.47, 126.84, 125.25, 84.33, 49.92, 38.44, 28.92, 

27.95, 24.62, 20.97. IR (KBr, cm-1) γ 2980, 2934, 1773, 1722, 1514, 1456, 1369, 1309, 1272, 1249, 

1152, 1123, 1092, 850, 769, 752, 734; HRMS (ESI) m/z (M+Na)+: calculated for C24H26N2O3Na: 

413.1841, found: 413.1835; [α]20
D = + 195.8 (c = 0.72, CHCl3); The product was analyzed by HPLC 

to determine the enantiomeric excess: > 99% ee (CHIRALPAK AD-H, hexane/i-PrOH = 70/30, flow 

rate: 1.0 mL/min, T = 30 °C, 254 nm), tR (major) = 5.626 min, tR (minor) = 10.775 min.

tert-butyl (4R,4aR)-4-([1,1'-biphenyl]-4-yl)-3-oxo-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-

carboxylate (3ae)

White solid; yield: 80%; d.r.: > 95:5; 1H NMR (400 MHz, CDCl3) δ 

8.40 – 8.28 (m, 1H), 7.48 (ddt, J = 10.4, 8.6, 1.7 Hz, 4H), 7.43 – 7.37 

(m, 2H), 7.32 (ddd, J = 9.1, 5.0, 2.5 Hz, 3H), 7.24 – 7.20 (m, 2H), 

7.14 – 7.09 (m, 1H), 3.94 (d, J = 6.9 Hz, 1H), 3.27 (ddd, J = 12.4, 6.8, 

5.3 Hz, 1H), 2.92 – 2.69 (m, 2H), 1.97 (ddd, J = 12.5, 8.7, 3.5 Hz, 

1H), 1.64 (s, 9H), 1.54 – 1.37 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 167.15, 151.77, 150.78, 

141.00, 140.44, 140.17, 133.60, 130.65, 130.47, 129.34, 128.90, 128.70, 127.85, 127.57, 127.10, 

127.07, 125.45, 84.62, 50.16, 38.60, 29.10, 28.14, 24.85. IR (KBr, cm-1) γ 2981, 2935, 1772, 1721, 

1487, 1369, 1307, 1272, 1249, 1151, 1092, 849, 752, 735, 699; HRMS (ESI) m/z (M+Na)+: 

calculated for C29H28N2O3Na: 475.1998, found: 475.1992; [α]20
D = + 147.0 (c = 0.98, CHCl3); The 

product was analyzed by HPLC to determine the enantiomeric excess: > 99% ee (CHIRALPAK AD-

H, hexane/i-PrOH = 70/30, flow rate: 1.0 mL/min, T = 30 °C, 254 nm), tR (major) = 6.027 min, tR 

(minor) = 15.553 min.

tert-butyl (4R,4aR)-4-(4-methoxyphenyl)-3-oxo-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-

carboxylate (3af)

Yellow solid; yield: 99%; d.r.: > 95:5; 1H NMR (400 MHz, CDCl3) δ 

8.28 (dd, J = 7.5, 1.8 Hz, 1H), 7.33 – 7.21 (m, 2H), 7.12 – 7.08 (m, 1H), 

7.06 – 6.98 (m, 2H), 6.81 – 6.71 (m, 2H), 3.82 (d, J = 6.9 Hz, 1H), 3.71 

(s, 3H), 3.21 (ddd, J = 12.4, 6.7, 5.3 Hz, 1H), 2.89 – 2.65 (m, 2H), 1.91 
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(ddd, J = 12.6, 6.9, 3.6 Hz, 1H), 1.61 (s, 9H), 1.43 (tdd, J = 12.9, 10.1, 7.3 Hz, 1H). 13C NMR (100 

MHz, CDCl3) δ 167.33, 159.25, 151.68, 150.66, 140.07, 130.46, 130.36, 129.86, 128.54, 126.89, 

126.45, 125.27, 114.41, 84.38, 55.19, 49.50, 38.52, 28.93, 27.98, 24.60. IR (KBr, cm-1) γ 2980, 2934, 

1772, 1721, 1513, 1369, 1271, 1251, 1182, 1151, 1027, 851, 760; HRMS (ESI) m/z (M+Na)+: 

calculated for C24H26N2O4Na: 429.1790, found: 429.1780; [α]20
D = + 167.3 (c = 0.95, CHCl3); The 

product was analyzed by HPLC to determine the enantiomeric excess: > 99% ee (CHIRALPAK AD-

H, hexane/i-PrOH = 70/30, flow rate: 1.0 mL/min, T = 30 °C, 254 nm), tR (major) = 7.278 min, tR 

(minor) = 16.553 min.

tert-butyl (4R,4aR)-4-(3-chlorophenyl)-3-oxo-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-

carboxylate (3ag)

White solid; yield: 91%; d.r.: 92:8; 1H NMR (400 MHz, CDCl3) δ 8.28 

(dd, J = 7.6, 1.6 Hz, 1H), 7.36 – 7.25 (m, 2H), 7.24 – 7.06 (m, 4H), 7.01 

(dt, J = 7.3, 1.5 Hz, 1H), 3.85 (d, J = 7.0 Hz, 1H), 3.25 (ddd, J = 12.4, 6.9, 

5.3 Hz, 1H), 2.80 (dd, J = 8.4, 3.2 Hz, 2H), 1.95 (ddt, J = 7.2, 5.0, 3.6 Hz, 

1H), 1.62 (s, 9H), 1.39 (tt, J = 12.9, 8.9 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 166.35, 151.50, 

150.43, 139.95, 136.34, 134.75, 130.66, 130.40, 130.12, 129.31, 128.57, 128.35, 127.03, 126.55, 

125.33, 84.68, 50.00, 38.30, 28.89, 27.96, 24.70. IR (KBr, cm-1) γ 2980, 2934, 1772, 1721, 1478, 

1369, 1271, 1249, 1151, 1092, 847, 755; HRMS (ESI) m/z (M+Na)+: calculated for 

C23H23ClN2O3Na: 433.1295, found: 433.1290; [α]20
D = + 191.0 (c = 0.56, CHCl3); The product was 

analyzed by HPLC to determine the enantiomeric excess: > 99% ee (CHIRALPAK AD-H, hexane/i-

PrOH = 70/30, flow rate: 1.0 mL/min, T = 30 °C, 254 nm), tR (major) = 6.519 min, tR (minor) = 

12.632 min.

tert-butyl (4R,4aR)-3-oxo-4-(m-tolyl)-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-carboxylate 

(3ah)

White solid; yield: 98%; d.r.: > 95:5; 1H NMR (400 MHz, CDCl3) δ 

8.29 (dd, J = 7.4, 1.8 Hz, 1H), 7.28 (ddd, J = 8.4, 5.0, 2.9 Hz, 2H), 7.11 

(dd, J = 8.7, 6.2 Hz, 2H), 7.01 (d, J = 7.6 Hz, 1H), 6.93 (d, J = 11.6 Hz, 

2H), 3.84 (d, J = 7.0 Hz, 1H), 3.23 (ddd, J = 12.5, 6.9, 5.3 Hz, 1H), 2.88 
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– 2.71 (m, 2H), 2.25 (s, 3H), 2.05 – 1.84 (m, 1H), 1.62 (s, 9H), 1.48 – 1.33 (m, 1H). 13C NMR (100 

MHz, CDCl3) δ 167.27, 151.81, 150.67, 140.05, 138.65, 134.41, 130.44, 130.40, 129.82, 128.93, 

128.79, 128.52, 126.90, 125.50, 125.28, 84.40, 50.34, 38.38, 28.96, 27.99, 24.67, 21.47. IR (KBr, 

cm-1) γ 2980, 2934, 1773, 1721, 1369, 1306, 1271, 1249, 1151, 1092, 848, 749; HRMS (ESI) m/z 

(M+Na)+: calculated for C24H26N2O3Na: 413.1841, found: 413.1838; [α]20
D = + 192.8 (c = 0.92, 

CHCl3); The product was analyzed by HPLC to determine the enantiomeric excess: 99% ee 

(CHIRALPAK AD-H, hexane/i-PrOH = 70/30, flow rate: 1.0 mL/min, T = 30 °C, 254 nm), tR (major) 

= 5.607 min, tR (minor) = 10.344 min.

tert-butyl (4R,4aR)-4-(3-methoxyphenyl)-3-oxo-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-

carboxylate (3ai)

White solid; yield: 95%; d.r.: 95:5; 1H NMR (400 MHz, CDCl3) δ 8.35 

– 8.24 (m, 1H), 7.35 – 7.23 (m, 2H), 7.12 (dt, J = 8.4, 7.3 Hz, 2H), 6.80 

– 6.64 (m, 3H), 3.84 (d, J = 7.0 Hz, 1H), 3.68 (s, 3H), 3.23 (ddd, J = 

12.4, 6.8, 5.3 Hz, 1H), 2.86 – 2.69 (m, 2H), 1.93 (ddd, J = 12.5, 8.6, 3.5 

Hz, 1H), 1.61 (s, 9H), 1.42 (tt, J = 12.9, 9.4 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 166.95, 159.83, 

151.72, 150.61, 140.05, 135.85, 130.48, 130.36, 130.04, 128.55, 126.92, 125.25, 121.02, 114.54, 

113.42, 84.42, 55.11, 50.31, 38.39, 28.95, 27.98, 24.67. IR (KBr, cm-1) γ 2981, 2936, 1772, 1720, 

1599, 1584, 1491, 1455, 1369, 1269, 1151, 1093, 848, 751; HRMS (ESI) m/z (M+Na)+: calculated 

for C24H26N2O4Na: 429.1790, found: 429.1784; [α]20
D = + 172.3 (c = 1.04, CHCl3); The product was 

analyzed by HPLC to determine the enantiomeric excess: > 99% ee (CHIRALPAK AD-H, hexane/i-

PrOH = 70/30, flow rate: 1.0 mL/min, T = 30 °C, 254 nm), tR (major) = 6.833 min, tR (minor) = 

16.082 min.

tert-butyl (4R,4aR)-4-(2-fluorophenyl)-3-oxo-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-

carboxylate (3aj)

White solid; yield: 85%; d.r.: > 95:5; 1H NMR (400 MHz, CDCl3) δ 8.25 

(dd, J = 7.6, 1.6 Hz, 1H), 7.32 – 7.22 (m, 2H), 7.22 – 7.15 (m, 1H), 7.12 – 

6.97 (m, 4H), 4.41 (d, J = 7.1 Hz, 1H), 3.28 (ddd, J = 12.5, 7.0, 5.3 Hz, 1H), 

2.77 (dd, J = 7.4, 2.8 Hz, 2H), 2.16 – 2.03 (m, 1H), 1.63 (s, 9H), 1.41 – 1.27 
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(m, 1H). 13C NMR (100 MHz, CDCl3) δ 166.72, 160.78 (d, J = 246.8 Hz), 151.70, 150.53, 140.07, 

130.53, 130.21, 129.65 (d, J = 8.4 Hz), 128.70 (d, J = 2.9 Hz), 128.49, 126.91, 125.28, 125.06 (d, J 

= 3.7 Hz), 121.96 (d, J = 14.8 Hz), 115.55 (d, J = 22.8 Hz), 84.67, 41.62 (d, J = 3.2 Hz), 38.59, 28.80, 

27.98, 24.28. IR (KBr, cm-1) γ 2981, 2934, 1774, 1721, 1492, 1456, 1370, 1271, 1250, 1151, 1099, 

849, 755, 734; HRMS (ESI) m/z (M+Na)+: calculated for C23H23FN2O3Na: 417.1590, found: 

417.1585; [α]20
D = + 209.7 (c = 0.26, CHCl3); The product was analyzed by HPLC to determine the 

enantiomeric excess: 98% ee (CHIRALPAK OD-H, hexane/i-PrOH = 80/20, flow rate: 1.0 mL/min, 

T = 30 °C, 254 nm), tR (major) = 7.838 min, tR (minor) = 10.303 min.

tert-butyl (4R,4aR)-3-oxo-4-(o-tolyl)-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-carboxylate 

(3ak)

White solid; yield: 79%; d.r.: > 95:5; 1H NMR (400 MHz, CDCl3) δ 8.39 – 

8.25 (m, 1H), 7.34 – 7.27 (m, 2H), 7.15 (d, J = 7.5 Hz, 1H), 7.11 – 7.05 (m, 

2H), 7.04 – 6.98 (m, 2H), 4.32 (d, J = 7.5 Hz, 1H), 3.31 (ddd, J = 12.8, 7.4, 

5.3 Hz, 1H), 2.86 – 2.70 (m, 2H), 2.45 (s, 3H), 1.99 – 1.88 (m, 1H), 1.61 (s, 

9H), 1.48 – 1.35 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 167.60, 151.77, 150.76, 139.92, 137.24, 

133.92, 130.95, 130.47, 130.39, 128.49, 127.71, 127.18, 127.11, 126.93, 125.36, 84.43, 44.75, 38.85, 

28.89, 27.98, 24.00, 20.69. IR (KBr, cm-1) γ 2979, 2933, 1771, 1714, 1369, 1271, 1249, 1151, 849, 

766, 743; HRMS (ESI) m/z (M+Na)+: calculated for C24H26N2O3Na: 413.1841, found: 413.1835; 

[α]20
D = + 181.4 (c = 0.69, CHCl3); The product was analyzed by HPLC to determine the 

enantiomeric excess: > 99% ee (CHIRALPAK AD-H, hexane/i-PrOH = 70/30, flow rate: 1.0 mL/min, 

T = 30 °C, 254 nm), tR (major) = 4.908 min, tR (minor) = 9.827 min.

tert-butyl (4R,4aR)-4-(2-methoxyphenyl)-3-oxo-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-

carboxylate (3al)

White solid; yield: 82%; d.r.: 95:5; 1H NMR (400 MHz, CDCl3) δ 8.27 (dd, 

J = 7.4, 1.9 Hz, 1H), 7.31 – 7.20 (m, 2H), 7.16 (td, J = 8.2, 1.6 Hz, 1H), 7.11 

– 7.04 (m, 1H), 7.00 (dd, J = 7.8, 1.6 Hz, 1H), 6.87 – 6.72 (m, 2H), 4.57 (d, 

J = 7.7 Hz, 1H), 3.77 (s, 3H), 3.23 (ddd, J = 12.8, 7.7, 5.2 Hz, 1H), 2.73 (dd, 

J = 10.6, 4.3 Hz, 2H), 2.10 – 1.97 (m, 1H), 1.62 (s, 9H), 1.35 – 1.16 (m, 1H). 13C NMR (100 MHz, 
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CDCl3) δ 168.31, 157.24, 152.08, 150.92, 140.11, 130.58, 130.22, 129.00, 128.95, 128.38, 126.77, 

125.26, 123.76, 121.20, 110.70, 84.27, 55.46, 42.38, 38.71, 28.98, 28.00, 24.24. IR (KBr, cm-1) γ 

2980, 2935, 1772, 1716, 1494, 1460, 1369, 1271, 1248, 1151, 1110, 1024, 849, 755, 730; HRMS 

(ESI) m/z (M+Na)+: calculated for C24H26N2O4Na: 429.1790, found: 429.1788; [α]20
D = + 

226.6 (c = 0.67, CHCl3); The product was analyzed by HPLC to determine the enantiomeric excess: > 

99% ee (CHIRALPAK AD-H, hexane/i-PrOH = 70/30, flow rate: 1.0 mL/min, T = 30 °C, 254 nm), 

tR (major) = 5.182 min, tR (minor) = 8.966 min.

tert-butyl (4R,4aR)-4-(naphthalen-2-yl)-3-oxo-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-

carboxylate (3am)

White solid; yield: 94%; d.r.: > 95:5; 1H NMR (400 MHz, CDCl3) δ 

8.40 – 8.29 (m, 1H), 7.79 – 7.69 (m, 3H), 7.63 (d, J = 1.4 Hz, 1H), 7.46 

– 7.36 (m, 2H), 7.32 – 7.23 (m, 3H), 7.12 – 7.00 (m, 1H), 4.07 (d, J = 

7.0 Hz, 1H), 3.31 (ddd, J = 12.5, 6.9, 5.3 Hz, 1H), 2.90 – 2.65 (m, 2H), 

1.97 (ddd, J = 12.5, 8.6, 3.6 Hz, 1H), 1.64 (s, 9H), 1.50 – 1.36 (m, 1H). 13C NMR (100 MHz, CDCl3) 

δ 167.10, 151.90, 150.69, 140.03, 133.31, 132.79, 132.04, 130.55, 130.28, 128.90, 128.55, 128.18, 

128.00, 127.53, 126.95, 126.37, 126.29, 125.31, 84.54, 50.51, 38.53, 28.95, 28.01, 24.79. IR (KBr, 

cm-1) γ 2980, 2934, 1771, 1720, 1369, 1271, 1248, 1151, 1092, 849, 755, 733; HRMS (ESI) m/z 

(M+Na)+: calculated for C27H26N2O3Na: 449.1841, found: 449.1832; [α]20
D = + 144.9 (c = 1.07, 

CHCl3); The product was analyzed by HPLC to determine the enantiomeric excess: > 99% ee 

(CHIRALPAK AD-H, hexane/i-PrOH = 70/30, flow rate: 1.0 mL/min, T = 30 °C, 254 nm), tR (major) 

= 7.237 min, tR (minor) = 16.740 min.

tert-butyl (4R,4aR)-3-oxo-4-(thiophen-3-yl)-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-

carboxylate (3an)

White solid; yield: 99%; d.r.: 95:5; 1H NMR (400 MHz, CDCl3) δ 8.29 (dd, 

J = 7.6, 1.5 Hz, 1H), 7.35 – 7.23 (m, 2H), 7.20 (dd, J = 5.0, 3.0 Hz, 1H), 7.14 

– 7.06 (m, 2H), 6.90 (dd, J = 5.0, 1.2 Hz, 1H), 4.02 (d, J = 6.3 Hz, 1H), 3.26 

– 3.11 (m, 1H), 2.80 (dd, J = 8.5, 3.3 Hz, 2H), 1.94 (ddt, J = 12.6, 5.2, 3.6 

Hz, 1H), 1.61 (s, 9H), 1.56 – 1.39 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 166.42, 151.79, 150.49, 
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140.07, 133.35, 130.56, 130.26, 128.62, 127.52, 126.98, 126.55, 125.24, 123.71, 84.42, 46.12, 38.33, 

28.86, 27.98, 24.66. IR (KBr, cm-1) γ 2980, 2935, 1773, 1725, 1369, 1309, 1272, 1249, 1151, 1122, 

1092, 846, 749, 734; HRMS (ESI) m/z (M+Na)+: calculated for C21H22N2O3SNa: 405.1249, found: 

405.1236; [α]20
D = + 224.0 (c = 0.75, CHCl3); The product was analyzed by HPLC to determine the 

enantiomeric excess: > 99% ee (CHIRALPAK AD-H, hexane/i-PrOH = 70/30, flow rate: 1.0 mL/min, 

T = 30 °C, 254 nm), tR (major) = 5.841 min, tR (minor) = 11.326 min.

tert-butyl (4R,4aR)-4-(1H-indol-3-yl)-3-oxo-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-

carboxylate (3ao)

White solid; yield: 80%; d.r.: > 95:5; 1H NMR (400 MHz, CDCl3) δ 8.64 

(s, 1H), 8.20 (d, J = 7.3 Hz, 1H), 7.67 (dd, J = 6.5, 2.3 Hz, 1H), 7.33 (dd, J 

= 6.5, 2.2 Hz, 1H), 7.24 (dd, J = 7.5, 1.2 Hz, 1H), 7.18 – 7.11 (m, 3H), 7.05 

(d, J = 7.5 Hz, 1H), 6.90 (d, J = 2.5 Hz, 1H), 4.25 (d, J = 5.8 Hz, 1H), 3.27 

(dt, J = 12.5, 5.5 Hz, 1H), 2.90 – 2.56 (m, 2H), 2.24 – 1.88 (m, 1H), 1.70 – 

1.62 (m, 1H), 1.60 (s, 9H). 13C NMR (100 MHz, CDCl3) δ 167.30, 152.55, 151.05, 140.19, 135.65, 

130.41, 130.26, 128.68, 127.73, 126.76, 125.04, 122.38, 121.99, 119.96, 118.68, 111.45, 107.72, 

84.51, 41.36, 39.10, 28.81, 28.01, 24.55. IR (KBr, cm-1) γ 3338, 2980, 2931, 1765, 1732, 1458, 1370, 

1309, 1277, 1251, 1151, 1092, 1029, 848, 758, 744; HRMS (ESI) m/z (M+Na)+: calculated for 

C25H25N3O3Na: 438.1794, found: 438.1790; [α]20
D = + 267.2 (c = 0.54, CHCl3); The product was 

analyzed by HPLC to determine the enantiomeric excess: > 99% ee (CHIRALPAK AD-H, hexane/i-

PrOH = 70/30, flow rate: 1.0 mL/min, T = 30 °C, 254 nm), tR (major) = 8.199 min, tR (minor) = 

34.141 min.

tert-butyl (4S,4aR)-3-oxo-4-((E)-styryl)-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-

carboxylate (3ap)

Yellow solid; yield: 79%; d.r.: > 95:5; 1H NMR (400 MHz, CDCl3) δ  

8.28 (dd, J = 7.7, 1.4 Hz, 1H), 7.40 – 7.12 (m, 8H), 6.72 (d, J = 15.6 Hz, 

1H), 5.89 (dd, J = 15.6, 9.6 Hz, 1H), 3.46 (dd, J = 9.5, 5.3 Hz, 1H), 3.09 

(dt, J = 12.7, 5.3 Hz, 1H), 2.96 – 2.75 (m, 2H), 2.11 – 1.95 (m, 1H), 1.90 

– 1.73 (m, 1H), 1.62 (s, 9H). 13C NMR (100 MHz, CDCl3) δ 166.75, 151.36, 150.30, 140.12, 136.67, 
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135.92, 130.58, 130.21, 128.68, 128.55, 128.18, 126.97, 126.60, 125.30, 119.51, 84.34, 49.48, 37.79, 

28.91, 27.99, 25.08. IR (KBr, cm-1) γ 2979, 2931, 1774, 1751, 1369, 1306, 1272, 1249, 1152, 1088, 

966, 850, 758, 693; HRMS (ESI) m/z (M+Na)+: calculated for C25H26N2O3Na: 425.1841, found: 

425.1842; [α]20
D = + 85.6 (c = 0.05, CHCl3); The product was analyzed by HPLC to determine the 

enantiomeric excess: 90% ee (CHIRALPAK AD-H, hexane/i-PrOH = 70/30, flow rate: 1.0 mL/min, 

T = 30 °C, 254 nm), tR (major) = 5.531 min, tR (minor) = 8.245 min.

tert-butyl (4S,4aR)-3-oxo-4-((E)-prop-1-en-1-yl)-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-

carboxylate (3aq)

Yellow solid; yield: 99%; d.r.: 89:11; 1H NMR (400 MHz, CDCl3) δ 8.24 

(dd, J = 7.8, 1.2 Hz, 1H), 7.39 – 7.24 (m, 2H), 7.17 (d, J = 7.4 Hz, 1H), 5.81 

(dq, J = 13.2, 6.5 Hz, 1H), 5.28 – 5.10 (m, 1H), 3.23 (dd, J = 9.3, 5.3 Hz, 1H), 

3.02 – 2.87 (m, 2H), 2.85 – 2.71 (m, 1H), 1.92 (dtd, J = 7.2, 5.4, 4.0 Hz, 1H), 

1.79 (qd, J = 12.9, 4.3 Hz, 1H), 1.62 (dd, J = 6.6, 1.6 Hz, 3H), 1.61 (s, 9H). 13C NMR (100 MHz, 

CDCl3) δ 167.52, 151.42, 150.40, 140.17, 133.08, 130.43, 130.36, 128.62, 126.90, 125.23, 121.22, 

84.15, 48.96, 37.53, 28.91, 27.99, 24.80, 18.13. IR (KBr, cm-1) γ 2978, 2935, 1775, 1749, 1454, 

1369, 1306, 1271, 1248, 1153, 1090, 965, 850, 769, 751, 735; HRMS (ESI) m/z (M+Na)+: calculated 

for C20H24N2O3Na: 363.1685, found: 363.1676; [α]20
D = + 142.4 (c = 0.51, CHCl3); The product was 

analyzed by HPLC to determine the enantiomeric excess: > 99% ee (CHIRALPAK AD-H, hexane/i-

PrOH = 70/30, flow rate: 1.0 mL/min, T = 30 °C, 254 nm), tR (major) = 4.430 min, tR (minor) = 5.492 

min.

tert-butyl (4S,4aR)-4-((E)-but-1-en-1-yl)-3-oxo-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-

carboxylate (3ar)

Yellow solid; yield: 92%; d.r.: 88:12; 1H NMR (400 MHz, CDCl3) δ 8.24 

(dd, J = 7.8, 1.2 Hz, 1H), 7.40 – 7.22 (m, 2H), 7.17 (d, J = 7.4 Hz, 1H), 

5.84 (dt, J = 15.0, 6.4 Hz, 1H), 5.25 – 5.04 (m, 1H), 3.23 (dd, J = 9.3, 5.3 

Hz, 1H), 3.02 – 2.91 (m, 1H), 2.88 (t, J = 3.5 Hz, 1H), 2.85 – 2.75 (m, 1H), 

2.03 – 1.88 (m, 3H), 1.78 (qd, J = 13.0, 4.3 Hz, 1H), 1.61 (s, 9H), 0.90 (t, J = 7.5 Hz, 3H). 13C NMR 

(100 MHz, CDCl3) δ 167.57, 151.44, 150.41, 140.17, 140.02, 130.42, 130.38, 128.62, 126.89, 
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125.23, 119.02, 84.13, 48.97, 37.55, 28.92, 27.99, 25.71, 24.75, 13.34. IR (KBr, cm-1) γ 2977, 2934, 

1775, 1751, 1456, 1369, 1308, 1271, 1249, 1153, 1090, 967, 850, 756, 735; HRMS (ESI) m/z 

(M+Na)+: calculated for C21H26N2O3Na: 377.1841, found: 377.1837; [α]20
D = + 143.9 (c = 0.56, 

CHCl3); The product was analyzed by HPLC to determine the enantiomeric excess: > 99% ee 

(CHIRALPAK AD-H, hexane/i-PrOH = 70/30, flow rate: 1.0 mL/min, T = 30 °C, 254 nm), tR (major) 

= 4.208 min, tR (minor) = 5.321 min.

tert-butyl (4R,4aR)-9-fluoro-3-oxo-4-phenyl-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-

carboxylate (3da)

White solid; yield: 96%; d.r.: 94:6; 1H NMR (400 MHz, CDCl3) δ 7.95 

(dd, J = 9.9, 2.7 Hz, 1H), 7.29 – 7.19 (m, 3H), 7.16 – 7.04 (m, 3H), 7.00 

(td, J = 8.3, 2.7 Hz, 1H), 3.88 (d, J = 7.0 Hz, 1H), 3.22 (ddd, J = 12.5, 6.9, 

5.3 Hz, 1H), 2.86 – 2.65 (m, 2H), 1.93 (ddd, J = 12.5, 8.6, 3.6 Hz, 1H), 

1.62 (s, 9H), 1.36 (ddd, J = 24.9, 12.8, 5.7 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 166.78, 161.64 

(d, J = 244.7 Hz), 150.61 (d, J = 2.8 Hz), 150.40, 135.72 (d, J = 2.9 Hz), 134.29, 132.05 (d, J = 7.8 

Hz), 130.15 (d, J = 7.7 Hz), 129.11, 128.71, 128.13, 117.81 (d, J = 22.2 Hz), 111.36 (d, J = 23.1 Hz), 

84.66, 50.13, 38.11, 28.22, 27.96, 24.70. IR (KBr, cm-1) γ 2981, 2935, 1774, 1723, 1581, 1490, 1454, 

1441, 1370, 1267, 1197, 1150, 1093, 885, 850, 744, 701; HRMS (ESI) m/z (M+Na)+: calculated for 

C23H23FN2O3Na: 417.1590, found: 417.1586; [α]20
D = + 195.2 (c = 0.59, CHCl3); The product was 

analyzed by HPLC to determine the enantiomeric excess: > 99% ee (CHIRALPAK AD-H, hexane/i-

PrOH = 70/30, flow rate: 1.0 mL/min, T = 30 °C, 254 nm), tR (major) = 5.985 min, tR (minor) = 

12.425 min.

tert-butyl (4R,4aR)-9-chloro-3-oxo-4-phenyl-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-

carboxylate (3ea)

White solid; yield: 93%; d.r.: > 95:5; 1H NMR (400 MHz, CDCl3) δ 8.28 

(d, J = 2.2 Hz, 1H), 7.32 – 7.22 (m, 4H), 7.16 – 7.10 (m, 2H), 7.06 (d, J 

= 8.2 Hz, 1H), 3.90 (d, J = 7.0 Hz, 1H), 3.25 (ddd, J = 12.5, 6.9, 5.3 Hz, 

1H), 2.88 – 2.69 (m, 2H), 2.03 – 1.87 (m, 1H), 1.65 (s, 9H), 1.37 (tdd, J 

= 12.9, 10.7, 6.8 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 166.76, 150.47, 150.39, 138.27, 134.26, 
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132.87, 131.82, 130.43, 129.97, 129.14, 128.69, 128.15, 124.96, 84.74, 50.10, 38.19, 28.38, 27.96, 

24.48. IR (KBr, cm-1) γ 2981, 2935, 1774, 1723, 1477, 1454, 1370, 1281, 1263, 1248, 1151, 1090, 

847, 827, 737, 700; HRMS (ESI) m/z (M+Na)+: calculated for C23H23ClN2O3Na: 433.1295, found: 

433.1289; [α]20
D = + 216.6 (c = 1.01, CHCl3); The product was analyzed by HPLC to determine the 

enantiomeric excess: > 99% ee (CHIRALPAK AD-H, hexane/i-PrOH = 70/30, flow rate: 1.0 mL/min, 

T = 30 °C, 254 nm), tR (major) = 5.951 min, tR (minor) = 11.805 min.

tert-butyl (4R,4aR)-9-bromo-3-oxo-4-phenyl-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-

carboxylate (3fa)

White solid; yield: 76%; d.r.: 94:6; 1H NMR (400 MHz, CDCl3) δ 8.41 

(d, J = 2.1 Hz, 1H), 7.39 (dd, J = 8.2, 2.1 Hz, 1H), 7.32 – 7.18 (m, 3H), 

7.14 – 7.06 (m, 2H), 6.97 (d, J = 8.2 Hz, 1H), 3.87 (d, J = 7.0 Hz, 1H), 

3.22 (ddd, J = 12.5, 6.9, 5.3 Hz, 1H), 2.81 – 2.60 (m, 2H), 1.92 (tt, J = 

5.0, 3.6 Hz, 1H), 1.62 (s, 9H), 1.49 – 1.21 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 166.75, 150.47, 

150.26, 138.73, 134.24, 133.29, 132.15, 130.22, 129.16, 128.69, 128.16, 127.95, 120.82, 84.77, 

50.10, 38.21, 28.46, 27.96, 24.41. IR (KBr, cm-1) γ 2980, 2934, 1773, 1723, 1475, 1454, 1369, 1248, 

1151, 1095, 735, 700; HRMS (ESI) m/z (M+Na)+: calculated for C23H23BrN2O3Na: 477.0790, found: 

470.0792; [α]20
D = + 247.9 (c = 0.61, CHCl3); The product was analyzed by HPLC to determine the 

enantiomeric excess: > 99% ee (CHIRALPAK AD-H, hexane/i-PrOH = 70/30, flow rate: 1.0 mL/min, 

T = 30 °C, 254 nm), tR (major) = 6.117 min, tR (minor) = 11.768 min.

tert-butyl (4R,4aR)-9-methyl-3-oxo-4-phenyl-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-

carboxylate (3ga)

White solid; yield: 52%; d.r.: > 95:5; 1H NMR (400 MHz, CDCl3) δ 

8.10 (s, 1H), 7.25 – 7.18 (m, 3H), 7.16 – 7.09 (m, 3H), 6.99 (d, J = 7.8 

Hz, 1H), 3.87 (d, J = 7.0 Hz, 1H), 3.23 (ddd, J = 12.4, 6.9, 5.2 Hz, 1H), 

2.74 (dd, J = 8.3, 3.2 Hz, 2H), 2.36 (s, 3H), 1.92 (ddd, J = 8.9, 4.4, 2.5 

Hz, 1H), 1.62 (s, 9H), 1.39 (ddd, J = 12.7, 10.6, 6.2 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 167.21, 

152.03, 150.76, 137.23, 136.53, 134.54, 131.56, 130.01, 129.04, 128.81, 128.41, 127.99, 125.40, 

84.51, 50.40, 38.49, 28.56, 27.99, 24.80, 21.16. IR (KBr, cm-1) γ 2979, 2932, 1772, 1720, 1496, 
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1454, 1369, 1271, 1250, 1151, 1093, 850, 742, 701; HRMS (ESI) m/z (M+Na)+: calculated for 

C24H26N2O3Na: 413.1841, found: 413.1834; [α]20
D = + 227.9 (c = 0.39, CHCl3); The product was 

analyzed by HPLC to determine the enantiomeric excess: > 99% ee (CHIRALPAK AD-H, hexane/i-

PrOH = 70/30, flow rate: 1.0 mL/min, T = 30 °C, 254 nm), tR (major) = 5.066 min, tR (minor) = 9.211 

min.

tert-butyl (4R,4aR)-9-methoxy-3-oxo-4-phenyl-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-

carboxylate (3ha)

White solid; yield: 93%; d.r.: 92:8; 1H NMR (400 MHz, CDCl3) δ 7.78 

(d, J = 2.7 Hz, 1H), 7.31 – 7.18 (m, 3H), 7.16 – 7.09 (m, 2H), 7.01 (d, 

J = 8.4 Hz, 1H), 6.89 (dd, J = 8.4, 2.8 Hz, 1H), 3.88 (d, J = 7.0 Hz, 1H), 

3.86 (s, 3H), 3.21 (ddd, J = 12.4, 6.9, 5.2 Hz, 1H), 2.75 – 2.67 (m, 2H), 

1.90 (ddd, J = 12.4, 8.6, 3.5 Hz, 1H), 1.62 (s, 9H), 1.44 – 1.33 (m, 1H). 13C NMR (100 MHz, CDCl3) 

δ 167.10, 158.39, 151.50, 150.46, 134.48, 132.73, 131.15, 129.66, 129.05, 128.79, 128.02, 118.50, 

107.85, 84.36, 55.42, 50.35, 38.26, 28.12, 27.98, 24.89. IR (KBr, cm-1) γ 2980, 2934, 1773, 1721, 

1494, 1454, 1369, 1272, 1252, 1151, 1093, 1035, 850, 740, 701; HRMS (ESI) m/z (M+Na)+: 

calculated for C24H26N2O4Na: 429.1790, found: 429.1783; [α]20
D = + 191.7 (c = 0.78, CHCl3); The 

product was analyzed by HPLC to determine the enantiomeric excess: > 99% ee (CHIRALPAK AD-

H, hexane/i-PrOH = 70/30, flow rate: 1.0 mL/min, T = 30 °C, 254 nm), tR (major) = 6.236 min, tR 

(minor) = 12.717 min.

tert-butyl (4R,4aR)-8-chloro-3-oxo-4-phenyl-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-

carboxylate (3ia)

White solid; yield: 95%; d.r.: > 95:5; 1H NMR (400 MHz, CDCl3) δ 8.22 

(d, J = 8.6 Hz, 1H), 7.28 – 7.18 (m, 4H), 7.14 – 7.06 (m, 3H), 3.87 (d, J 

= 7.0 Hz, 1H), 3.23 (ddd, J = 12.5, 6.9, 5.3 Hz, 1H), 2.87 – 2.58 (m, 2H), 

1.93 (ddd, J = 12.6, 6.9, 3.6 Hz, 1H), 1.61 (s, 9H), 1.37 (ddd, J = 24.7, 

12.8, 5.7 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 166.84, 150.71, 150.52, 141.54, 136.45, 134.29, 

129.11, 128.88, 128.71, 128.38, 128.14, 127.34, 126.84, 84.64, 50.16, 38.20, 28.72, 27.96, 24.46. IR 

(KBr, cm-1) γ 2981, 2936, 1773, 1723, 1586, 1479, 1455, 1370, 1307, 1271, 1250, 1152, 1098, 843, 

N
N

Boc
O

MeO

H

N
N

Boc
O

Cl
H



18

736, 700; HRMS (ESI) m/z (M+Na)+: calculated for C23H23ClN2O3Na: 433.1295, found: 433.1290; 

[α]20
D = + 193.1 (c = 0.90, CHCl3); The product was analyzed by HPLC to determine the 

enantiomeric excess: > 99% ee (CHIRALPAK AD-H, hexane/i-PrOH = 70/30, flow rate: 1.0 mL/min, 

T = 30 °C, 254 nm), tR (major) = 7.056 min, tR (minor) = 9.027 min.

tert-butyl (4R,4aR)-7-bromo-3-oxo-4-phenyl-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-

carboxylate (3ja)

White solid; yield: 99%; d.r.: > 95:5; 1H NMR (400 MHz, CDCl3) δ 8.29 

(dd, J = 8.0, 0.9 Hz, 1H), 7.57 (dd, J = 7.9, 1.1 Hz, 1H), 7.32 – 7.18 (m, 3H), 

7.19 – 7.08 (m, 3H), 3.89 (d, J = 7.0 Hz, 1H), 3.23 (ddd, J = 12.6, 7.0, 5.3 Hz, 

1H), 3.16 (dt, J = 16.7, 3.5 Hz, 1H), 2.64 – 2.51 (m, 1H), 1.94 (ddd, J = 12.7, 

8.1, 4.3 Hz, 1H), 1.61 (s, 9H), 1.34 (qd, J = 13.2, 4.1 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 

166.71, 150.74, 150.48, 139.03, 134.35, 134.27, 132.59, 129.14, 128.72, 128.17, 127.91, 124.60, 

124.59, 84.66, 50.05, 37.93, 28.73, 27.97, 24.03. IR (KBr, cm-1) γ 2980, 2936, 1774, 1724, 1455, 

1369, 1308, 1269, 1251, 1151, 1026, 848, 787, 742, 700; HRMS (ESI) m/z (M+Na)+: calculated for 

C23H23BrN2O3Na: 477.0790, found: 477.0786; [α]20
D = + 129.2 (c = 1.45, CHCl3); The product was 

analyzed by HPLC to determine the enantiomeric excess: > 99% ee (CHIRALPAK AD-H, hexane/i-

PrOH = 70/30, flow rate: 1.0 mL/min, T = 30 °C, 254 nm), tR (major) = 6.594 min, tR (minor) = 

13.773 min.

tert-butyl (4R,4aR)-7-methoxy-3-oxo-4-phenyl-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-

carboxylate (3ka)

White solid; yield: 81%; d.r.: > 95:5; 1H NMR (400 MHz, CDCl3) δ 7.97 – 

7.82 (m, 1H), 7.32 – 7.17 (m, 4H), 7.18 – 7.09 (m, 2H), 6.85 (d, J = 7.6 Hz, 

1H), 3.87 (d, J = 7.0 Hz, 1H), 3.79 (s, 3H), 3.22 (ddd, J = 12.5, 7.0, 5.2 Hz, 

1H), 3.14 (dt, J = 16.7, 3.6 Hz, 1H), 2.44 – 2.27 (m, 1H), 1.98 – 1.82 (m, 1H), 

1.61 (s, 9H), 1.30 (qd, J = 13.2, 4.1 Hz, 1H). 13C NMR (100 MHz, CDCl3) 

δ 167.04, 156.45, 151.59, 150.60, 134.55, 131.38, 129.27, 129.03, 128.81, 127.99, 126.98, 117.21, 

111.36, 84.40, 55.54, 50.32, 38.01, 27.98, 24.01, 21.34. IR (KBr, cm-1) γ 2980, 2936, 1773, 1720, 

1577, 1472, 1455, 1370, 1305, 1263, 1151, 1058, 847, 739, 701; HRMS (ESI) m/z (M+Na)+: 

N
N

Boc
O

H

Br

N
N

Boc
O

H

OMe



19

calculated for C24H26N2O4Na: 429.1790, found: 429.1794; [α]20
D = + 156.2 (c = 0.83, CHCl3); The 

product was analyzed by HPLC to determine the enantiomeric excess: > 99% ee (CHIRALPAK AD-

H, hexane/i-PrOH = 70/30, flow rate: 1.0 mL/min, T = 30 °C, 254 nm), tR (major) = 5.982 min, tR 

(minor) = 13.684 min.

5. Synthetic Transformation of 3aa and 3ap

N
N

Boc
O

H

CF3COOH

CH2Cl2, 0 oC

N
N

H
O

H

3aa 9

Under the optimal conditions, 3aa was obtained in 95% yield, > 95:5 d.r. and > 99% ee. To a cooled 

(0 °C) solution of 3aa (75.3 mg, 0.2 mmol) in CH2Cl2 (2.0 mL), 4.0 equiv of CF3COOH (62 μL, 0.8 

mmol) was added, and the corresponding mixture was stirred at this temperature until the reaction 

completed (monitoring by TLC). The solvent was removed under reduced pressure and the residue 

was purified by column chromatography on silica gel to afford the desired compound 9 (45.9 mg, 

83% yield, > 95:5 d.r., > 99% ee).

(4R,4aR)-4-phenyl-4,4a,5,6-tetrahydrobenzo[h]cinnolin-3(2H)-one (9)

White solid; yield: 83%; d.r.: > 95:5; 1H NMR (400 MHz, CDCl3) δ 8.87 (s, 

1H), 8.29 – 7.93 (m, 1H), 7.38 – 7.04 (m, 8H), 3.78 (d, J = 7.4 Hz, 1H), 3.22 

(ddd, J = 12.7, 7.4, 5.1 Hz, 1H), 2.87 – 2.61 (m, 2H), 1.94 (ddd, J = 12.4, 8.5, 

3.6 Hz, 1H), 1.37 (tdd, J = 13.0, 10.6, 6.9 Hz, 1H). 13C NMR (100 MHz, 

CDCl3) δ 168.82, 150.18, 139.60, 134.94, 130.64, 130.01, 129.02, 128.64, 128.56, 127.90, 126.83, 

124.49, 48.03, 38.65, 29.26, 24.91. IR (KBr, cm-1) γ 3222, 2924, 2851, 1672, 1454, 1355, 1332, 

1264, 1128, 1085, 765, 744, 702; HRMS (ESI) m/z (M+H)+: calculated for C18H17N2O: 277.1341, 

found: 277.1331; [α]20
D = + 426.8 (c = 0.51, CHCl3); The product was analyzed by HPLC to 

determine the enantiomeric excess: > 99% ee (CHIRALPAK OD-H, hexane/i-PrOH = 70/30, flow 

rate: 1.0 mL/min, T = 30 °C, 254 nm), tR (major) = 8.182 min, tR (minor) = 13.424 min.
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N
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3ap 10

Under the optimal conditions, 3ap was obtained in 79% yield, > 95:5 d.r. and 90% ee. To a stirring 

solution of 3ap (40.3 mg, 0.1 mmol) in MeOH (5.0 mL) was slowly added palladium hydroxide-on-

activated charcoal (10%; 20 mg) at room temperature. The resulting mixture was stirred at room 

temperature in an atmosphere of hydrogen gas for 2 h. The mixture was filtered and concentrated 

under reduced pressure. The residue was purified by column chromatography on silica gel to give 10 

(39.6 mg, 98% yield, > 95:5 d.r., 90% ee).

tert-butyl (4S,4aR)-3-oxo-4-phenethyl-4,4a,5,6-tetrahydrobenzo[h]cinnoline-2(3H)-carboxylate 

(10)

White solid; yield: 98%; d.r.: > 95:5; 1H NMR (400 MHz, CDCl3) δ 

8.19 (dd, J = 7.8, 1.4 Hz, 1H), 7.37 – 7.21 (m, 4H), 7.19 – 7.13 (m, 4H), 

3.20 – 2.97 (m, 1H), 2.95 – 2.86 (m, 1H), 2.82 – 2.61 (m, 4H), 1.95 – 

1.78 (m, 3H), 1.75 – 1.65 (m, 1H), 1.63 (s, 9H). 13C NMR (100 MHz, 

CDCl3) δ 169.14, 151.08, 150.63, 141.11, 139.96, 130.37, 128.51, 128.49, 128.42, 126.94, 126.10, 

125.24, 84.09, 43.34, 38.26, 32.89, 29.22, 28.00, 27.18, 24.36. IR (KBr, cm-1) γ 2980, 2931, 1771, 

1455, 1369, 1271, 1249, 1152, 1096, 850, 756, 731, 701; HRMS (ESI) m/z (M+Na)+: calculated for 

C25H28N2O3Na: 427.1998, found: 427.1991; [α]20
D = + 347.5 (c = 0.05, CHCl3); The product was 

analyzed by HPLC to determine the enantiomeric excess: 90% ee (CHIRALPAK OD-H, hexane/i-

PrOH = 90/10, flow rate: 1.0 mL/min, T = 30 °C, 254 nm), tR (major) = 10.215 min, tR (minor) = 

11.356 min.
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6. X-ray Single Crystal Data for 3ad

Empirical formula C24H26N2O3

Formula weight 390.47

Temperature/K 170

Crystal system monoclinic

Space group P21

a/Å 10.2146(4)

b/Å 11.7243(5)

c/Å 10.2644(4)

α/° 90

β/° 119.315(2)

γ/° 90

Volume/Å3 1071.84(8)

Z 2

ρcalcg/cm3 1.210

μ/mm-1 0.412

F(000) 416.0

Crystal size/mm3 0.15 × 0.1 × 0.08

Radiation GaKα (λ = 1.34139)

2Θ range for data collection/° 8.638 to 121.776

Index ranges
-13 ≤ h ≤ 13, -15 ≤ k ≤ 15, -13 ≤ 

l ≤ 13

Reflections collected 13110

Independent reflections 4904 [Rint = 0.0457, Rsigma = 0.0477]

Data/restraints/parameters 4904/1/266

Goodness-of-fit on F2 1.041

Final R indexes [I>=2σ (I)] R1 = 0.0399, wR2 = 0.0983

Final R indexes [all data] R1 = 0.0428, wR2 = 0.1010

Largest diff. peak/hole / e Å-3 0.20/-0.14

Flack parameter 0.06(12)
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8. NMR Spectra of Substrates and Products
1H NMR spectrum of 1a

13C NMR spectrum of 1a
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1H NMR spectrum of 1d

13C NMR spectrum of 1d
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1H NMR spectrum of 1e

13C NMR spectrum of 1e
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1H NMR spectrum of 1f

13C NMR spectrum of 1f
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1H NMR spectrum of 1g

13C NMR spectrum of 1g
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1H NMR spectrum of 1h

13C NMR spectrum of 1h
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1H NMR spectrum of 1i

13C NMR spectrum of 1i
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1H NMR spectrum of 1j

13C NMR spectrum of 1j
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1H NMR spectrum of 1k

13C NMR spectrum of 1k
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1H NMR spectrum of 3aa

13C NMR spectrum of 3aa
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1H NMR spectrum of 3ab

13C NMR spectrum of 3ab
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1H NMR spectrum of 3ac

13C NMR spectrum of 3ac
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1H NMR spectrum of 3ad

13C NMR spectrum of 3ad
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1H NMR spectrum of 3ae

13C NMR spectrum of 3ae
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1H NMR spectrum of 3af

13C NMR spectrum of 3af
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1H NMR spectrum of 3ag

13C NMR spectrum of 3ag
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1H NMR spectrum of 3ah

13C NMR spectrum of 3ah
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1H NMR spectrum of 3ai

13C NMR spectrum of 3ai
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1H NMR spectrum of 3aj

13C NMR spectrum of 3aj
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1H NMR spectrum of 3ak

13C NMR spectrum of 3ak
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1H NMR spectrum of 3al

13C NMR spectrum of 3al
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1H NMR spectrum of 3am

13C NMR spectrum of 3am
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1H NMR spectrum of 3an

13C NMR spectrum of 3an
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1H NMR spectrum of 3ao

13C NMR spectrum of 3ao
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1H NMR spectrum of 3ap

13C NMR spectrum of 3ap
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1H NMR spectrum of 3aq

13C NMR spectrum of 3aq
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1H NMR spectrum of 3ar

13C NMR spectrum of 3ar
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1H NMR spectrum of 3da

13C NMR spectrum of 3da
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1H NMR spectrum of 3ea

13C NMR spectrum of 3ea
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1H NMR spectrum of 3fa

13C NMR spectrum of 3fa
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1H NMR spectrum of 3ga

13C NMR spectrum of 3ga
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1H NMR spectrum of 3ha

13C NMR spectrum of 3ha
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1H NMR spectrum of 3ia

13C NMR spectrum of 3ia
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1H NMR spectrum of 3ja

13C NMR spectrum of 3ja



57

1H NMR spectrum of 3ka

13C NMR spectrum of 3ka
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1H NMR spectrum of 9

13C NMR spectrum of 9
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1H NMR spectrum of 10

13C NMR spectrum of 10
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9. HPLC of Substrates and Products
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(3ah)



68

(3ai)



69

(3aj)



70

(3ak)



71

(3al)



72

(3am)



73

(3an)



74

(3ao)



75

(3ap)



76

(3aq)



77

(3ar)



78

(3da)



79

(3ea)



80

(3fa)



81

(3ga)



82

(3ha)



83

(3ia)



84

(3ja)



85

(3ka)



86

(9)



87

(10)


