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GENERAL METHODS 

General Procedures 

All reactions were generally performed open air or in dried glassware under an atmosphere of dry N2. 

Reaction mixtures were stirred magnetically unless otherwise indicated and monitored by thin layer 

chromatography (TLC) on Merck precoated glass-backed silica gel 60 F-254 0.25 mm plates with 

visualization by fluorescence quenching at 254 nm. TLC plates were stained using potassium permanganate. 

Chromatography purification of products (flash column chromatography) was performed on silica gel 60 

(70-230 mesh, Merck) using a forced flow of eluent at 0.3-0.5 bar. Concentration of reaction product 

solutions and chromatography fractions under reduced pressure was performed by rotary evaporation at 

35-45oC at the appropriate pressure and then at rt, ca. 10 mmHg (vacuum pump) unless otherwise 

indicated. 

Materials 

All chemicals, including dry solvents were purchased from Aldrich, Fluka, Acros, TCI, Merck, Strem, or Alfa 

Aesar and used as such unless stated otherwise. Yields given refer to chromatographically purified 

compounds unless otherwise demonstrated.  

Instrumentation 

 

Melting points were determined on a Sinoinstructment melting point apparatus. 1H NMR spectra were 

recorded on Bruker 300 MHz or Bruker 400 MHz spectrometer. 13C NMR spectra were recorded on Bruker 

75 MHz or Bruker 100 MHz spectrometer. 13C NMR chemical shifts are expressed in parts per million () 

downfield from tetramethylsilane (with the central peak of CHCl3 at 77.16 ppm used as standard). 1H NMR 

chemical shifts are expressed in parts per million () downfield from tetramethylsilane (with the peak of 

CHCl3 at 7.26 ppm used as standard; with the peak of benzene at 7. 36 ppm used as standard). 19F NMR 

spectra are referenced relative to C6F6 (with the peak of −162.85 ppm) in CDCl3. All 13C spectra were 

measured with complete proton decoupling. NMR coupling constants (J) are reported in Hertz (Hz), and 

splitting patterns are indicated as follows: br, broad; s, singlet; d, doublet; dd, doublet of doublet; ddd, 

doublet of doublet of doublet; dt, doublet of triplet; t, triplet; q, quartet; m, multiplet. High resolution mass 

spectrometric measurements (HRMS) were performed by the AB SCIEX, Triple TOF 5600+. Enantiomeric 

excesses were determined by HPLC analysis on Shimadzu HPLC units, including the following instruments: 

pump, LC-16; detector, SPD-16; column, Daicel Chiralpak AD-H, OD-H or OJ-H.  
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Table 1. Optimization of the Bromolactonization
a
  

 

entry
 

3 solvent temp. (
o
C) Yield % (ee %) 

1
 

3a toluene −40 94 (17) 

2 3b toluene −40 95 (12) 

3 3c toluene −40 96 (90) 

4 3d toluene −40 95 (62) 

5 3e toluene −40 95 (87) 

6 3f toluene −40 93 (10) 

7 3g toluene −40 94 (71) 

8 3h toluene −40 93 (76) 

9
 

3c toluene −20 95 (73) 

10
 

3c toluene −60 96 (94) 

11 3c toluene −78 97 (96) 

12 3c CH2Cl2 −78 90 (82) 

13
b
 3c Hexane/CH2Cl2 −78 89 (85) 

14
c
 3c Hexane/ toluene −78 90 (88) 

15
d
 3c toluene −78 94 (92) 

16
e
 3c toluene −78 92 (87) 

17
f
 3c toluene −78 97 (95) 

a
 Reactions were carried out with substrate 1c (0.1 mmol), 3 (0.01 mmol), and NBS (0.12 mmol) in solvent 

(4 mL). The yield was isolated yield and the ee was determined by chiral HPLC. 
b
 The reaction was 

conducted in Hexane/CH2Cl2 (1/1). 
c
 The reaction was conducted in Hexane/toluene (1/1).

 d
 BzOH (0.1 

mmol) was used as additive.
 e
 NsNH2 (0.1 mmol) was used as additive. 

 f
 The ammount of 3c was 0.015 

mmol. 
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NMR study of 1b, 3e and NBS 

 

Upon mixing 1:1 of 3e and NBS in CD2Cl2 at room temperature, the protons of Ha in 3e shifted downfield 

(~0.2 ppm) while the methylene protons of Hb in NBS shifted upfield (~0.3 ppm).
11

 Also, the 
13

C-NMR 

indicated that Ca, Cd and Ce in 3e exhibited significant upfield shift (0.2−1.2 ppm) while Cb in NBS 

exhibited a downfield shift (~0.8 ppm). These phenomena suggesting an interaction between the pyrrolidine 

and NBS as depicted in species 9 (Figure 1).
12a

 For the 
13

C-NMR study of a mixture of 3e/1b at a 1:1 ratio, 

Ca and Ce in 3e exhibited upfield shift (~0.5 ppm), indicating that a proton transfer from carboxylic acid to 

pyrrolidine might occur (Figure 1, species 10a). Alternatively, we observed considerable upfield shift of Cc 

(~1.1 ppm) and Cf (~0.7 ppm) in 3e, indicating that proton transfer could also happen in the phthalazine 

moiety as shown in species 10b.
12b

 Also, we speculated that the positive charge of oxonium ion might lead 

to a downfield shift of Hc.  

 

It is noteworthy to mention that hydrogen bond might display equal effect as proton transfer. 
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Mechanistic study of 5-exo-cyclization 

 

Theoratically, both 5-exo-cyclization and 6-endo-cyclization are possible according to the Baldwin’s Rules. 

The high selectivity of 5-exo-cyclization might contribute to the more stable tertiary carbocation in 

transition state A, while the corresponding secondary carbocation in B was less stable. In addition, as shown 

in scheme the resulting product 8 which processes a cis-fused ring system might not be stable. Therefore, 

5-exo-cyclization is strongly favored over 6-endo-cyclization, and provides the spiro halolactone 2b 

exclusively.  

 

 

Sulforhodamine B Assay
1
: The cell proliferation of adherent cells was determined by sulforhodamine B 

assay (SRB). Cells were seeded in 96-well plates and then treated with different concentrations of drugs. 

After 72 hr of incubation, cells were fixed with 10% trichloroacetic acid for 1 hr at 4
o
C, washed 5 times with 

tap water and air-dried. Cells that survived were stained with 0.4% (w/v) sulforhodamine B (SRB) for 20 

min at room temperature and washed 5 times with 1% acetic acid. Bound SRB was solubilized with 10 mM 

Tris and absorbance was measured at 540 nm. 

 

 

 

 

 

 

 

H1975 (L858R/T790M) cell IC50 results 

Compound Repeat 1 (uM) Repeat 2 (uM) Average (uM) SD 

2a (rac) 4.87 5.10 4.98 0.95 

Cell code Cell culture conditions 

H1975(L858R/T790M) 
Medium 1640 with 1.5 mM L-glutamine adjusted to contain 2.2 g/L 

sodium bicarbonate, 90%; fetal bovine serum, 10% 

A431 
DMEM with 1.5 mM L-glutamine adjusted to contain 2.2 g/L sodium 

bicarbonate, 90%; fetal bovine serum, 10% 
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2b (rac) 1.68 1.83 1.76 0.26 

2c (rac) 0.80 1.36 1.08 0.4 

2c (96% ee) 1.2 1.19 1.2 0.1 

ent-2c (96% ee) 0.95 1.04 1.0 0.15 

parthenolide 1.31 1.54 1.43 0.16 

 

A431 cell IC50 results 

Compound Repeat 1 (uM) Repeat 2 (uM) Average (uM) SD 

2a (rac) 2.63 2.94 2.79 0.51 

2b (rac) 4.63 4.81 4.72 0.8 

2c (rac) 1.33 1.20 1.27 0.09 

2c (96% ee) 3.1 3.4 3.3 0.4 

ent-2c (96% ee) 2.2 2.8 2.5 0.5 

parthenolide 3.18 1.95 2.57 0.87 

 

SYNTHESIS OF AMINO-ACID-DERIVED PHTHALAZINE CATALYSTS 

Representative Procedure for the Preparation of Amino-acid-derived Phthalazine Catalyst.
2
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To a solution of (R, S)-A
[2]

( 482 mg, 2 mmol, 2.0 eq) in DMF (6 mL) was added NaH (dispersion in mineral 

oil, 120 mg, 3 mmol) in one portion at room temperature. After stirring for 15 min, 1,4-dichlorophthalazine 

(239 mg, 1.2 mmol, 0.6 eq) was added to the reaction. The reaction was stirred for 24 h at 50 
o
C. After 

evaporation of DMF, the residue was purified by flash column chromatography (MeOH/EtOAc 1:10) to 

afford amino-acid-derived phthalazine catalyst 3e in 72% yield.  

 

1,4-bis((R)-((S)-1-methylpyrrolidin-2-yl)(naphthalen-1-yl)methoxy)phthalazine, 3e 

438 mg, 72%, yellow solid; MP 90−91°C; []



D
25= 15.5 (c 1.0, CHCl3); 

1
H NMR (CDCl3, 300 MHz): δ 

8.45-7.33 (m, 20H), 3.15-3.10 (m, 2H), 3.03-2.98 (m, 2H), 2.51 (s, 6H), 2.45-2.24 (m, 4H), 2.02-1.93 (m, 

2H), 1.78-1.58 (m, 2H); 
13

C NMR (CDCl3, 75 MHz): δ 156.8, 135.6, 133.8, 131.9, 130.6, 128.8, 127.9, 

125.9, 125.5, 125.3, 123.5, 123.2, 123.1, 122.9; HRMS (TOF
+
) calcd. for C40H40N4O2 [M+H]

+
 609.3579, 

found 609.3577. 

 

 

1,4-bis((R)-((S)-1-methylpiperidin-2-yl)(naphthalen-1-yl)methoxy)phthalazine 

509 mg, 80%, yellow solid; MP 91−92°C; []



D
25= 15.4 (c 1.0, CHCl3); 

1
H NMR (CDCl3, 300 MHz): δ 

8.53-7.28 (m, 20H), 3.01-2.88 (m, 3H), 2.66 (s, 6H), 2.57-2.53 (m, 2H), 2.19-2.12 (m, 2H), 2.05-1.95 (m, 

1H), 1.78-1.54 (m, 6H), 1.10-0.97 (m, 2H); 
13

C NMR (CDCl3, 75 MHz): δ 156.7, 134.9, 133.9, 132.0, 128.9, 

127.9, 125.9, 125.5, 125.0, 123.8, 123.6, 123.5, 123.1, 71.7, 62.3, 58.2, 43.7, 25.8, 24.7, 24.5; HRMS 

(TOF
+
) calcd. for C42H44N4O2 [M+H]

+
 637.5579, found 637.5590. 

 

 

1,4-bis((S)-((S)-1-methylpiperidin-2-yl)(naphthalen-1-yl)methoxy)phthalazine 

477 mg, 75%, yellow solid; MP 93−94°C; []



D
25= –36.9 (c 1.0, CHCl3); 

1
H NMR (CDCl3, 300 MHz): δ 

8.66-7.11 (m, 20H), 3.41-3.35 (m, 2H), 2.95-2.91 (m, 2H), 2.43 (s, 6H), 2.49-2.39 (m, 2H), 1.56-1.51 (m, 

6H), 1.18-1.03 (m, 6H); 
13

C NMR (CDCl3, 75 MHz): δ 156.1, 135.7, 134.0, 131.8, 131.6, 128.7, 128.4, 

127.1, 125.9, 125.4, 125.3, 123.1, 122.8, 78.4, 66.3, 55.6, 42.9, 27.3, 24.2, 23.5; HRMS (TOF
+
) calcd. for 

C42H44N4O2 [M+H]
+
 637.5579, found 637.5584. 
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1,4-bis((R)-((S)-1-allylpyrrolidin-2-yl)(naphthalen-1-yl)methoxy)phthalazine 

449 mg, 68%, yellow solid; MP 94-95°C; []



D
25=18.6 (c 1.0, CHCl3); 

1
H NMR (CDCl3, 300 MHz): δ 

7.93-7.48 (m, 16H), 6.15-6.02(m, 2H), 5.69 (s, broad, 2H), 5.42-5.25 (m, 4H), 3.83-3.77 (m, 2H), 3.29-3.10 

(m, 6H), 2.48-2.39 (m, 2H), 1.81-1.60 (m, 8H), 1.19-1.12 (m, 2H); 
13

C NMR (CDCl3, 75 MHz): δ 136.7, 

135.6, 133.6, 130.1, 129.0, 127.4, 125.7, 125.6, 125.3, 123.3, 122.6, 117.6, 67.3, 67.1, 57.0, 54.8, 24.4, 23.4; 

HRMS (TOF
+
) calcd. for C44H44N4O2 [M+H]

+
 661.3534, found 661.3537. 

 

 

1,4-bis((S)-((S)-1-allylpyrrolidin-2-yl)(naphthalen-1-yl)methoxy)phthalazine 

437 mg, 66%, yellow solid; MP 93-94°C; []



D
25= –20.7 (c 1.0, CHCl3); 

1
H NMR (CDCl3, 300 MHz): δ 

8.58-7.09 (m, 21H), 5.81-5.68 (m, 2H), 5.00-4.92 (m, 4H), 3.65-3.59 (m, 2H), 3.40-3.33 (m, 2H), 3.15-3.10 

(m, 2H), 3.00-2.92 (m, 2H), 2.45-2.36 (m, 2H), 1.82-1.61 (m, 7H); 
13

C NMR (CDCl3, 75 MHz): δ 156.9, 

136.4, 136.0, 133.9, 131.7, 131.5, 128.7, 128.1, 125.8, 125.4, 125.2, 124.8, 123.1, 122.9, 116.2, 78.7, 66.6, 

59.5, 54.6, 29.0, 24.4; HRMS (TOF
+
) calcd. for C44H44N4O2 [M+H]

+
 661.3534, found 661.3532. 

 

4,6-bis((R)-((S)-1-allylpyrrolidin-2-yl)(naphthalen-1-yl)methoxy)-2,5-diphenylpyrimidine 

465.4 mg, 61%, yellow solid; MP 149-150°C; []



D
25= 17.4 (c 1.0, CHCl3); 

1
H NMR (CDCl3, 300 MHz): δ 

8.39-7.09 (m, 26H), 5.73-5.60 (m, 2H), 5.05-4.95 (m 4H), 3.25-3.19 (m, 4H), 3.08-3.04 (m, 2H), 2.95-2.88 

(m, 2H), 2.40-2.32 (m, 2H), 2.11-2.04 (m, 2H), 1.75-1.59 (m, 6H); 
13

C NMR (CDCl3, 75 MHz): δ 159.8, 

153.5, 130.2, 129.3, 126.6, 124.0, 123.9, 122.9, 121.7, 120.9, 120.7, 120.6, 120.2, 118.6, 118.3, 118.2, 117.4, 

116.8, 109.2, 97.5, 68.7, 59.7, 50.8, 47.5, 19.7, 16.3; HRMS (TOF
+
) calcd. for C52H50N4O2 [M+H]

+
 

763.4007, found 763.4039. 
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1,4-bis((R)-((S)-1-methylpyrrolidin-2-yl)(4-(trifluoromethyl)phenyl)methoxy)phthalazine 

405 mg, 63%, yellow solid; MP 86-87°C; []



D
25= 24.9 (c 1.0, CHCl3); 

1
H NMR (CDCl3, 300 MHz): δ 

8.32-6.51 (m, 14H), 3.12-3.06 (m, 2H), 2.36 (s, 6H), 2.33-2.26 (m, 2H), 2.22-2.15 (m, 2H), 1.88-1.72 (m, 

6H); 
13

C NMR (CDCl3, 75 MHz): δ 156.8, 143.8, 132.1, 129.8, 129.3, 127.0, 125.2 (q, J = 3.8 Hz), 123.1, 

122.8, 76.1, 70.6, 57.5, 41.6, 25.9, 23.5; HRMS (TOF
+
) calcd. for C34H34F6N4O2 [M+H]

+
 645.3755, found 

645.3764. 

 

1,4-bis((R)-(2-methoxyphenyl)((S)-1-methylpyrrolidin-2-yl)methoxy)phthalazine 

364 mg, 64%, yellow solid; MP 82-83°C; []



D
25= 25.8 (c 1.0, CHCl3); 

1
H NMR (CDCl3, 300 MHz): δ 

8.39-6.72 (m, 14H), 3.90 (s, 6H), 3.15-3.12 (m, 2H), 3.35-3.33 (m, 2H), 2.26 (s, 6H), 1.88-1.63 (m, 8H); 
13

C 

NMR (CDCl3, 75 MHz): δ 156.9, 156.6, 131.6, 128.6, 128.2, 127.2, 123.2, 122.8, 120.4, 110.7, 74.9, 68.4, 

58.6, 55.6, 43.6, 28.3, 24.1; HRMS (TOF
+
) calcd. for C34H40N4O4 [M+H]

+
 569.6761, found 569.6759. 

 

SYNTHESIS OF DIENOIC ACID SUBSTRATES AND ASYMMETRIC HALOLACTONIZATION 

REACTIONS  

 

Representative Procedure for the Synthesis of Dienoic Acid Substrate.
3
 

 

Prepared from the di-acid according to the reported procedure.
3
 To a solution of di-acid (780 mg, 3.0 mmol, 

1.0 eq.) in acetic acid (6 mL) was added pyrrolidine (0.1 mL, 1.2 mmol, 0.4 eq.) and formaldehyde solution 

(36.5-38% in H2O, 1mL, 13.2 mmol, 4.4 eq.) at room temperature. The mixture was then stirred for 24 h at 

85
o
C. After evaporation of acetic acid, water and EtOAc were added. The organic layer was washed with 

water, and dried over magnesium sulfate. Concentration of the organic layer offered the crude product that 

was further purified by flash column chromatography (hexane/EtOAc) to give the corresponding enoic acid 

1c 478.9 mg, 70%, 
1
H NMR (CDCl3, 300 MHz):  7.24-7.17 (m, 4H), 6.52 (s, 1H), 6.44 (s, 1H), 5.85 (s, 

1H), 3.28 (s, 2H), 2.87-2.84 (m, 2H), 2.39 (t, J = 8.0 Hz, 2H), 2.11-2.05 (m, 2H); 
13

C NMR (CDCl3, 75 

MHz):  173.0, 141.3, 140.5, 138.7, 136.5, 130.5, 129.0, 128.6, 126.4, 126.0, 41.8, 35.5, 34.3, 28.3. 
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Representative Procedure for the Synthesis of Alkenoic Acid Substrates.
4
 

Prepared from the ester according to the reported procedure.
4
 To a solution of ester (244 mg, 1.0 mmol, 1.0 

eq.) in THF/H2O (v/v = 1:1, 4 mL) was added LiOH (2.0 mmol, 2 eq.) at room temperature. The mixture 

was then stirred for 24 h. After evaporation of THF, HCl (1M, 3 mL), water and EtOAc were added. The 

organic layer was washed with water, and dried over magnesium sulfate. Concentration of the organic layer 

offered the crude product that was further purified by flash column chromatography (hexane/EtOAc) to give 

the corresponding alkenoic acid 7b 194.4 mg, 90%, white solid; MP 120-121°C; 
1
H NMR (CDCl3, 400 

MHz):  7.18-7.13 (m, 4H), 6.36 (s, 1H), 2.79-2.55 (m, 6H), 2.31 (t, J = 8.0 Hz, 2H), 2.09-2.05 (m, 2H); 
13

C 

NMR (CDCl3, 100 MHz):  179.5, 141.8, 141.2, 136.7, 130.2, 128.9, 126.8, 126.3, 125.9, 35.2, 34.9, 33.7, 

33.6, 28.8; HRMS (TOF
−
) calcd. for C14H16O2 [M−H]

+
 215.7044, found 215.7043.  

 

Representative Procedure for Asymmtric Bromolactionization. 

 

 

To a PhMe (4 mL) solution of dienoic acid 1c (22.8 mg, 0.1 mmol, 1.0 equiv), and catalyst 3c (6.7 mg, 0.01 

mmol, 0.1 equiv), at −78 
o
C, in dark under nitrogen was added NBS (21.2 mg, 0.12 mmol, 1.2 equiv). The 

resulting mixture was stirred at −78 
o
C and monitored by TLC. The reaction was quenched with saturated 

Na2SO3 (1 mL) at −78 
o
C and then was warm to room temperature. The solution was diluted with water (3 

mL) and extrated with EtOAc, dried over MgSO4 and concentrated in vacuo. The residue was purified by 

flash column chromatography (hexane/EtOAc) to yield the corresponding lactone 2c. 

 

1 mmol scale procedure of 2c 

To a PhMe (40 mL) solution of dienoic acid 1c (228 mg, 1 mmol, 1.0 equiv), and catalyst 3c (67 mg, 0.1 

mmol, 0.1 equiv), at −78 
o
C, in dark under nitrogen was added NBS (212 mg, 1.2 mmol, 1.2 equiv). The 

resulting mixture was stirred at −78 
o
C and monitored by TLC. The reaction was quenched with saturated 

Na2SO3 (10 mL) at −78 
o
C and then was warm to room temperature. The solution was diluted with water (30 

mL) and extrated with EtOAc, dried over MgSO4 and concentrated in vacuo. The residue was purified by 

flash column chromatography (hexane/EtOAc) to yield the corresponding lactone 2c 302.6 mg, 99% yeild.  

 

 
 

Representative Procedure for Asymmtric Iodolactionization.   
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To a PhMe (4 mL) solution of dienoic acid 1c (22.8 mg, 0.1 mmol, 1.0 equiv), and catalyst 3c (6.7 mg, 0.01 

mmol, 0.1 equiv), at −78 
o
C, in dark under nitrogen was added NIS (26.9 mg, 0.12 mmol, 1.2 equiv). The 

resulting mixture was stirred at −78 
o
C and monitored by TLC. The reaction was quenched with saturated 

Na2SO3 (1 mL) at −78 
o
C and then was warm to room temperature. The solution was diluted with water (3 

mL) and extrated with EtOAc, dried over MgSO4 and concentrated in vacuo. The residue was purified by 

flash column chromatography (hexane/EtOAc) to yield the corresponding lactone 4a. 

 

 

Representative Procedure for Asymmtric Chlorolactionization.   

To a PhMe (4 mL) solution of dienoic acid 1c (22.8 mg, 0.1 mmol, 1.0 equiv), and catalyst 3c (6.7 mg, 0.01 

mmol, 0.1 equiv), at −25 
o
C, in dark under nitrogen was added DCDMH (23.6 mg, 0.12 mmol, 1.2 equiv). 

The resulting mixture was stirred at −25 
o
C and monitored by TLC. The reaction was quenched with 

saturated Na2SO3 (1 mL) at −25 
o
C and then was warm to room temperature. The solution was diluted with 

water (3 mL) and extrated with EtOAc, dried over MgSO4 and concentrated in vacuo. The residue was 

purified by flash column chromatography (hexane/EtOAc) to yield the corresponding lactone 4. 

 

1b 

449.4 mg, 70%; 
1
H NMR (CDCl3, 300 MHz):  7.20-7.04 (m, 4H), 6.48 (s, 1H), 6.33 (s, 1H), 5.82 (s, 1H), 

3.24 (s, 2H), 2.89 (t, J = 8.0 Hz, 2H), 2.33 (t, J = 9.0 Hz, 2H); 
13

C NMR (CDCl3, 75 MHz):  172.8, 138.2, 

137.7, 134.5, 134.4, 128.8, 127.3, 126.6, 126.5, 125.8, 124.8, 38.8, 28.2, 27.1. 

1d 

515.5 mg, 71%, white solid; MP 131-132°C; 
1
H NMR (CDCl3, 400 MHz):  7.01-6.91 (m, 3H), 6.43 (s, 1H), 

6.32 (s, 1H), 5.78 (s, 1H), 3.20 (s, 2H), 2.77-2.75 (m, 2H), 2.35-2.29 (m, 5H), 2.03-1.97 (m, 2H); 
13

C NMR 

(CDCl3, 100 MHz):  171.9, 140.3, 138.6, 138.3, 136.2, 135.2, 131.2, 128.9, 128.5, 128.3, 127.0, 41.8, 34.7, 

34.3, 28.3, 20.8; HRMS (TOF
+
) calcd. for C16H18O2 [M+H]

+
 243.5077, found 243.5076. 

1e 

529.9 mg, 69%, white solid; MP 139-140°C; 
1
H NMR (CDCl3, 400 MHz):  6.94 (s, 1H), 6.90 (s, 1H),  

6.44 (s, 1H), 6.31 (s, 1H), 5.79 (s, 1H), 3.20 (s, 2H), 2.78-2.75 (m, 2H), 2.34 (t, J = 8.0 Hz, 2H), 2.25 (s, 6H), 

2.03-1.97 (m, 2H); 
13

C NMR (CDCl3, 100 MHz):  172.7, 139.2, 138.8, 138.7, 134.5, 133.8, 132.1, 130.5, 

128.4, 128.2, 41.8, 34.9, 34.5, 28.0, 19.2, 19.0; HRMS (TOF
+
) calcd. for C17H20O2 [M+H]

+
 257.2894, found 

257.2895. 



S15 

1f 

534.5 mg, 68%, yellow solid; MP 129-130°C; 
1
H NMR (CDCl3, 400 MHz):  7.14-7.04 (m, 3H), 6.44 (s, 

1H), 6.30 (s, 1H), 5.78 (s, 1H), 3.20 (s, 2H), 2.75-2.73 (m, 2H), 2.31 (t, J = 8.0 Hz, 2H), 2.03-1.97 (m, 2H); 
13

C NMR (CDCl3, 100 MHz):  172.4, 143.0, 141.1, 138.3, 135.0, 131.6, 128.8, 128.7, 127.3, 125.9, 41.7, 

34.9, 34.2, 28.0; HRMS (TOF
+
) calcd. for C15H15ClO2 [M+H]

+
 263.1962, found 263.1961. 

1g 

615.1 mg, 67%, yellow solid; MP 144-145°C; 
1
H NMR (CDCl3, 400 MHz):  7.29-6.98 (m, 3H), 6.44 (s, 

1H), 6.29 (s, 1H), 5.79 (s, 1H), 3.20 (s, 2H), 2.75-2.72 (m, 2H), 2.31 (t, J = 8.0 Hz, 2H), 2.03-1.97 (m, 2H); 
13

C NMR (CDCl3, 100 MHz):  172.5, 143.3, 141.3, 138.3, 135.5, 131.9, 131.7, 128.8, 127.3, 119.8, 41.7, 

34.8, 34.2, 28.1; HRMS (TOF
+
) calcd. for C15H15BrO2 [M+H]

+
 307.5022, found 307.5024. 

1h 

524.0 mg, 71%, yellow solid; MP 137-138°C; 
1
H NMR (CDCl3, 400 MHz):  7.06-6.76 (m, 3H), 6.45 (s, 

1H), 6.29 (s, 1H), 5.79 (s, 1H), 3.21 (s, 2H), 2.75-2.72 (m, 2H), 2.31 (t, J = 8.0 Hz, 2H), 2.03-1.97 (m, 2H); 
13

C NMR (CDCl3, 100 MHz):  172.3, 162.5 (d, J = 244.0 Hz), 142.1, 138.4 (d, J = 7.0 Hz), 138.3, 137.0 (d, 

J = 3.0 Hz), 130.2 (d, J = 8.0 Hz), 128.7, 127.4 (d, J = 2.0 Hz), 116.6 (d, J = 21.0 Hz), 112.8 (d, J = 21.0 

Hz), 41.6, 34.2, 34.0, 28.5; HRMS (TOF
+
) calcd. for C15H15FO2 [M+H]

+
 247.3908, found 247.3909. 

 

1i 

600.5 mg, 72%, white solid; MP 131-132°C; 
1
H NMR (CDCl3, 400 MHz):  8.05-7.37 (m, 6H), 7.04 (s, 1H), 

6.53 (s, 1H), 5.91 (s, 1H), 3.47 (s, 2H), 2.79 (t, J = 8.0 Hz, 2H), 2.33-2.26 (m, 2H), 2.10 (t, J = 8.0 Hz, 2H); 
13

C NMR (CDCl3, 100 MHz):  172.7, 142.7, 138.6, 133.8, 132.3, 131.8, 128.9, 128.2, 126.6, 125.7, 124.8, 

124.6, 124.0, 40.9, 35.3, 33.2, 29.8; HRMS (TOF
+
) calcd. for C19H18O2 [M+H]

+
 279.6127, found 279.6128. 

1j 

583.8 mg, 70%, white solid; MP 129-130°C; 
1
H NMR (CDCl3, 400 MHz):  8.16-7.27 (m, 6H), 6.59 (s, 1H), 

6.49 (s, 1H), 5.86 (s, 1H), 3.35 (s, 2H), 3.20-3.17 (m, 2H), 2.32-2.18 (m, 4H); 
13

C NMR (CDCl3, 100 MHz): 

 172.6, 142.3, 138.6, 136.9, 135.2, 132.5, 132.0, 128.9, 128.7, 128.6, 127.7, 125.9, 125.7, 124.9, 123.8, 

41.2, 32.9, 32.0, 27.2; HRMS (TOF
+
) calcd. for C19H18O2 [M+H]

+
 279.6124, found 279.6125. 

6a 



S16 

185.8 mg, 92%, white solid; MP 114-115°C; 
1
H NMR (CDCl3, 400 MHz):  7.18-7.04 (m, 4H), 6.30 (s, 1H), 

2.89 (t, J = 8.0 Hz, 2H), 2.67-2.59 (m, 4H), 2.33 (t, J = 8.0 Hz, 2H); 
13

C NMR (CDCl3, 100 MHz):  179.7, 

139.6, 134.5, 134.4, 127.3, 126.5, 125.7, 122.9, 32.4, 32.0, 28.1, 27.3; HRMS (TOF
−
) calcd. for C13H14O2 

[M−H]
+
 201.3985, found 201.3984. 

6b 

200.8 mg, 93%, white solid; MP 120-121°C; 
1
H NMR (CDCl3, 400 MHz):  7.18-7.13 (m, 4H), 6.36 (s, 1H), 

2.79-2.55 (m, 6H), 2.31 (t, J = 4.0 Hz, 2H), 2.09-2.05 (m, 2H); 
13

C NMR (CDCl3, 100 MHz):  179.5, 141.8, 

141.2, 136.7, 130.2, 128.9, 126.8, 126.3, 125.9, 35.2, 34.9, 33.7, 33.6, 28.8; HRMS (TOF
−
) calcd. for 

C14H16O2 [M−H]
+
 215.2472, found 215.2474. 

2c 

30.3 mg, 99%; white solid; MP 138-139°C; []



D
25=−33.0 (c 1.0, MeOH, 96% ee); 

1
H NMR (CDCl3, 300 

MHz):  7.26-7.13 (m, 4H) 6.33 (t, J = 3.0 Hz, 1H), 5.76 (t, J = 3.0 Hz, 1H), 4.95 (s, 1H), 3.33-2.71 (m, 5H), 

2.03-1.87 (m, 3H); 
13

C NMR (CDCl3, 75 MHz):  169.1, 142.9, 135.4, 134.4, 131.0, 130.8, 129.4, 126.5, 

123.8, 84.5, 61.9, 42.3, 38.6, 34.5, 23.0; HPLC (Daicel Chiralcel OD-H, i-PrOH/Hexane = 10/90, 1.0 

mL/min, 210 nm) t1 = 10.0 min (major), t2 = 16.4 min (minor). 

 

ent-2c 

30.3 mg, 99%; colorless oil; []



D
25=+33.2 (c 1.0, MeOH, −96% ee); HPLC (Daicel Chiralcel OD-H, 

i-PrOH/Hexane = 10/90, 1.0 mL/min, 210 nm) t1 = 9.7 min (minor), t2 = 14.6 min (major). 



S17 

 

2d 

31.4 mg, 98%; yellow oil; []



D
25=−17.0 (c 1.0, MeOH, 84% ee); 

1
H NMR (CDCl3, 400 MHz):  7.06-6.98 (m, 

3H), 6.32 (s, 1H), 5.74 (s, 1H), 4.90 (s, 1H), 3.25-2.71 (m, 5H), 2.30 (s, 3H), 2.03-1.86 (m, 3H); 
13

C NMR 

(CDCl3, 100 MHz):  169.0, 139.9, 136.0, 135.1, 134.5, 131.7, 130.7, 130.0, 123.6, 84.5, 62.2, 42.4, 38.7, 

34.1, 21.2, 20.7; HRMS (TOF
+
) calcd. for C16H17BrO2 [M+H]

+
 321.4708, found 321.4709; HPLC (Daicel 

Chiralcel OD-H, i-PrOH/Hexane = 10/90, 1.0 mL/min, 210 nm) t1 = 6.9 min (major), t2 = 9.5 min (minor). 

 

 

 

2e 

32.6 mg, 96%; yellow oil; []



D
25=−41.0 (c 1.0, MeOH, 97% ee), dr = 90:10; the main peaks of NMR were 

assigned: 
1
H NMR (CDCl3, 400 MHz):  7.16-7.11 (m, 3H), 6.33 (s, 1H), 5.76 (s, 1H), 4.90 (s, 1H), 

3.29-2.73 (m, 5H), 2.03-1.89 (m, 3H); 
13

C NMR (CDCl3, 100 MHz):  168.8， 144.8， 135.0， 134.1， 

132.2， 130.7， 126.4， 124.0， 84.2， 60.7， 42.2， 38.4， 34.2， 22.7; HRMS (TOF
+
) calcd. for 

C15H14ClBrO2 [M+H]
+
 341.0963, found 341.0964; HPLC (Daicel Chiralcel OD-H, i-PrOH/Hexane = 10/90, 



S18 

1.0 mL/min, 210 nm) t1 = 9.7 min (major), t2 = 10.8 min (minor). 

 

 

2f 

37.2 mg, 97%; yellow oil; []



D
25=−38.5 (c 1.0, MeOH, 94% ee), dr > 99:1; 

1
H NMR (CDCl3, 400 MHz):  

7.32-7.03 (m, 3H), 6.33 (s, 1H), 5.75 (s, 1H), 4.91-4.88 (m, 1H), 3.30-2.71 (m, 5H), 2.03-1.88 (m, 3H); 
13

C 

NMR (CDCl3, 100 MHz):  168.7, 145.0, 134.5, 134.1, 133.6, 132.4, 129.5, 123.9, 123.4, 84.1, 60.7, 42.2, 

38.4, 34.2, 22.7; HRMS (TOF
+
) calcd. for C15H14Br2O2 [M+H]

+
 385.1546, found 385.1547; HPLC (Daicel 

Chiralcel OD-H, i-PrOH/Hexane = 10/90, 1.0 mL/min, 210 nm) t1 = 9.6 min (major), t2 = 10.9 min (minor). 



S19 

 

 

2g 

36.1 mg, 99%; white solid; MP 167-168°C; []



D
25=−77.5 (c 1.0, MeOH, -95% ee), dr > 99:1; 

1
H NMR 

(CDCl3, 400 MHz):  7.97-7.28 (m, 6H), 6.35 (s, 1H), 6.05 (s, 1H), 5.81 (s, 1H), 3.53-2.85 (m, 5H), 

2.13-2.01 (m, 3H); 
13

C NMR (CDCl3, 100 MHz):  168.8, 142.5, 134.4, 132.8, 132.0, 129.9, 129.7, 129.1, 

127.2, 125.0, 123.8, 121.4, 84.6, 53.7, 43.2, 38.9, 35.4, 22.7; HRMS (TOF
+
) calcd. for C19H17BrO2 [M+H]

+
 

357.4826, found 357.4826; HPLC (Daicel Chiralcel OD-H, i-PrOH/Hexane = 10/90, 1.0 mL/min, 210 nm) t1 

= 8.6 min (minor), t2 = 9.7 min (major). 

 

 



S20 

2h 

36.1 mg, 99%; yellow oil;  []



D
25=+63.0 (c 1.0, MeOH, 99.8% ee), dr > 99:1; 

1
H NMR (CDCl3, 400 MHz): 

 8.23-7.31 (m, 6H), 6.33 (s, 1H), 5.76 (s, 1H), 5.19 (s, 1H), 3.83-2.73 (m, 5H), 2.10-1.91 (m, 3H); 
13

C 

NMR (CDCl3, 100 MHz):  168.8, 134.5, 134.0, 132.4, 132.0, 128.7, 128.4, 126.8, 126.4, 126.2, 123.7, 

123.5, 84.3, 62.0, 41.9, 38.8, 25.6, 22.2; HRMS (TOF
+
) calcd. for C19H17BrO2 [M+H]

+
 357.4826, found 

357.4826; HPLC (Daicel Chiralcel OD-H, i-PrOH/Hexane = 10/90, 1.0 mL/min, 210 nm) t1 = 13.1 min 

(major), t2 = 17.7 min (minor).  

 

 

4a 

35.0 mg, 99%; yellow oil; []



D
25=−63.5 (c 1.0, MeOH, 99.6% ee); 

1
H NMR (CDCl3, 400 MHz):  7.24-7.11 

(m, 4H), 6.31 (s, 1H), 5.75 (s, 1H), 5.25 (s, 1H), 3.19-2.89 (m, 5H), 2.07-1.90 (m, 3H); 
13

C NMR (CDCl3, 

100 MHz):  169.1, 143.0, 137.2, 134.8, 130.9, 129.8, 129.0, 126.5, 123.6, 84.4, 43.9, 42.1, 39.7, 34.9, 22.7; 

HRMS (TOF
+
) calcd. for C15H15IO2 [M+H]

+
 355.3910, found 355.3908; HPLC (Daicel Chiralcel OD-H, 

i-PrOH/Hexane = 10/90, 1.0 mL/min, 210 nm) t1 = 9.2 min (major), t2 = 14.4 min (minor). 

 



S21 

 

4b 

35.7 mg, 97%; yellow oil; []



D
25=−56.0 (c 1.0, MeOH, 92% ee); 

1
H NMR (CDCl3, 400 MHz):  7.01-6.95 (m, 

3H), 6.32 (s, 1H), 5.74 (s, 1H), 5.20 (s, 1H), 3.14-2.84 (m, 5H), 2.29 (s, 3H), 2.06-1.87 (m, 3H); 
13

C NMR 

(CDCl3, 100 MHz):  169.2, 139.9, 137.0, 135.9, 134.9, 130.9, 130.5, 129.7, 123.4, 84.5, 43.9, 42.5, 39.7, 

34.4, 22.9, 20.7; HRMS (TOF
+
) calcd. for C16H17IO2 [M+H]

+
 369.4175, found 369.4176; HPLC (Daicel 

Chiralcel OD-H, i-PrOH/Hexane = 10/90, 1.0 mL/min, 210 nm) t1 = 7.0 min (major), t2 = 9.0 min (minor). 

 

 

 

4c 



S22 

36.7 mg, 96%; yellow oil; []



D
25=−39.5 (c 1.0, MeOH, 93% ee); 

1
H NMR (CDCl3, 300 MHz):  6.93 (s, 1H), 

6.92 (s, 1H), 6.32 (s, 1H), 5.74 (s, 1H), 4.91 (s, 1H), 3.22-2.71 (m, 5H), 2.22 (s, 3H), 2.20 (s, 3H), 2.02-1.85 

(m, 3H); 
13

C NMR (CDCl3, 75 MHz):  169.1, 140.2, 137.9, 134.5, 134.4, 132.6, 132.4, 132.3, 123.6, 84.6, 

62.4, 42.5, 38.6, 34.0, 23.3, 19.3, 19.0; HRMS (TOF
+
) calcd. for C17H19IO2 [M+H]

+
 383.2956, found 

383.2957; HPLC (Daicel Chiralcel OD-H, i-PrOH/Hexane = 10/90, 1.0 mL/min, 210 nm) t1 = 5.9 min 

(major), t2 = 7.9 min (minor). 

 

 

 

4d 

38.0 mg, 98%; yellow oil; []



D
25=−22.0 (c 1.0, MeOH, 85% ee), dr = 91:9; the main peaks of NMR were 

assigned: 
1
H NMR (CDCl3, 400 MHz):  7.18-7.06 (m, 3H), 6.32 (s, 1H), 5.75 (s, 1H), 5.19 (s, 1H), 

3.16-2.84 (m, 5H), 2.07-1.93 (m, 3H); 
13

C NMR (CDCl3, 100 MHz):  169.0, 144.8, 135.9, 134.5, 131.0, 

130.9, 126.5, 123.9, 84.2, 43.7, 40.6, 39.5, 34.6, 22.5; HRMS (TOF
+
) calcd. for C15H14ClIO2 [M+H]

+
 

389.1762, found 389.1763; HPLC (Daicel Chiralcel OD-H, i-PrOH/Hexane = 10/90, 1.0 mL/min, 210 nm) t1 

= 10.2 min (major), t2 = 11.2 min (minor).  

 

 



S23 

 

 

4e 

42.8 mg, 99%; yellow oil; []



D
25=−31.5 (c 1.0, MeOH, 80% ee), dr > 99:1; 

1
H NMR (CDCl3, 400 MHz):  

7.30-7.00 (m, 3H), 6.33 (s, 1H), 5.76 (s, 1H), 5.17 (s, 1H), 3.17-2.83 (m, 5H), 2.06-1.89 (m, 3H); 
13

C NMR 

(CDCl3, 100 MHz):  169.0, 145.0, 136.4, 134.5, 133.8, 131.2, 129.5, 123.9, 122.9, 84.2, 43.7, 40.5, 39.5, 

34.6, 22.5; HRMS (TOF
+
) calcd. for C15H14BrIO2 [M+H]

+
 433.1954, found 433.1953; HPLC (Daicel 

Chiralcel OD-H, i-PrOH/Hexane = 10/90, 1.0 mL/min, 210 nm) t1 = 10.1 min (major), t2 = 11.4 min 

(minor). 
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4f 

36.1 mg, 97%; yellow oil; []



D
25=−33.0 (c 1.0, MeOH, 80% ee), dr = 90:10; 

1
H NMR (CDCl3, 300 MHz):  

7.14-6.85(m, 3H), 6.34 (t, J = 3 Hz, 1H), 5.76 (t, J = 3 Hz, 1H), 5.12 (s, 1H), 3.15-2.80 (m, 5H), 2.08-1.86 

(m, 3H); 
13

C NMR (CDCl3, 75 MHz):  169.7, 162.4 (d, J = 243.8 Hz), 139.0 (d, J = 25.5 Hz), 134.5, 132.5 

(d, J = 7.5 Hz), 123.9, 116.7 (d, J = 22.5 Hz), 115.5(d, J = 20.3 Hz), 84.4, 43.7, 40.2, 39.5, 34.1, 22.7; 

HRMS (TOF
+
) calcd. for C15H14FIO2 [M+H]

+
 373.0840, found 373.0841; HPLC (Daicel Chiralcel OD-H, 

i-PrOH/Hexane = 10/90, 1.0 mL/min, 210 nm) t1 = 9.5 min (major), t2 = 10.9 min (minor). 

 

2b 

28.3 mg, 97%; white solid; MP 130-132°C; []



D
25= −17.5 (c 1.0, MeOH, 92% ee), dr > 99:1; 

1
H NMR 

(CDCl3, 400 MHz):  7.37-7.13 (m, 4H), 6.34 (s, 1H), 5.76 (s, 1H), 5.25 (s, 1H), 3.37-2.95 (m, 4H), 

2.69-2.61 (m, 1H), 2.07-2.00 (m, 2H); 
13

C NMR (CDCl3, 100 MHz):  169.1, 134.6, 134.5, 134.1, 130.9, 

128.9, 128.8, 126.6, 123.3, 82.9, 54.8, 39.8, 29.3, 25.3; HPLC (Daicel Chiralcel IB, i-PrOH/Hexane = 10/90, 

1.0 mL/min, 210 nm) t1 = 9.0 min (major), t2 = 10.0 min (minor). 



S25 

 

 

 

 

5 

25.2 mg, 96%; yellow oil; []



D
25= +12.0 (c 1.0, MeOH, -85% ee); dr = 60:40, the main peaks of NMR were 

assigned: 
1
H NMR (CDCl3, 400 MHz):  7.32-7.14 (m, 4H), 6.63-6.31 (m, 1H), 5.74-4.88 (m, 2H), 

3.29-2.52 (m, 4H), 2.09-1.88 (m, 4H); 
13

C NMR (CDCl3, 100 MHz):  168.9, 130.6, 130.5, 130.1, 129.4, 

129.3, 126.5, 126.4, 123.5, 84.4, 69.5, 39.1, 38.3, 34.1, 22.9; HRMS (TOF
+
) calcd. for C15H15ClO2 [M+H]

+
 

263.5124, found 263.5125; HPLC (Daicel Chiralcel OJ-H, i-PrOH/Hexane = 20/80, 1.0 mL/min, 210 nm) t1 

= 11.4 min (minor), t2 = 16.6 min (major). 

 

 

 

 



S26 

 

 

 

 

7a 

27.2 mg, 97%; yellow oil; []



D
25= +29.5 (c 1.0, MeOH, 97% ee), dr > 99:1; 

1
H NMR (CDCl3, 400 MHz):  

7.37-7.12 (m, 4H), 5.24 (s, 1H), 3.23-2.06 (m, 8H); 
13

C NMR (CDCl3, 100 MHz):  175.9, 134.6, 134.4, 

130.9, 128.9, 128.7, 126.6, 85.7, 54.8, 33.3, 28.8, 28.3, 25.3; HRMS (TOF
+
) calcd. for C13H13BrO2 [M+H]

+
 

281.3607, found 281.3608; HPLC (Daicel Chiralcel IB, i-PrOH/Hexane = 10/90, 1.0 mL/min, 210 nm) t1 = 

12.9 min (major), t2 = 16.7 min (minor). 

 

 

 

 



S27 

7b 

29.1 mg, 98%; yellow oil; []



D
25= +47 (c 1.0, MeOH, 99% ee), dr > 99:1; 

1
H NMR (CDCl3, 400 MHz):  

7.26-7.13 (m, 4H), 5.00 (s, 1H), 3.30-1.81 (m, 10H); 
13

C NMR (CDCl3, 100 MHz):  175.8, 142.8, 135.7, 

130.9, 130.7, 129.4, 126.5, 87.4, 61.9, 37.8, 35.5, 34.6, 28.5, 23.1; HRMS (TOF
+
) calcd. for C14H15BrO2 

[M+H]
+
 295.3976, found 295.3975; HPLC (Daicel Chiralcel IB, i-PrOH/Hexane = 10/90, 1.0 mL/min, 210 

nm) t1 = 14.4 min (minor), t2 = 14.9 min (major). 
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