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General experimental details 

Analytical thin-layer chromatography (TLC) was carried out using 0.2 mm commercial silica gel plates 

(Yantai Jiangyou Silica Gel Development Co., Ltd., silica gel HSGF 254). Preparative column 

chromatography employing silica gel (Qingdao Shenghai Fine Silica Gel Chemical Co., Ltd., 200-300 

mesh) was performed according to the method of Still. Solvents for the chromatography are listed as 

volume/volume ratios. High-resolution mass spectra (HRMS) were performed at Instrumental Analysis 

Center of Shanghai Jiao Tong University using ESI method. Proton nuclear magnetic resonance (
1
H NMR) 

spectra were recorded with a Bruker AVANCE III HD 400 (400 MHz) (or Bruker AVANCE III HD 500 

(500 MHz)) spectrometer. Chemical shifts are reported in delta (δ) units, parts per million (ppm) 

downfield from tetramethylsilane or ppm relative to the center of the singlet at 7.26 ppm for 

deuteriochloroform and to the center of the singlet at 3.49 ppm for methanol-d6. Coupling constants are 

reported in Hertz (Hz). Carbon-13 nuclear magnetic resonance (
13

C NMR) spectra were routinely run with 

broadband decoupling. Chemical shifts are reported in delta (δ) units, ppm relative to the center of the 

triplet at 77.0 ppm for deuteriochloroform. High performance liquid chromatography (HPLC) was 

performed with Thermo Fisher spectrometers using chiral column as noted for each compound. Optical 

rotations were measured on a SGW
®
-1 polarimeter. THF was purified by distillation with Na-

benzophenone. Pd2(dba)3•CHCl3 was purchased from Sinocompound Co. and used as received. 

Substituted vinyl ethylene carbonates (VECs) were synthesized according to our previous reported 

procedure.
1
 Phosphoramidite ligands were synthesized according to the reported literature.

2-4
 All other 

chemicals were used as received from commercial resources. 
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Table S1. Condition optimizations
a
 

 

entry ligand boron reagent solvent yield (%)
b
 ee (%)

c
 

1 (R)-L1 BEt3 THF 81 90 

2 (R,R,R)-L2 BEt3 THF - - 

3 (S,R,R)-L3 BEt3 THF - - 

4 (R)-L4 BEt3 THF 74 73 

5 (S,S,S)-L5 BEt3 THF 79 -83 

6 (S,R,R)-L6 BEt3 THF 67 -75 

7 (R)-L1 B(OH)3 THF 90 86 

8 (R)-L1 B(OMe)3 THF 63 86 

9 (R)-L1 PhB(OH)2 THF 93 85 

10 (R)-L1 BEt3 Et2O 93 91 

11 (R)-L1 BEt3 1,4-dioxane 58 81 

12 (R)-L1 BEt3 MTBE 94 91 

13 (R)-L1 BEt3 toluene 84 80 

14 (R)-L1 BEt3 CH2Cl2 33 48 

15 (R)-L1 BEt3 CH3CN 38 48 

a
 Reaction conditions: Pd2(dba)3∙CHCl3 (2.5 mol%), ligand (10 mol%), boron reagent (5 mol%), 1a (0.2 mmol), 

2a (0.4 mmol), 4 Å molecular sieves (100 mg), solvent (0.1 M), 20 
o
C, 16 hours. 

b
 Isolated yield. 

c
 Determined by 

HPLC using chiral stationary phase.  
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General procedure for the asymmetric allylic mono-etherification of VEC 1a with various 

diols 

 

To an oven dried screw-cap reaction tube equipped with a magnetic stir bar, Pd2(dba)3∙CHCl3 (5.2 mg, 

0.005 mmol, 2.5 mol%), Zhou’s ligand (R)-L1 (7.6 mg, 0.02 mmol, 10 mol%), and VEC 1a (38.0 mg, 0.2 

mmol, 1.0 equiv.) were added. The reaction tube was sealed with rubber-septum, then evacuated and 

backfilled with nitrogen (this process was repeated a total of three times). Et3B (10 μL of 1 M solution in 

THF, 0.01 mmol, 5 mol%), ethylene glycol 2 (22.3 μL, 0.4 mmol, 2.0 equiv.), and anhydrous MTBE (2 

mL) were added sequentially via syringe. The resulting mixture was stirred at 20 ºC for 16 h. The solvent 

was removed by rotary evaporation under vacuum. The crude product was purified by flash column 

chromatography on silica gel to afford the corresponding diol 3a. The enantiomeric excesses of the 

products were determined by HPLC analysis using chiral stationary phases as indicated for each case. 

 

(S)-2-(2-hydroxyethoxy)-2-phenylbut-3-en-1-ol (3a). The crude product was purified by flash column 

chromatography (2:8 of EtOAc:Petroleum ether) on silica gel to provide the title compound as a light 

yellow oil in 94% yield (39.2 mg); [α]
25

D = -4.201 (c = 1.55, CHCl3); 
1
H NMR (500 MHz, CDCl3) δ 

7.42‒7.40 (m, 2H), 7.38‒7.35 (m, 2H), 7.30‒7.27 (m, 1H), 6.07 (dd, J = 17.7, 11.0 Hz, 1H), 5.44 (dd, J = 

11.0, 1.2 Hz, 1H), 5.38 (dd, J = 17.6, 1.2 Hz, 1H), 3.94 (d, J = 11.8 Hz, 1H), 3.90 (d, J = 11.6 Hz, 1H), 

3.76 (t, J = 4.5 Hz, 2H), 3.51‒3.47 (m, 1H), 3.44‒3.40 (m, 1H), 3.08 (bs, 1H), 2.91 (bs, 1H); 
13

C NMR 

(125 MHz, CDCl3) δ 140.1, 137.8, 128.3, 127.6, 126.9, 117.8, 81.8, 66.5, 64.5, 62.2; HRMS (ESI-MS): 

Calcd. for C12H16O3 (M+Na): 231.0997, Found: 231.0988; HPLC conditions: Chiralcel OD-H column, 

220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/19, tminor = 17.56 min, tmajor = 19.83 min; 91% ee. 
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(S)-2-(3-hydroxypropoxy)-2-phenylbut-3-en-1-ol (3b). The crude product was purified by flash column 

chromatography (2:10 of EtOAc:Petroleum ether) on silica gel to provide the title compound as a yellow 

oil in 94% yield (41.6 mg); [α]
25

D = -6.468 (c = 1.05, CHCl3); 
1
H NMR (500 MHz, CDCl3) δ 7.41‒7.39 

(m, 2H), 7.38‒7.35 (m, 2H), 7.30‒7.27 (m, 1H), 6.04 (dd, J = 17.6, 11.0 Hz, 1H), 5.43 (dd, J = 11.0, 1.2 

Hz, 1H), 5.37 (dd, J = 17.7, 1.2 Hz, 1H), 3.95 (d, J = 11.7 Hz, 1H), 3.92 (d, J = 10.6 Hz, 1H), 3.83‒3.79 

(m, 2H), 3.50 (t, J = 5.8 Hz, 2H), 2.63 (dd, J = 5.4, 5.2, Hz, 1H), 2.42 (dd, J = 6.4, 6.4 Hz, 1H), 1.87‒1.82 

(m, 2H); 
13

C NMR (125 MHz, CDCl3) δ 140.3, 138.2, 128.3, 127.6, 126.8, 117.5, 81.6, 66.0, 60.9, 60.8, 

32.2; HRMS (ESI-MS): Calcd. for C13H18O3 (M+Na): 245.1154, Found: 245.1148; HPLC conditions: 

Chiralcel AS-H column, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/9, tminor = 10.37 min, tmajor = 

11.46 min; 96% ee. 

 

(S)-2-(4-hydroxybutoxy)-2-phenylbut-3-en-1-ol (3c). The crude product was purified by flash column 

chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the title compound as a light 

yellow oil in 96% yield (45.6 mg); [α]
25

D = -5.948 (c = 0.90, CHCl3); 
1
H NMR (500 MHz, CDCl3) δ 

7.40‒7.38 (m, 2H), 7.37‒7.35 (m, 2H), 7.30‒7.27 (m, 1H), 6.07 (dd, J = 17.7, 11.0 Hz, 1H), 5.45 (dd, J = 

11.0, 1.2 Hz, 1H), 5.39 (dd, J = 17.6, 1.2 Hz, 1H), 3.89 (d, J = 11.4 Hz, 1H), 3.86 (d, J = 11.4 Hz, 1H), 

3.66 (t, J = 6.0 Hz, 2H), 3.40‒3.33 (m, 2H), 2.30 (bs, 2H), 1.73‒1.64 (m, 4H); 
13

C NMR (125 MHz, 

CDCl3) δ 140.2, 137.6, 128.3, 127.6, 126.9, 117.8, 81.8, 66.9, 62.8, 62.7, 29.7, 26.9; HRMS (ESI-MS): 

Calcd. for C14H20O3 (M+Na): 259.1310, Found: 259.1307; HPLC conditions: Chiralcel AS-H column, 220 

nm, flow rate: 0.6 ml/min, i-PrOH/hexanes = 1/9, tmajor = 22.27 min, tminor = 23.62 min; 93% ee. 

 

(S)-2-(2-(2-hydroxyethoxy)ethoxy)-2-phenylbut-3-en-1-ol (3d). The crude product was purified by 

flash column chromatography (2:10 of EtOAc:Petroleum ether) on silica gel to provide the title 

compound as a yellow oil in 91% yield (45.8 mg); [α]
25

D = -8.239 (c = 0.80, CHCl3); 
1
H NMR (500 MHz, 

CDCl3) δ 7.41‒7.39 (m, 2H), 7.37‒7.34 (m, 2H), 7.30‒7.26 (m, 1H), 6.07 (dd, J = 17.6, 11.0 Hz, 1H), 

5.39 (dd, J = 11.1, 1.2 Hz, 1H), 5.33 (dd, J = 17.6, 1.2 Hz, 1H), 3.96 (d, J = 11.8, Hz, 1H), 3.93 (d, J = 

11.8, Hz, 1H), 3.76 (t, J = 4.4, Hz, 2H), 3.73‒3.66 (m, 2H), 3.63 (t, J = 4.8, Hz, 2H), 3.58‒3.54 (m, 1H), 

3.51‒3.47 (m, 1H), 3.32 (bs, 1H) 3.00 (bs, 1H); 
13

C NMR (125 MHz, CDCl3) δ 140.3, 138.4, 128.2, 127.5, 
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126.8, 117.3, 82.0, 72.6, 70.7, 65.9, 62.7, 61.6; HRMS (ESI-MS): Calcd. for C14H20O4 (M+Na): 275.1259, 

Found: 275.1260; HPLC conditions: Chiralcel OD-H column, 220 nm, flow rate: 1 ml/min, i-

PrOH/hexanes = 1/19, tminor = 28.90 min, tmajor = 33.38 min; 96% ee. 

 

(S)-2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)-2-phenylbut-3-en-1-ol (3e). The crude product was 

purified by flash column chromatography (2:8 of EtOAc:Petroleum ether) on silica gel to provide the title 

compound as a light yellow oil in 88% yield (52.1 mg); [α]
25

D = -8.655 (c = 0.90, CHCl3); 
1
H NMR (400 

MHz, CDCl3) δ 7.39‒7.36 (m, 2H), 7.35‒7.32 (m, 2H), 7.28‒7.24 (m, 1H), 6.07 (dd, J = 17.5, 11.0 Hz, 

1H), 5.31 (dd, J = 11.0, 1.2 Hz, 1H), 5.23 (dd, J = 17.0, 1.2 Hz, 1H), 4.37 (bs, 1H), 4.25 (bs, 1H), 4.01 (d, 

J = 12.3 Hz, 1H), 3.98 (d, J = 12.2 Hz, 1H), 3.71‒3.66 (m, 8H), 3.61‒3.57 (m, 3H), 3.50‒3.46 (m, 1H); 

13
C NMR (125 MHz, CDCl3) δ 140.9, 139.5, 128.1, 127.3, 126.7, 116.5, 82.0, 73.1, 70.9, 70.5, 69.7, 64.7, 

62.7, 61.6; HRMS (ESI-MS): Calcd. for C16H24O5(M+Na): 319.1521, Found: 319.1528; HPLC conditions: 

Chiralcel AS-H column, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/13, tmajor = 18.22, tminor = 20.49 

min; 96% ee. 

 

(S)-N-(2-((1-hydroxy-2-phenylbut-3-en-2-yl)oxy)ethyl)-N-(2-hydroxyethyl)-4-

methylbenzenesulfonamide (3f). The crude product was purified by flash column chromatography (1:10 

of EtOAc:Petroleum ether) on silica gel to provide the title compound as a yellow oil in 89% yield (72.2 

mg); [α]
25

D = -1.086 (c = 1.95, CHCl3); 
1
H NMR (500 MHz, CDCl3) δ 7.69 (d, J = 8.3 Hz, 2H), 7.40‒7.35 

(m, 4H), 7.31‒7.28 (m, 3H), 6.10 (dd, J = 17.7, 11.0 Hz, 1H), 5.49 (dd, J = 11.1, 1.2 Hz, 1H), 5.39 (dd, J 

= 17.8, 1.2 Hz, 1H), 3.90 (d, J = 11.8 Hz, 1H), 3.84 (d, J = 11.8 Hz, 1H), 3.81 (t, J = 4.0 Hz, 1H), 3.62‒

3.52 (m, 2H), 3.34‒3.32 (m, 2H), 3.30‒3.28 (m, 2H), 2.70 (bs, 1H), 2.42 (s, 3H), 1.89 (bs, 1H); 
13

C NMR 

(125 MHz, CDCl3) δ 143.6, 139.3, 136.7, 135.4, 129.7, 128.4, 127.8, 127.3, 127.0, 118.7, 82.9, 67.4, 63.0, 

61.4, 53.0, 50.3, 21.4; HRMS (ESI-APCI): Calcd. for C11H27NO5S (M+Na): 428.1508, Found: 428.1505; 

HPLC conditions: Chiralcel OJ-H column, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/2, tminor = 

28.39 min, tmajor = 33.97 min; 91% ee. 
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(S,Z)-4-((1-hydroxy-2-phenylbut-3-en-2-yl)oxy)but-2-en-1-ol (3g). The crude product was purified by 

flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the title 

compound as a light yellow oil in 92% yield (42.9 mg); [α]
25

D = +51.864 (c = 0.60, CHCl3); 
1
H NMR 

(500 MHz, CDCl3) δ 7.41‒7.39 (m, 2H), 7.38‒7.35 (m, 2H), 7.31‒7.28 (m, 1H), 6.11 (dd, J = 17.6, 11.0 

Hz, 1H), 5.79‒5.70 (m, 2H), 5.48 (dd, J = 11.0, 1.2 Hz, 1H), 5.40 (dd, J = 17.6, 1.2 Hz, 1H), 4.13 (d, J = 

12.0 Hz, 1H), 4.09 (d, J = 12.0 Hz, 1H), 3.97‒3.82 (m, 4H) 2.44 (bs, 2H); 
13

C NMR (125 MHz, CDCl3) δ 

139.8, 137.1, 131.4, 128.6, 128.3, 127.7, 127.0, 118.2, 82.5, 67.4, 59.4, 58.4; HRMS (ESI-MS): Calcd. 

for C14H18O3 (M+Na): 257.1154, Found: 257.1161; HPLC conditions: Chiralcel AS-H column, 220 nm, 

flow rate: 1 ml/min, i-PrOH/hexanes = 1/4, tminor = 6.81 min, tmajor = 7.60 min; 85% ee. 

 

(S)-2-((4-hydroxybut-2-yn-1-yl)oxy)-2-phenylbut-3-en-1-ol (3h). The crude product was purified by 

flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the title 

compound as a yellow oil in 90% yield (41.8 mg); [α]
25

D = -8.921 (c = 0.90, CHCl3); 
1
H NMR (500 MHz, 

CDCl3) δ 7.42‒7.40 (m, 2H), 7.39‒7.36 (m, 2H), 7.32‒7.29 (m, 1H), 6.11 (dd, J = 17.7, 11.1 Hz, 1H), 

5.50 (dd, J = 11.1, 1.2 Hz, 1H), 5.43 (dd, J = 17.6, 1.2 Hz, 1H), 4.29 (s, 2H), 4.11 (d, J = 15.3 Hz, 1H), 

4.02 (d, J = 15.4 Hz, 1H), 3.92–3.85 (m, 2H), 2.34 (bs, 1H), 1.89 (bs, 1H); 
13

C NMR (125 MHz, CDCl3) δ 

139.2, 136.5, 128.4, 127.9, 127.0, 118.9, 84.3, 83.4, 82.4, 67.7, 52.4, 51.0; HRMS (ESI-MS): Calcd. for 

C14H16O3 (M+Na): 255.0997, Found: 255.0973; HPLC conditions: Chiralcel OJ-H column, 220 nm, flow 

rate: 1 ml/min, i-PrOH/hexanes = 1/6, tmajor = 32.48 min, tminor = 34.90 min; 89% ee. 

 

(S)-2-((2-(hydroxymethyl)benzyl)oxy)-2-phenylbut-3-en-1-ol (3i). The crude product was purified by 

flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the title 

compound as a yellow oil in 90% yield (51.3 mg); [α]
25

D = -10.986 (c = 1.00, CHCl3); 
1
H NMR (500 

MHz, CDCl3) δ 7.46‒7.44 (m, 2H), 7.40‒7.37 (m, 3H), 7.34‒7.31 (m, 2H), 7.30‒7.28 (m, 2H), 6.19 (dd, J 

= 17.6, 11.0 Hz, 1H), 5.52 (dd, J = 11.0, 1.2 Hz, 1H), 5.45 (dd, J = 17.7, 1.2 Hz, 1H), 4.70 (d, J = 12.1 Hz, 
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1H), 4.67 (d, J = 12.2 Hz, 1H), 4.52 (d, J = 10.7 Hz, 1H), 4.45 (d, J = 10.6 Hz, 1H),  3.97 (d, J = 11.6 Hz, 

1H), 3.94 (d, J = 11.8 Hz, 1H), 3.16 (bs, 1H), 2.55 (bs, 1H); 
13

C NMR (125 MHz, CDCl3) δ 139.9, 139.7, 

137.3, 136.6, 129.8, 129.7, 128.5, 128.4, 128.2, 127.8, 127.0, 118.6, 83.0, 67.0, 64.4, 63.7; HRMS (ESI-

MS): Calcd. for C18H20O3 (M+Na): 307.1310, Found: 307.1309; HPLC conditions: Chiralcel AD-H 

column, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/13, tminor = 27.19 min, tmajor = 29.24 min; 83% 

ee. 

 

(S)-2-((3-(hydroxymethyl)benzyl)oxy)-2-phenylbut-3-en-1-ol (3j). The crude product was purified by 

flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the title 

compound as a yellow oil in 93% yield (52.8 mg); [α]
25

D = -34.589 (c = 0.85, CHCl3); 
1
H NMR (500 

MHz, CDCl3) δ 7.48‒7.45 (m, 2H), 7.40‒7.31 (m, 5H), 7.30‒7.27 (m, 2H), 6.18 (dd, J = 17.7, 11.0 Hz, 

1H), 5.52 (dd, J = 11.1, 1.2  Hz, 1H), 5.48 (dd, J = 17.8, 1.2 Hz, 1H), 4.68 (s, 2H), 4.43 (d, J = 11.4 Hz, 

1H), 4.38 (d, J = 11.4 Hz, 1H), 3.96‒3.89 (m, 2H), 2.13 (bs, 1H), 1.73 (bs, 1H); 
13

C NMR (125 MHz, 

CDCl3) δ 141.0, 139.9, 139.0, 137.2, 128.6, 128.4, 127.8, 127.0, 126.6, 126.0, 125.9, 118.4, 82.5, 67.6, 

65.2, 65.1; HRMS (ESI-MS): Calcd. for C18H20O3 (M+Na): 307.1310, Found: 307.1307; HPLC 

conditions: Chiralcel OD-H column, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/13, tmajor = 33.86 

min, tminor = 37.82 min; 91% ee. 

 

(S)-2-((4-(hydroxymethyl)benzyl)oxy)-2-phenylbut-3-en-1-ol (3k). The crude product was purified by 

flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the title 

compound as a light yellow oil in 85% yield (48.3 mg); [α]
25

D = -15.928 (c = 0.80, CHCl3); 
1
H NMR (500 

MHz, CDCl3) δ 7.48‒7.46 (m, 2H), 7.40‒7.34 (m, 6H), 7.33‒7.30 (m, 1H), 6.18 (dd, J = 17.6, 11.1 Hz, 

1H), 5.52 (dd, J = 11.2, 1.2 Hz, 1H), 5.49 (dd, J = 17.8, 1.2 Hz, 1H), 4.68 (s, 2H), 4.43 (d, J = 11.4 Hz, 

1H), 4.38 (d, J = 11.4 Hz, 1H), 3.97‒3.89 (m, 2H), 2.04 (dd, J = 6.6, 6.2 Hz, 1H), 1.80 (dd, J = 5.8, 5.4 

Hz, 1H); 
13

C NMR (125 MHz, CDCl3) δ 140.1, 140.0, 138.1, 137.3, 128.4, 127.8, 127.6, 127.1, 127.0, 

118.4, 82.5, 67.6, 65.1, 65.0; HRMS (ESI-MS): Calcd. for C18H20O3 (M+Na): 307.1310, Found: 307.1326; 
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HPLC conditions: Chiralcel OD-H column, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/13, tminor = 

46.46 min, tmajor = 50.48 min; 95% ee. 

 

(S)-2-((6-(hydroxymethyl)pyridin-2-yl)methoxy)-2-phenylbut-3-en-1-ol (3l). The crude product was 

purified by flash column chromatography (3:7 of EtOAc:Petroleum ether) on silica gel to provide the title 

compound as a colorless oil in 88% yield (50.4 mg); [α]
25

D = -17.976 (c = 0.40, CHCl3); 
1
H NMR (500 

MHz, CDCl3) δ 7.70 (t, J = 7.8 Hz, 1H), 7.47–7.45 (m, 2H), 7.38–7.35 (m, 2H), 7.31–7.28 (m, 2H), 7.23 

(d, J = 7.8 Hz, 1H), 6.14 (dd, J = 17.6, 11.0 Hz, 1H), 5.42 (dd, J = 11.2, 1.3 Hz, 1H), 5.38 (dd, J = 17.6, 

1.2 Hz, 1H), 4.73 (s, 2H), 4.58 (d, J = 13.4 Hz, 1H), 4.51 (d, J = 13.4 Hz, 1H), 4.07 (d, J = 12.0 Hz, 1H), 

4.04 (d, J = 12.0 Hz, 1H); 
13

C NMR (125 MHz, CDCl3) δ 159.2, 157.9, 140.4, 138.5, 137.6, 128.4, 127.6, 

126.9, 120.2, 119.6, 117.5, 83.2, 66.2, 66.0, 64.4; HRMS (ESI-MS): Calcd. for C17H19NO3 (M+Na): 

308.1263, Found: 308.1275; HPLC conditions: Chiralcel AD-H column, 220 nm, flow rate: 1 ml/min, i-

PrOH/hexanes = 1/4, tmajor = 8.09 min, tminor = 9.01 min; 96% ee. 

 

(S)-2-(2-hydroxyethoxy)-2-(p-tolyl)but-3-en-1-ol (3m). The crude product was purified by flash column 

chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the title compound as an orange 

oil in 91% yield (40.5 mg); [α]
25

D = 9.377 (c = 0.95, CHCl3); 
1
H NMR (500 MHz, CDCl3) δ 7.29 (d, J = 

8.2 Hz, 2H), 7.17 (d, J = 8.0 Hz, 2H), 6.06 (dd, J = 17.6, 11.0 Hz, 1H), 5.43 (dd, J = 11.0, 1.2 Hz, 1H), 

5.38 (dd, J = 17.6, 1.3 Hz, 1H), 3.92 (d, J = 11.2 Hz, 1H), 3.87 (d, J = 11.4 Hz, 1H), 3.75 (t, J = 4.4 Hz, 

2H), 3.48‒3.44 (m, 1H) 3.41‒3.38 (m, 1H), 3.23 (bs, 1H) 2.96 (bs, 1H), 2.34 (s, 3H); 
13

C NMR (125 MHz, 

CDCl3) δ 137.9, 137.3, 137.0, 129.0, 126.9, 117.6, 81.8, 66.6, 64.4, 62.2, 21.0; HRMS (ESI-MS): Calcd. 

for C13H18O3 (M+Na): 245.1154, Found: 245.1156; HPLC conditions: Chiralcel AD-H column, 220 nm, 

flow rate: 1 ml/min, i-PrOH/hexanes = 1/9, tminor = 8.44 min, tmajor = 9.50 min; 89% ee. 
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(S)-2-(2-hydroxyethoxy)-2-(2-methoxyphenyl)but-3-en-1-ol (3n). The crude product was purified by 

flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the title 

compound as a yellow oil in 73% yield (34.8 mg); [α]
25

D = -11.544 (c = 1.00, CHCl3); 
1
H NMR (400 

MHz, CDCl3) δ 7.52 (dd, J = 7.8, 1.6 Hz, 1H), 7.30‒7.26 (m, 1H), 7.00‒6.96 (m, 1H), 6.90 (dd, J = 8.2, 

1.2 Hz, 1H), 6.10 (dd, J = 17.7 Hz, 11.0, 1H), 5.29 (dd, J = 10.9, 1.3 Hz, 1H), 5.20 (dd, J = 17.7, 1.4 Hz, 

1H), 4.18 (d, J = 11.6, Hz, 1H), 4.02 (d, J = 11.6, Hz, 1H), 3.78 (s, 3H), 3.77–3.72 (m, 2H), 3.53 (t, J = 

4.5 Hz, 2H), 3.27 (bs, 1H), 2.79 (bs, 1H); 
13

C NMR (126 MHz, CDCl3) δ 156.8, 137.8, 129.0, 128.7, 

128.5, 120.6, 116.3, 111.8, 81.6, 64.3, 64.2, 62.2, 55.2; HRMS (ESI-MS): Calcd. for C13H18O4 (M+Na): 

261.1103, Found: 261.1100; HPLC conditions: Chiralcel AD-H column, 220 nm, flow rate: 1 ml/min, i-

PrOH/hexanes = 1/11, tminor = 14.30 min, tmajor = 16.25 min; 92% ee. 

 

(S)-2-(2-hydroxyethoxy)-2-(3-methoxyphenyl)but-3-en-1-ol (3o). The crude product was purified by 

flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the title 

compound as a light yellow oil in 92% yield (44.0 mg); [α]
25

D = -4.749 (c = 0.90, CHCl3); 
1
H NMR (500 

MHz, CDCl3) δ 7.27 (d, J = 8.4 Hz, 1H), 7.00‒6.96 (m, 2H), 6.84‒6.82 (m, 1H), 6.05 (dd, J = 17.7, 11.0 

Hz, 1H), 5.44 (dd, J = 12.2, 1.2 Hz, 1H), 5.39 (dd, J = 17.7, 1.2 Hz, 1H), 3.93 (d, J = 11.7 Hz, 1H), 3.90 

(d, J = 11.2 Hz, 1H), 3.80 (s, 3H), 3.77 (t, J = 4.4 Hz, 2H), 3.53‒3.49 (m, 1H), 3.47‒3.43 (m, 1H), 3.01 

(bs, 1H), 2.78 (bs, 1H);
 13

C NMR (125 MHz, CDCl3) δ 159.6, 141.9, 137.7, 129.4, 119.2, 117.8, 113.1, 

112.7, 81.8, 66.4, 64.5, 62.3, 55.2; HRMS (ESI-MS): Calcd. for C13H18O4 (M+Na): 261.1103, Found: 

261.1101; HPLC conditions: Chiralcel AD-H column, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/9, 

tminor = 11.47 min, tmajor = 12.58 min; 90% ee. 

 

(S)-2-(2-hydroxyethoxy)-2-(4-methoxyphenyl)but-3-en-1-ol (3p). The crude product was purified by 

flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the title 

compound as a yellow oil in 94% yield (44.9 mg); [α]
25

D = -4.247 (c = 0.95, CHCl3); 
1
H NMR (500 MHz, 

CDCl3) δ 7.33 (d, J = 8.8 Hz, 2H), 6.90 (d, J = 8.8 Hz, 2H), 6.05 (dd, J = 17.1, 10.5 Hz, 1H), 5.43 (dd, J = 

11.0, 1.2 Hz, 1H), 5.38 (dd, J = 17.6, 1.2 Hz, 1H), 3.94 (d, J = 11.6 Hz, 1H), 3.88 (d, J = 11.6 Hz, 1H), 
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3.80 (s, 3H), 3.76 (d, J = 4.7 Hz, 2H), 3.48–3.44 (m, 1H), 3.43– 3.39 (m, 1H), 1.76 (bs, 2H); 
13

C NMR 

(100 MHz, CDCl3) δ 159.0, 138.1, 131.9, 128.2, 117.5, 113.8, 81.5, 66.4, 64.3, 62.3, 55.2; HRMS (ESI-

MS): Calcd. for C13H18O4 (M+Na): 261.1205, Found: 261.1100; HPLC conditions: Chiralcel OD-H 

column, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/9, tminor = 11.99 min, tmajor = 15.64 min; 93% ee. 

 

(S)-2-(4-fluorophenyl)-2-(2-hydroxyethoxy)but-3-en-1-ol (3q) The crude product was purified by flash 

column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the title compound as a 

yellow oil in 89% yield (40.3 mg); [α]
25

D = -2.360 (c = 1.10, CHCl3); 
1
H NMR (500 MHz, CDCl3) δ 

7.41‒7.37 (m, 2H), 7.07‒7.02 (m, 2H), 6.04 (dd, J = 17.8, 11.1 Hz, 1H), 5.45 (dd, J = 11.1, 1.1 Hz, 1H), 

5.36 (dd, J = 17.7, 1.2 Hz, 1H), 3.94‒3.86 (m, 2H), 3.77 (t, J = 5.2 Hz, 2H), 3.50‒3.46 (m, 1H), 3.44‒3.40 

(m, 1H), 3.03 (bs, 1H), 2.94 (dd, J = 6.4, 6.5 Hz, 1H); 
13

C NMR (125 MHz, CDCl3) δ 163.1, 161.2, 137.7, 

136.0, 135.9, 128.8, 128.7, 118.0, 115.2, 115.0, 81.5, 66.4, 64.5, 62.2; HRMS (ESI-MS): Calcd. for 

C12H15FO3 (M+Na): 249.0903, Found: 249.0903; HPLC conditions: Chiralcel AS-H column, 220 nm, 

flow rate: 1 ml/min, i-PrOH/hexanes = 1/4, tminor = 4.89 min, tmajor = 6.83 min; 88% ee. 

 

(S)-2-(4-chlorophenyl)-2-(2-hydroxyethoxy)but-3-en-1-ol (3r). The crude product was purified by flash 

column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the title compound as a 

colorless oil in 90% yield (43.7 mg); [α]
25

D = +4.741 (c =1.15, CHCl3); 
1
H NMR (500 MHz, CDCl3) δ 

7.36 (d, J = 8.8 Hz, 2H), 7.33 (d, J = 8.9 Hz, 2H), 6.02 (dd, J = 17.8, 11.1 Hz, 1H), 5.45 (dd, J = 10.0, 1.0 

Hz, 1H), 5.34 (dd, J = 17.6, 1.0 Hz, 1H), 3.90 (d, J = 11.8 Hz, 1H), 3.85 (d, J = 11.7 Hz, 1H), 3.79‒3.74 

(m, 2H), 3.50‒3.46 (m, 1H), 3.43‒3.39 (m, 1H), 3.13 (bs, 2H); 
13

C NMR (125 MHz, CDCl3) δ 138.8, 

137.4, 133.5, 128.4, 118.3, 81.5, 77.2, 66.3, 64.5, 62.2; HRMS (ESI-MS): Calcd. for C12H15ClO3 (M+Na): 

265.0607, Found: 265.0609; HPLC conditions: Chiralcel AD-H column, 220 nm, flow rate: 1 ml/min, i-

PrOH/hexanes = 1/9, tminor = 8.95 min, tmajor = 10.16 min; 86% ee. 
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(S)-2-(4-bromophenyl)-2-(2-hydroxyethoxy)but-3-en-1-ol (3s). The crude product was purified by flash 

column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the title compound as a 

light yellow oil in 93% yield (53.6 mg); [α]
25

D = +4.933 (c =1.15, CHCl3); 
1
H NMR (500 MHz, CDCl3) δ 

7.48 (d, J = 8.6 Hz, 2H), 7.29 (d, J = 8.6 Hz, 2H), 6.02 (dd, J = 17.8, 11.1 Hz, 1H), 5.45 (dd, J = 11.0, 1.0 

Hz, 1H), 5.34 (dd, J = 17.8, 1.1 Hz, 1H), 3.90 (d, J = 11.9 Hz, 1H), 3.85 (d, J = 11.6 Hz, 1H), 3.76 (t, J = 

4.4 Hz, 2H), 3.50‒3.47 (m, 1H), 3.43‒3.39 (m, 1H), 3.17 (bs, 1H), 3.12 (dd, J = 6.6, 6.4 Hz, 1H); 
13

C 

NMR (125 MHz, CDCl3) δ 139.4, 137.4, 131.4, 128.8, 121.7, 118.3, 81.6, 66.3, 64.5, 62.2; HRMS (ESI-

MS): Calcd. for C12H15BrO3 (M+Na): 309.0102, Found: 309.0114; HPLC conditions: Chiralcel AD-H 

column, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/9, tminor = 9.06 min, tmajor = 10.39 min; 90% ee. 

 

(S)-2-(benzo[d][1,3]dioxol-5-yl)-2-(2-hydroxyethoxy)but-3-en-1-ol (3t). The crude product was 

purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the 

title compound as a light yellow oil in 87% yield (43.9 mg); [α]
25

D = -3.652 (c = 1.40, CHCl3); 
1
H NMR 

(500 MHz, CDCl3) δ 6.93 (d, J = 1.7 Hz, 1H), 6.86 (dd, J = 8.2, 1.8 Hz, 1H), 6.79 (d, J = 8.2 Hz, 1H), 

6.02 (dd, J = 17.6, 11.0 Hz, 1H), 5.95 (s, 2 H), 5.43 (dd, J = 11.0, 1.2 Hz, 1H), 5.38 (dd, J = 17.7, 1.2 Hz, 

1H), 3.89 (d, J = 11.6 Hz, 1H), 3.86 (d, J = 11.7 Hz, 1H), 3.76 (t, J = 4.6 Hz, 2H), 3.50‒3.46 (m, 1H), 

3.43‒3.39 (m, 1H), 3.08 (bs, 1H), 2.89 (bs, 1H); 
13

C NMR (125 MHz, CDCl3) δ 147.8, 147.0, 137.9, 

134.0, 120.2, 117.7, 107.9, 107.7, 101.0, 81.6, 66.4, 64.4, 62.2; HRMS (ESI-MS): Calcd. for C13H16O5 

(M+Na): 275.0895, Found: 275.0893; HPLC conditions: Chiralcel AS-H column, 220 nm, flow rate: 1 

ml/min, i-PrOH/hexanes = 1/4, tminor = 8.16 min, tmajor = 11.54 min; 75% ee. 

 

 (S)-2-(3,4-dichlorophenyl)-2-(2-hydroxyethoxy)but-3-en-1-ol (3u). The crude product was purified by 

flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the title 

compound as a light yellow oil in 87% yield (48.3 mg); [α]
25

D = +4.594 (c = 0.80, CHCl3); 
1
H NMR (500 

MHz, CDCl3) δ 7.54 (dd, J = 2.2, 0.9 Hz, 1H), 7.43‒7.41 (dd, J = 8.4, 0.9 Hz, 1H), 7.27‒7.24 (m, 1H), 

5.98 (dd, J = 17.8, 11.0 Hz, 1H), 5.47 (dd, J = 12.0, 1.0 Hz, 1H), 5.34 (dd, J = 18.7, 1.0  Hz, 1H), 3.94 (d, 

J = 11.8 Hz, 1H), 3.82 (d, J = 13.2 Hz, 1H), 3.79 (t, J = 6.0 Hz, 2H), 3.55‒3.50 (m, 1H), 3.47‒3.44 (m, 

1H), 3.17 (bs, 1H), 3.04 (bs, 1H); 
13

C NMR (125 MHz, CDCl3) δ 141.1, 137.1, 132.4, 131.6, 130.2, 129.1, 



S13 

 

126.4, 118.7, 81.2, 66.0, 64.6, 62.2; HRMS (ESI-MS): Calcd. for C12H14Cl2O3 (M+Na): 299.0218, Found: 

299.0215; HPLC conditions: Chiralcel AD-H column, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/6, 

tminor = 5.80 min, tmajor = 6.72 min; 89% ee. 

 

(S)-2-(2-hydroxyethoxy)-2-(naphthalen-2-yl)but-3-en-1-ol (3v). The crude product was purified by 

flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the title 

compound as a light yellow oil in 92% yield (47.5 mg); [α]
25

D = -7.086 (c = 1.15, CHCl3); 
1
H NMR (500 

MHz, CDCl3) δ 7.86‒7.80 (m, 4H), 7.51 (dd, J = 8.6, 1.8 Hz, 1H), 7.49‒7.46 (m, 2H), 6.13 (dd, J = 17.6, 

11.0 Hz, 1H), 5.47 (dd, J = 11.0, 1.2 Hz, 1H), 5.42 (dd, J = 17.6, 1.2 Hz, 1H), 4.06 (d, J = 11.6 Hz, 1H), 

4.00 (d, J = 11.7 Hz, 1H), 3.78 (t, J = 4.5 Hz, 2H), 3.53‒3.44 (m, 2H), 3.16 (bs, 1H), 2.97 (bs, 1H); 
13

C 

NMR (125 MHz, CDCl3) δ 137.9, 137.6, 133.0, 132.7, 128.2, 128.0, 127.5, 126.2, 126.1, 125.9, 124.9, 

118.0, 81.9, 66.2, 64.6, 62.3; HRMS (ESI-MS): Calcd. for C16H18O3 (M+Na): 281.1154, Found: 281.1150; 

HPLC conditions: Chiralcel AS-H column, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/9, tminor = 

10.81 min, tmajor = 12.28 min; 86% ee. 

 

(S)-2-(2-hydroxyethoxy)-2-(thiophen-3-yl)but-3-en-1-o (3w). The crude product was purified by flash 

column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the title compound as a 

light yellow oil in 91% yield (39.1 mg); [α]
25

D = -2.607 (c = 0.95, CHCl3); 
1
H NMR (500 MHz, CDCl3) δ 

7.32 (dd, J = 5.0, 3.0 Hz, 1H), 7.27 (dd, J = 3.0, 1.4 Hz, 1H), 7.08 (dd, J = 5.0, 1.4 Hz, 1H), 6.09 (dd, J = 

17.6, 11.0 Hz, 1H), 5.43 (dd, J = 11.0, 1.2 Hz, 1H), 5.39 (dd, J = 17.5, 1.2 Hz, 1H), 3.94 (dd, J = 11.6, 5.4 

Hz, 1H), 3.82 (dd, J = 11.6, 6.4 Hz, 1H), 3.73 (t, J =4.8 Hz, 2H), 3.48‒3.44 (m, 1H), 3.40‒3.36 (m, 1H), 

3.16 (dd, J =  5.4, 5.2 Hz, 1H), 3.02 (dd, J = 6.4, 6.3 Hz, 1H); 
13

C NMR (125 MHz, CDCl3) δ 141.4, 

137.4, 126.9, 125.8, 123.0, 117.7, 80.5, 67.0, 64.6, 62.2; HRMS (ESI-MS): Calcd. for C10H14O3S (M+Na): 

237.0561, Found: 237.0567; HPLC conditions: Chiralcel AS-H column, 220 nm, flow rate: 1 ml/min, i-

PrOH/hexanes = 1/9, tminor = 8.68 min, tmajor = 12.43 min; 70% ee. 
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(R)-2-((3-(hydroxymethyl)benzyl)oxy)-2-methylbut-3-en-1-ol (3x). The crude product was purified by 

flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the title 

compound as a yellow oil in 89% yield (39.5 mg); [α]
25

D = +2.961 (c = 0.85, CHCl3); 
1
H NMR (400 MHz, 

CDCl3) δ 7.35‒7.30 (m, 2H), 7.26‒7.22 (m, 2H), 5.90 (dd, J = 17.6, 11.0 Hz, 1H), 5.34 (dd, J = 4.6, 1.2 

Hz, 1H), 5.30 (dd, J = 11.0, 1.2 Hz, 1H), 4.62 (s, 2H), 4.39 (s, 2H), 3.54 (d, J = 11.2 Hz, 1H), 3.47 (d, J = 

11.3 Hz, 1H), 2.36 (bs, 2H), 1.38 (s, 3H); 
13

C NMR (126 MHz, CDCl3) δ 141.1, 139.6, 139.2, 128.5, 

126.7, 126.1, 126.0, 117.2, 78.5, 69.4, 65.0, 64.8, 18.5; HRMS (ESI-MS): Calcd. for C13H18O3 (M+Na): 

245.1154, Found: 245.1158; HPLC conditions: Chiralcel OD-H column, 220 nm, flow rate: 1 ml/min, i-

PrOH/hexanes = 1/6, tminor = 10.57 min, tmajor = 12.12 min; 41% ee. 

General procedure for the asymmetric allylic di-etherification of Ph-VEC 1a with various 

diols 

 

To an oven dried screw-cap reaction tube equipped with a magnetic stir bar, Pd2(dba)3∙CHCl3 (6.2 mg, 

0.006 mmol, 3 mol%), Zhou’s ligand (R)-L1 (9.1 mg, 0.024 mmol, 12 mol%), and VEC 1a (83.6 mg, 

0.44 mmol, 2.2 equiv.) were added. The reaction tube was sealed with rubber-septum, then evacuated and 

backfilled with nitrogen (this process was repeated a total of three times). Et3B (10 μL of 1 M solution in 

THF, 0.01 mmol, 5 mol%), ethylene glycol 2 (11.2 μL, 0.2 mmol, 1.0 equiv.), and anhydrous MTBE (2 

mL) were added sequentially via syringe. The resulting mixture was stirred at 20 ºC for 36 h. The solvent 

was removed by rotary evaporation under vacuum. The crude product was purified by flash column 

chromatography on silica gel to afford the corresponding diol 4. The enantiomeric excesses of the 

products were determined by HPLC analysis using chiral stationary phases as indicated for each case. 
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(2S,2'S)-2,2'-(ethane-1,2-diylbis(oxy))bis(2-phenylbut-3-en-1-ol) (4a). The crude product was purified 

by flash column chromatography (2:8 of EtOAc:Petroleum ether) on silica gel to provide the title 

compound as a light yellow solid in 89% yield (62.8 mg); mp. 68-70 ºC; HPLC
 
analysis indicated 6:1 dr; 

1
H NMR (500 MHz, CDCl3) δ 7.45‒7.42 (m, 4H), 7.38‒7.35 (m, 4H), 7.31‒7.27 (m, 2H), 6.10 (dd, J = 

17.6, 11.0 Hz, 2H), 5.43 (dd, J = 11.0, 1.2 Hz, 2H), 5.40 (dd, J = 17.8, 1.5 Hz, 2H), 3.99 (d, J = 11.8 Hz, 

2H), 3.94 (d, J = 11.8 Hz, 2H), 3.59‒3.50 (m, 4H), 2.99 (bs, 2H); 
13

C NMR (125 MHz, CDCl3) δ 140.0, 

138.0, 128.3, 127.6, 126.9, 117.6, 82.3, 66.5, 63.0; HRMS (ESI-MS): Calcd. for C22H26O4 (M+NH4): 

372.2175, Found: 372.2186; HPLC conditions: Lux 5u Cellulose-2, 220 nm, flow rate: 0.5 ml/min, i-

PrOH/hexanes = 1/9, tminor = 28.58 min, tmajor = 42.80 min; 97% ee. 

 

(2S,2'S)-2,2'-(propane-1,3-diylbis(oxy))bis(2-phenylbut-3-en-1-ol) (4b). The crude product was 

purified by flash column chromatography (2:8 of EtOAc:Petroleum ether) on silica gel to provide the title 

compound as a light yellow oil in 87% yield (64.2 mg); HPLC
 
analysis indicated 9:1 dr; 

1
H NMR (500 

MHz, CDCl3) δ 7.40–7.38 (m, 4H), 7.36–7.34 (m, 4H), 7.30–7.26 (m, 2H), 6.07 (dd, J = 17.7, 11.0 Hz, 

2H), 5.43 (dd, J = 11.0, 1.4 Hz, 2H), 5.37 (d, J = 17.6, 1.3 Hz, 2H), 3.91 (d, J = 10.6 Hz, 2H), 3.89 (d, J = 

8.6 Hz, 2H), 3.54–3.47 (m, 4H), 2.42 (bs, 2H), 1.92–1.87 (m, 2H); 
13

C NMR (125 MHz, CDCl3) δ 140.4, 

138.0, 128.3, 127.6, 126.9, 117.6, 81.8, 66.7, 59.8, 30.6; HRMS (ESI-MS): Calcd. for C23H28O4 (M+NH4): 

386.2331, Found: 386.2349; HPLC conditions: Chiralcel AD-H column, 220 nm, flow rate: 0.5 ml/min, i-

PrOH/hexanes = 1/9, tminor = 46.75 min, tmajor = 49.0 min; 99% ee. 

 

(2S,2'S)-2,2'-(butane-1,4-diylbis(oxy))bis(2-phenylbut-3-en-1-ol) (4c). The crude product was purified 

by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the title 

compound as a light yellow oil in 92% yield (70.1 mg); HPLC
 
analysis indicated 15:1 dr; 

1
H NMR (500 

MHz, CDCl3) δ 7.40‒7.34 (m, 8H), 7.30‒7.27 (m, 2H), 6.06 (dd, J = 17.7, 11.0 Hz, 2H), 5.44 (dd, J = 

11.0, 1.3 Hz, 2H), 5.38 (dd, J = 17.6, 1.3 Hz, 2H), 3.89‒3.83 (m, 4H), 3.37‒3.31 (m, 4H), 2.08 (dd, J = 
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5.8, 5.2 Hz, 2H), 1.74‒1.69 (m, 4H); 
13

C NMR (125 MHz, CDCl3) δ 140.4, 137.7, 128.3, 127.6, 126.9, 

117.7, 81.6, 67.0, 62.8, 27.0; HRMS (ESI-MS): Calcd. for C24H30O4 (M+NH4): 400.2488, Found: 

400.2509; HPLC conditions: Chiralcel OJ-H column, 220 nm, flow rate: 0.5 ml/min, i-PrOH/hexanes = 

1/1.5, tmajor = 17.28 min, tminor = 24.07 min; >99% ee. 

 

(2S,2'S)-2,2'-((oxybis(ethane-2,1-diyl))bis(oxy))bis(2-phenylbut-3-en-1-ol) (4d). The crude product 

was purified by flash column chromatography (2:10 of EtOAc:Petroleum ether) on silica gel to provide 

the title compound as a light yellow oil in 87% yield (69.6 mg); HPLC
 
analysis indicated 16:1 dr; 

1
H 

NMR (500 MHz, CDCl3) δ 7.42‒7.39 (m, 4H), 7.36‒7.32 (m, 4H), 7.29‒7.25 (m, 2H), 6.14 (dd, J = 17.4, 

11.0 Hz, 2H), 5.39 (dd, J = 10.9, 8.6 Hz, 2H), 5.30 (dd, J = 17.6, 5.7 Hz, 2H), 4.46 (dd, J = 7.3, 6.7 Hz, 

2H), 3.97‒3.87 (m, 4H), 3.74‒3.67 (m, 4H), 3.63‒3.57 (m, 2H), 3.50‒3.44 (m, 2H); 
13

C NMR (125 MHz, 

CDCl3) δ 140.5, 138.4, 128.2, 127.4, 127.0, 117.3, 82.5, 70.9, 66.3, 62.5; HRMS (ESI-MS): Calcd. for 

C24H30O5 (M+NH4): 416.2437, Found: 416.2452; HPLC conditions: Chiralcel AS-H column, 220 nm, 

flow rate: 1 ml/min, i-PrOH/hexanes = 1/19, tmajor = 44.53 min; >99% ee. 

 

(2S,13S)-2,13-diphenyl-2,13-divinyl-3,6,9,12-tetraoxatetradecane-1,14-diol (4e). The crude product 

was purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide 

the title compound as a light yellow oil in 84% yield (74.6 mg); HPLC
 
analysis indicated 12:1 dr; 

1
H 

NMR (400 MHz, CDCl3) δ 7.40‒7.38 (m, 4H), 7.33 (t, J = 7.4 Hz, 4H), 7.27‒7.24 (m, 2H), 6.07 (dd, J = 

17.6, 11.0 Hz, 2H), 5.35 (dd, J = 11.0, 1.2 Hz, 2H), 5.29 (dd, J = 19.1, 1.4 Hz, 2H), 3.92 (s, 4H), 3.71 (s, 

4H), 3.70‒3.67 (m, 4H), 3.58‒3.54 (m, 4H), 3.50‒3.46 (m, 2H); 
13

C NMR (125 MHz, CDCl3) δ 140.8, 

138.8, 128.1, 127.3, 126.9, 117.0, 82.0, 71.0, 70.5, 65.7, 62.8; HRMS (ESI-MS): Calcd. for C26H34O6 

(M+NH4): 460.2699, Found: 460.2715; HPLC conditions: Chiralcel OD-H column, 220 nm, flow rate: 1 

ml/min, i-PrOH/hexanes = 1/19, tmajor = 51.16 min; >99% ee. 

 

N,N-bis(2-(((S)-1-hydroxy-2-phenylbut-3-en-2-yl)oxy)ethyl)-4-methylbenzenesulfonamide (4f). The 

crude product was purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica 
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gel to provide the title compound as a light yellow oil in 87% yield (96.3 mg); HPLC
 
analysis indicated 

9:1 dr; 
1
H NMR (500 MHz, CDCl3) δ 7.68 (d, J = 8.2 Hz, 2H), 7.36–7.32 (m, 8H), 7.30–7.25 (m, 4H), 

6.03 (dd, J = 17.7, 11.0 Hz, 2H), 5.43 (dd, J = 11.0, 1.3 Hz, 2H), 5.34 (dd, J = 17.5, 1.2 Hz, 2H), 3.82 (d, 

J = 11.6 Hz, 2H), 3.78 (d, J = 11.8 Hz, 2H), 3.55–3.46 (m, 4H), 3.43–3.40 (m, 4H), 2.48 (bs, 2H), 2.40 (s, 

3H); 
13

C NMR (125 MHz, CDCl3) δ 143.4, 139.7, 136.9, 136.4, 129.6, 128.3, 127.7, 127.3, 127.0, 118.4, 

82.6, 67.3, 62.0, 49.2, 21.4; HRMS (ESI-APCI): Calcd. for C31H37NO6S (M+NH4): 569.2685, Found: 

569.2715; HPLC conditions: Lux 5u Cellulose-2, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/4, 

tminor = 11.82 min, tmajor = 29.75 min; 99% ee. 

 

(2S,2'S)-2,2'-(((Z)-but-2-ene-1,4-diyl)bis(oxy))bis(2-phenylbut-3-en-1-ol) (4g). The crude product was 

purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the 

title compound as a light yellow oil in 90% yield (68.2 mg); HPLC
 
analysis indicated 10:1 dr; 

1
H NMR 

(500 MHz, CDCl3) δ 7.38‒7.32 (m, 8H), 7.30‒7.27 (m, 2H), 6.08 (dd, J = 17.6, 11.0 Hz, 2H), 5.79‒5.73 

(m, 2H), 5.44 (dd, J = 11.0, 1.4 Hz, 2H), 5.37 (dd, J = 17.6, 1.4 Hz, 2H), 3.90‒3.80 (m, 8H), 2.15 (dd, J = 

6.5, 6.5 Hz, 2H); 
13

C NMR (125 MHz, CDCl3) δ 139.9, 137.1, 129.0, 128.3, 127.7, 127.0, 118.2, 82.5, 

67.7, 59.8; HRMS (ESI-MS): Calcd. for C24H28O4 (M+NH4): 398.2331, Found: 398.2348; HPLC 

conditions: Lux 5u Cellulose-2, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/9, tminor = 22.98 min, 

tmajor = 38.06 min; >99% ee. 

 

(2S,2'S)-2,2'-(but-2-yne-1,4-diylbis(oxy))bis(2-phenylbut-3-en-1-ol) (4h). The crude product was 

purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the 

title compound as a yellow oil in 93% yield (70.3 mg); HPLC
 
analysis indicated 14:1 dr; 

1
H NMR (500 

MHz, CDCl3) δ 7.42‒7.36 (m, 8H), 7.32‒7.29 (m, 2H), 6.12 (dd, J = 17.7, 11.0 Hz, 2H), 5.50 (dd, J = 

11.0, 11 Hz, 2H), 5.42 (dd, J = 17.6, 17.6 Hz, 2H), 4.12 (d, J = 14.2 Hz, 2H), 4.03 (d, J = 14.6 Hz, 2H), 

3.92‒3.84 (m, 4H), 2.24 (dd, J = 6.8, 6.7 Hz, 2H); 
13

C NMR (125 MHz, CDCl3) δ 139.3, 136.6, 128.4, 

127.9, 127.0, 118.8, 83.4, 82.7, 67.8, 52.4; HRMS (ESI-MS): Calcd. for C24H26O4 (M+NH4): 396.2175, 

Found: 396.2195; HPLC conditions: Lux 5u Cellulose-2, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 

1/3, tminor = 13.35 min, tmajor = 23.31 min; >99% ee. 
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(2S,2'S)-2,2'-((1,2-phenylenebis(methylene))bis(oxy))bis(2-phenylbut-3-en-1-ol) (4i). The crude 

product was purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to 

provide the title compound as a yellow oil in 82% yield (70.2 mg); HPLC
 
analysis indicated 5:1 dr; 

1
H 

NMR (500 MHz, CDCl3) δ 7.45–7.40 (m, 6H), 7.37–7.34 (m, 4H), 7.33–7.28 (m, 4H), 6.12 (dd, J = 17.6, 

11.0 Hz, 2H), 5.46 (dd, J = 11.0, 1.4 Hz, 2H), 5.42 (dd, J = 17.8, 1.2 Hz, 2H), 4.48 (d, J = 11.5 Hz, 2H), 

4.44 (d, J = 11.6 Hz, 2H), 3.95–3.88 (m, 4H), 2.25 (bs, 2H); 
13

C NMR (125 MHz, CDCl3) δ 140.0, 137.6, 

136.7, 128.6, 128.4, 127.8, 127.7, 127.0, 118.1, 82.7, 67.2, 63.3; HRMS (ESI-MS): Calcd. for C28H30O4 

(M+NH4): 448.2488, Found: 448.2509; HPLC conditions: Lux 5u Cellulose-2, 220 nm, flow rate: 1 

ml/min, i-PrOH/hexanes = 1/4, tmjnor = 6.85 min, tmajor = 14.39 min; 98% ee. 

 

(2S,2'S)-2,2'-((1,3-phenylenebis(methylene))bis(oxy))bis(2-phenylbut-3-en-1-ol) (4j). The crude 

product was purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to 

provide the title compound as a light yellow oil in 87% yield (75.1 mg); HPLC
 
analysis indicated 11:1 dr; 

1
H NMR (500 MHz, CDCl3) δ 7.49–7.47 (m, 4H), 7.40–7.29 (m, 10H), 6.18 (dd, J = 17.6, 11.1 Hz, 2H), 

5.52 (dd, J = 8.4, 8.4 Hz, 2H), 5.49 (dd, J = 15.0, 15.0 Hz, 2H), 4.45 (d, J = 11.6 Hz, 2H), 4.40 (d, J = 

11.6 Hz, 2H), 3.98–3.90 (m, 4H), 2.05 (dd, J = 6.7, 6.4 Hz, 2H); 
13

C NMR (125 MHz, CDCl3) δ 140.0, 

138.9, 137.3, 128.5, 128.4, 127.8, 127.0, 126.4, 126.2, 118.4, 82.5, 67.6, 65.2; HRMS (ESI-MS): Calcd. 

for C28H30O4 (M+NH4): 448.2488, Found: 448.2508; HPLC conditions: Lux 5u Cellulose-2, 220 nm, flow 

rate: 1 ml/min, i-PrOH/hexanes = 1/3, tmajor = 14.76 min; >99% ee. 

 

(2S,2'S)-2,2'-((1,4-phenylenebis(methylene))bis(oxy))bis(2-phenylbut-3-en-1-ol) (4k). The crude 

product was purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to 

provide the title compound as a yellow oil in 88% yield (75.9 mg); HPLC
 
analysis indicated 12:1 dr; 

1
H 

NMR (500 MHz, CDCl3) δ 7.48–7.46 (m, 4H), 7.40–7.36 (m, 8H), 7.32–7.29 (m, 2H), 6.18 (dd, J = 17.6, 
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11.1 Hz, 2H), 5.51 (dd, J = 8.6, 1.2 Hz, 2H), 5.48 (dd, J = 16.3, 1.2 Hz, 2H), 4.43 (d, J = 11.4 Hz, 2H), 

4.38 (d, J = 11.4 Hz, 2H), 3.97–3.89 (m, 4H), 2.04 (dd, J = 5.8, 5.7 Hz, 2H); 
13

C NMR (125 MHz, CDCl3) 

δ 140.0, 137.9, 137.3, 128.4, 127.7, 127.4, 127.0, 118.3, 82.4, 77.2, 67.6, 65.0; HRMS (ESI-MS): Calcd. 

for C28H30O4 (M+NH4): 448.2488, Found: 448.2509; HPLC conditions: Lux 5u Cellulose-2, 220 nm, flow 

rate: 1 ml/min, i-PrOH/hexanes = 1/4, tminor = 13.27 min, tmajor = 40.63 min; >99% ee. 

 

(2S,2'S)-2,2'-((pyridine-2,6-diylbis(methylene))bis(oxy))bis(2-phenylbut-3-en-1-ol) (4l). The crude 

product was purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to 

provide the title compound as a yellow oil in 94% yield (80.8 mg); HPLC
 
analysis indicated 15:1 dr; 

1
H 

NMR (400 MHz, CDCl3) δ 7.65 (t, J = 7.7 Hz, 1H), 7.48‒7.45 (m, 4H), 7.38‒7.34 (m, 4H), 7.30‒7.26 (m, 

2H), 7.14 (d, J = 7.7 Hz, 2H), 6.20 (dd, J = 17.6, 11.0 Hz, 2H), 6.06 (bs, 2H), 5.40 (dd, J = 10.8, 1.0 Hz, 

2H), 5.35 (dd, J = 17.6, 1.2 Hz, 2H), 4.62 (d, J = 13.7 Hz, 2H), 4.50 (d, J = 13.8 Hz, 2H), 4.08‒3.99 (m, 

4H); 
13

C NMR (125 MHz, CDCl3) δ 158.3, 140.5, 138.2, 137.6, 128.2, 127.4, 127.0, 120.4, 117.7, 83.8, 

66.7, 65.9; HRMS (ESI-MS): Calcd. for C27H29NO4 (M+H): 432.2175, Found: 432.2192; HPLC 

conditions: Lux 5u Cellulose-2, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/2.3, tminor = 9.48 min, 

tmajor = 22.92 min; >99% ee. 

 

(2S,2'S)-2,2'-(ethane-1,2-diylbis(oxy))bis(2-(p-tolyl)but-3-en-1-ol) (4m). The crude product was 

purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the 

title compound as a light yellow oil in 91% yield (69.5 mg); HPLC
 
analysis indicated 5:1 dr; 

1
H NMR 

(500 MHz, CDCl3) δ 7.30 (d, J = 8.1 Hz, 4H), 7.17 (d, J = 8.0 Hz, 4H), 6.08 (dd, J = 17.6, 11.0 Hz, 2H), 

5.40 (dd, J = 7.9, 1.2 Hz, 2H), 5.38 (dd, J = 14.6, 1.4 Hz, 2H), 3.98 (d, J = 11.6 Hz, 2H), 3.90 (d, J = 11.6 

Hz, 2H), 3.57–3.44 (m, 4H), 2.96 (dd, J = 6.5, 6.3 Hz, 2H), 2.34 (s, 6H); 
13

C NMR (125 MHz, CDCl3) δ 

138.2, 137.3, 136.9, 129.0, 126.9, 117.3, 82.2, 66.5, 63.0, 21.0; HRMS (ESI-APCI): Calcd. for C24H30O4 

(M+NH4): 400.2488, Found: 400.2506; HPLC conditions: Chiralcel OJ-H column, 220 nm, flow rate: 1 

ml/min, i-PrOH/hexanes = 1/9, tmajor = 16.37 min, tminor = 26.78 min; 99% ee. 
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(2S,2'S)-2,2'-(ethane-1,2-diylbis(oxy))bis(2-(2-methoxyphenyl)but-3-en-1-ol) (4n). The crude product 

was purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide 

the title compound as a yellow oil in 70% yield (58.0 mg); HPLC
 
analysis indicated 24:1 dr; 

1
H NMR 

(500 MHz, CDCl3) δ 7.61 (dd, J = 7.8, 1.8 Hz, 2H), 7.30–26 (m, 2H), 7.01–6.98 (m, 2H), 6.90 (dd, J = 

8.2, 1.2 Hz, 2H), 6.14 (dd, J = 17.6, 10.9 Hz, 2H), 5.28 (dd, J = 11.0, 1.4 Hz, 2H), 5.22 (dd, J = 17.6, 1.4 

Hz, 2H), 4.21 (d, J = 11.8 Hz, 2H), 4.09 (d, J = 11.8 Hz, 2H), 3.77 (s, 6H), 3.67–3.63 (m, 4H), 2.99 (bs, 

2H); 
13

C NMR (125 MHz, CDCl3) δ 156.8, 137.9, 128.9, 128.8, 128.5, 120.6, 116.0, 111.7, 82.2, 64.7, 

63.0, 55.2; HRMS (ESI-APCI): Calcd. for C24H30O6 (M+NH4): 432.2386, Found: 432.2407; HPLC 

conditions: Chiralcel AS-H column, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/24, tmajor = 39.45 

min; >99% ee. 

 

(2S,2'S)-2,2'-(ethane-1,2-diylbis(oxy))bis(2-(3-methoxyphenyl)but-3-en-1-ol) (4o). The crude product 

was purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide 

the title compound as a colorless oil in 86% yield (71.1 mg); HPLC
 
analysis indicated 14:1 dr; 

1
H NMR 

(500 MHz, CDCl3) δ 7.29 (dd, J = 8.0, 7.9 Hz, 2H), 7.06 (s, 2H), 7.00 (d, J = 7.8 Hz, 2H), 6.83 (dd, J = 

8.2, 2.4 Hz, 2H), 6.09 (dd, J = 17.6, 11.1 Hz, 2H), 5.43 (dd, J = 10.2, 10.2 Hz, 2H), 5.40 (dd, J = 8.0, 8.0 

Hz, 2H), 3.98 (d, J = 11.8 Hz, 2H), 3.92 (d, J = 12.0 Hz, 2H), 3.80 (s, 6H), 3.62–3.50 (m, 4H), 2.92 (dd, J 

= 6.7, 6.5 Hz, 2H); 
13

C NMR (125 MHz, CDCl3) δ 159.6, 141.7, 137.7, 129.3, 119.3, 117.8, 113.4, 112.5, 

82.30, 66.8, 63.1, 55.2; HRMS (ESI-APCI): Calcd. for C24H30O6 (M+NH4): 432.2386, Found: 432.2406; 

HPLC conditions: Chiralcel OD-H column, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/9, tminor = 

24.49 min, tmajor = 16.98 min; 98% ee. 
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(2S,2'S)-2,2'-(ethane-1,2-diylbis(oxy))bis(2-(4-methoxyphenyl)but-3-en-1-ol) (4p). The crude product 

was purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide 

the title compound as a yellow oil in 88% yield (72.6 mg); HPLC
 
analysis indicated 4:1 dr; 

1
H NMR (500 

MHz, CDCl3) δ 7.34 (d, J = 8.8 Hz, 4H), 6.89 (d, J = 8.8 Hz, 4H), 6.08 (dd, J = 17.6, 11.0 Hz, 2H), 5.40 

(dd, J = 11.0, 1.2 Hz, 2H), 5.37 (dd, J = 17.6, 1.2 Hz, 2H), 3.99 (d, J = 11.8 Hz, 2H), 3.90 (d, J = 7.8 Hz, 

2H), 3.80 (s, 6H), 3.55–3.43 (m, 4H), 2.90 (dd, J = 6.8, 6.2 Hz, 2H); 
13

C NMR (125 MHz, CDCl3) δ 159.0, 

138.3, 131.9, 128.2, 117.3, 113.7, 82.0, 66.5, 62.9, 55.2; HRMS (ESI-APCI): Calcd. for C24H30O6 

(M+NH4): 432.2386, Found: 432.2406; HPLC conditions: Chiralcel AS-H column, 220 nm, flow rate: 1 

ml/min, i-PrOH/hexanes = 1/9, tminor = 21.00 min, tmajor = 26.52 min; 96 % ee. 

 

(2S,2'S)-2,2'-(ethane-1,2-diylbis(oxy))bis(2-(4-fluorophenyl)but-3-en-1-ol) (4q). The crude product 

was purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide 

the title compound as a light yellow oil in 90% yield (70.1 mg); HPLC
 
analysis indicated 6:1 dr; 

1
H NMR 

(500 MHz, CDCl3) δ 7.43–7.40 (m, 4H), 7.05 (dd, J = 8.6, 8.4 Hz, 4H), 6.06 (dd, J = 17.6, 11.0 Hz, 2H), 

5.45 (dd, J = 11.0, 1.9 Hz, 2H), 5.37 (dd, J = 17.6, 1.2 Hz, 2H), 3.95 (d, J = 11.4 Hz, 2H), 3.92 (d, J = 

11.5 Hz, 2H), 3.59–3.48 (m, 4H), 2.88 (dd, J = 6.4, 6.4 Hz, 2H); 
13

C NMR (125 MHz, CDCl3) δ 163.1, 

161.2, 137.8, 137.7, 135.8, 128.8, 118.0, 117.9, 115.2, 115.0, 81.9, 66.4, 63.0; HRMS (ESI-APCI): Calcd. 

for C22H24F2O4 (M+NH4): 408.1986, Found: 408.2004; HPLC conditions: Lux 5u Cellulose-2, 220 nm, 

flow rate: 1 ml/min, i-PrOH/hexanes = 1/5.7, tminor = 8.80 min, tmajor = 10.76 min; 99% ee.  

 

(2S,2'S)-2,2'-(ethane-1,2-diylbis(oxy))bis(2-(4-chlorophenyl)but-3-en-1-ol) (4r). The crude product 

was purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide 

the title compound as a light yellow oil in 89% yield (75.4 mg); HPLC
 
analysis indicated 15:1 dr; 

1
H 

NMR (500 MHz, CDCl3) δ 7.39–7.36 (m, 4H), 7.35–7.32 (m, 4H), 6.05 (dd, J = 17.6, 11.0 Hz, 2H), 5.45 

(dd, J = 11.2, 1.2 Hz, 2H), 5.37 (dd, J = 17.7, 1.0 Hz, 2H), 3.94 (d, J = 12.2 Hz, 2H), 3.91 (d, J = 7.8 Hz, 
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2H), 3.60–3.49 (m, 4H), 2.86 (dd, J = 6.2, 6.2 Hz, 2H); 
13

C NMR (125 MHz, CDCl3) δ 138.6, 137.5, 

133.6, 128.5, 128.4, 118.2, 81.9, 66.4, 63.0; HRMS (ESI-APCI): Calcd. for C22H24Cl2O4 (M+Na): 

445.0949, Found: 445.0942; HPLC conditions: Lux 5u Cellulose-2, 220 nm, flow rate: 1 ml/min, i-

PrOH/hexanes = 1/19, tminor = 35.17 min, tmajor = 43.81 min; 99% ee. 

 

(2S,2'S)-2,2'-(ethane-1,2-diylbis(oxy))bis(2-(4-bromophenyl)but-3-en-1-ol) (4s). The crude product 

was purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide 

the title compound as a light yellow oil in 85% yield (86.8 mg); HPLC
 
analysis indicated 13:1 dr; 

1
H 

NMR (500 MHz, CDCl3) δ 7.49 (d, J = 8.6 Hz, 4H), 7.31 (d, J = 8.6 Hz, 4H), 6.05 (dd, J = 17.6, 11.0 Hz, 

2H), 5.45 (dd, J = 11.0, 1.1 Hz, 2H), 5.37 (dd, J = 17.7, 1.0 Hz, 2H), 3.94 (d, J = 11.5 Hz, 2H), 3.91 (d, J 

= 8.8 Hz, 2H), 3.57–3.49 (m, 4H), 2.81 (dd, J = 6.4, 6.2 Hz, 2H); 
13

C NMR (125 MHz, CDCl3) δ 139.2, 

137.5, 131.5, 128.8, 121.8, 118.2, 82.0, 66.4, 63.0; HRMS (ESI-APCI): Calcd. for C22H24Br2O4 (M+NH4): 

530.0385, Found: 530.0380; HPLC conditions: Chiralcel OJ-H column, 220 nm, flow rate: 1 ml/min, i-

PrOH/hexanes = 1/9, tmajor = 15.53 min, tminor = 21.11 min; 99% ee. 

 

(2S,2'S)-2,2'-(ethane-1,2-diylbis(oxy))bis(2-(benzo[d][1,3]dioxol-5-yl)but-3-en-1-ol) (4t). The crude 

product was purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to 

provide the title compound as a yellow oil in 83% yield (73.2 mg); HPLC
 
analysis indicated 3:1 dr; 

1
H 

NMR (500 MHz, CDCl3) δ 6.97 (d, J = 1.7 Hz, 2H), 6.90–6.86 (m, 2H), 6.79 (d, J = 8.1 Hz, 2H), 6.06 (dd, 

J = 17.6, 11.0 Hz, 2H), 5.96 (s, 4H), 5.43 (dd, J = 7.9, 1.2 Hz, 2H), 5.40 (dd, J = 13.4, 1.6 Hz, 2H), 3.92 

(d, J = 9.0 Hz, 2H), 3.88 (d, J = 12.0 Hz, 2H), 3.57–3.3.46 (m, 4H), 2.88 (bs, 4H); 
13

C NMR (125 MHz, 

CDCl3) δ 147.8, 147.0, 138.0, 133.9, 120.3, 117.6, 107.9, 101.0, 82.0, 66.6, 66.5, 62.9; HRMS (ESI-

APCI): Calcd. for C24H26O8 (M+NH4): 460.1971, Found: 460.1980; HPLC conditions: Lux 5u Cellulose-

2, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/4, tminor = 19.20 min, tmajor = 29.27 min; 93% ee. 
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(2S,2'S)-2,2'-(ethane-1,2-diylbis(oxy))bis(2-(3,4-dichlorophenyl)but-3-en-1-ol) (4u). The crude 

product was purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to 

provide the title compound as a colorless oil in 88% yield (86.2 mg); HPLC
 
analysis indicated 3:1 dr; 

1
H 

NMR (500 MHz, CDCl3) δ 7.58 (s, 2H), 7.45–7.43 (m, 2H), 7.30–7.26 (m, 2H), 6.03 (dd, J = 16.8, 11.0 

Hz, 2H), 5.50 (dd, J = 11.0, 11 Hz, 2H), 5.39 (dd, J = 17.8, 3.8 Hz, 2H), 3.93 (d, J = 8.6 Hz, 2H), 3.87 (d, 

J = 11.7 Hz, 2H), 3.63–3.51 (m, 4H), 2.82 (bs, 2H); 
13

C NMR (125 MHz, CDCl3) δ 140.7, 136.8, 132.6, 

131.8, 130.3, 129.2, 126.5, 119.0, 81.7, 66.5, 63.1; HRMS (ESI-APCI): Calcd. for C22H22Cl4O4 (M+NH4): 

510.0616, Found: 510.0615; HPLC conditions: Chiralcel AD-H column, 220 nm, flow rate: 1 ml/min, i-

PrOH/hexanes = 1/5.7, tminor = 10.40 min, tmajor = 11.32 min; 95% ee. 

 

(2S,2'S)-2,2'-(ethane-1,2-diylbis(oxy))bis(2-(naphthalen-2-yl)but-3-en-1-ol) (4v). The crude product 

was purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide 

the title compound as a light yellow oil in 86% yield (78.2 mg); HPLC
 
analysis indicated 6:1 dr; 

1
H NMR 

(500 MHz, CDCl3) δ 7.92–7.90 (m, 2H), 7.85–7.82 (m, 6H), 7.57–7.55 (m, 2H), 7.50–7.47 (m, 4H), 6.22 

(dd, J = 17.6, 11.0 Hz, 2H), 5.49 (dd, J = 6.5, 1.2 Hz, 2H), 5.46 (dd, J = 13.0, 1.2 Hz, 2H), 4.15 (d, J = 

11.8 Hz, 2H), 4.06 (d, J = 11.6 Hz, 2H), 3.65–3.56 (m, 4H), 3.04 (bs, 2H); 
13

C NMR (125 MHz, CDCl3) δ 

138.0, 137.4, 133.0, 132.8, 128.2, 128.1, 127.5, 126.2, 126.1, 126.0, 125.0, 117.9, 82.5, 66.5, 63.2; 

HRMS (ESI-APCI): Calcd. for C30H30O4 (M+NH4): 472.2488, Found: 472.2499; HPLC conditions: Lux 

5u Cellulose-2, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/9, tminor = 23.76 min, tmajor = 39.04 min; 

98% ee. 
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(2S,2'S)-2,2'-(ethane-1,2-diylbis(oxy))bis(2-(thiophen-3-yl)but-3-en-1-ol) (4w). The crude product was 

purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the 

title compound as a yellow oil in 89% yield (65.3 mg); HPLC
 
analysis indicated 2:1 dr; 

1
H NMR (500 

MHz, CDCl3) δ 7.32–7.30 (m, 2H), 7.28–7.27 (m, 2H), 7.08 (dd, J = 5.0, 1.2 Hz, 2H), 6.09 (dd, J = 17.4, 

11.0 Hz, 2H), 5.41 (dd, J = 8.5, 3.0 Hz, 2H), 5.38 (dd, J = 11.8, 1.8 Hz, 2H), 3.98 (d, J = 11.6 Hz, 2H), 

3.86 (d, J = 6.8 Hz, 2H), 3.54–3.40 (m, 4H), 2.90 (dd, J = 7.6, 6.7 Hz, 2H); 
13

C NMR (125 MHz, CDCl3) 

δ 141.4, 137.8, 126.9, 125.8, 122.8, 117.4, 80.8, 66.7, 63.2; HRMS (ESI-APCI): Calcd. for C18H22O4S2 

(M+NH4): 384.1303, Found: 384.1319; HPLC conditions: Lux 5u Cellulose-2, 220 nm, flow rate: 1 

ml/min, i-PrOH/hexanes = 1/4, tminor = 9.55 min, tmajor = 17.62 min; 93% ee. 

 

(2R,2'R)-2,2'-((1,3-phenylenebis(methylene))bis(oxy))bis(2-methylbut-3-en-1-ol) (4x). The crude 

product was purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to 

provide the title compound as a yellow oil in 89% yield (54.5 mg); HPLC
 
analysis indicated 2:1 dr; 

1
H 

NMR (400 MHz, CDCl3) δ 7.34‒7.29 (m, 2H), 7.25‒7.23 (m, 2H), 5.92 (dd, J = 17.5, 11.1 Hz, 2H), 5.35 

(dd, J = 5.1, 1.2 2H), 5.32 (dd, J = 11.6, 1.4 Hz, 2H), 4.41 (s, 4H), 3.57 (d, J = 11.0, Hz, 2H), 3.50 (d, J = 

11.0 Hz, 2H), 2.13 (dd, J = 6.7, 6.4 Hz, 2H), 1.39 (s, 6H); 
13

C NMR (126 MHz, CDCl3) δ 139.7, 139.2, 

128.4, 126.6, 126.5, 117.2, 78.5, 69.5, 64.8, 18.6; HRMS (ESI-MS): Calcd. for C18H26O4 (M+Na): 

329.1729, Found: 329.1725; HPLC conditions: Lux 5u Cellulose-2, 220 nm, flow rate: 1 ml/min, i-

PrOH/hexanes = 1/9, tmajor = 12.67 min, tminor = 15.33 min; 84% ee. 

 

(2S,2'S)-2,2'-((pyridine-2,6-diylbis(methylene))bis(oxy))bis(2-(4-bromophenyl)but-3-en-1-ol) (4y). 

The crude product was purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on 

silica gel to provide the title compound as a yellow oil in 84% yield (98.1 mg); HPLC
 
analysis indicated 

9:1 dr; 
1
H NMR (500 MHz, CDCl3) δ 7.65 (t, J = 7.6 Hz, 1H), 7.47 (d, J = 8.6 Hz, 4H), 7.34 (d, J = 8.6 

Hz, 4H), 7.14 (d, J = 7.7 Hz, 2H), 6.28 (bs, 2H), 6.14 (dd, J = 17.7, 11.0 Hz, 2H), 5.43 (dd, J = 11.0, 1.2 

Hz, 2H), 5.34 (dd, J = 17.7, 1.1 Hz, 2H), 4.63 (d, J = 13.7 Hz, 2H), 4.48 (d, J = 13.7 Hz, 2H), 4.04‒3.92 

(m, 4H); 
13

C NMR (125 MHz, CDCl3) δ 158.1, 139.7, 137.7, 137.6, 131.3, 128.9, 121.5, 120.6, 118.3, 
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83.5, 66.5, 65.9; HRMS (ESI-MS): Calcd. for C27H27Br2NO4 (M+H): 588.0385, Found: 588.0379; HPLC 

conditions: Lux 5u Cellulose-2, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/9, tminor = 33.24 min, 

tmajor = 53.50 min; 97% ee. 

 

(2S,2'S)-2,2'-((pyridine-2,6-diylbis(methylene))bis(oxy))bis(2-(naphthalen-2-yl)but-3-en-1-ol) (4z). 

The crude product was purified by flash column chromatography (1:10 of EtOAc:Petroleum ether) on 

silica gel to provide the title compound as a colorless oil in 81% yield (86.4 mg); HPLC
 
analysis indicated 

7:1 dr; 
1
H NMR (500 MHz, CDCl3) δ 7.92 (s, 2H), 7.85‒7.80 (m, 6H), 7.64 (t, J = 7.7 Hz, 1H), 7.60 (dd, 

J = 8.6, 2.0 Hz, 2H), 7.49‒7.45 (m, 4H), 7.14 (d, J = 7.7 Hz, 2H), 6.29 (dd, J = 17.6, 11.0 Hz, 2H), 6.23 

(bs, 2H), 5.45 (dd, J = 11.0, 1.4 Hz, 2H), 5.40 (d, J = 17.6, 1.4 Hz, 2H), 4.65 (d, J = 13.8 Hz, 2H), 4.55 (d, 

J = 13.8 Hz, 2H), 4.22 (d, J = 12.1 Hz, 2H), 4.11 (d, J = 12.2 Hz, 2H); 
13

C NMR (125 MHz, CDCl3) δ 

158.4, 138.2, 138.0, 137.6, 133.0, 132.7, 128.2, 128.0, 127.5, 126.1, 126.0, 126.0, 125.3, 120.5, 117.9, 

84.0, 66.7, 66.1; HRMS (ESI-MS): Calcd. for C35H33NO4 (M+H): 532.248, Found: 532.2496; HPLC 

conditions: Lux 5u Cellulose-2, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 2/8, tmajor = 18.97 min, 

tminor = 28.59 min; 99% ee. 

Procedure for 1.0 mmol scale mono-etherification of Ph-VEC 1a with ethylene glycol 2a 

 

To an oven dried 25 mL Schlenk flask equipped with a magnetic stir bar, Pd2(dba)3∙CHCl3 (26 mg, 0.025 

mmol, 2.5 mol%), Zhou’s ligand (R)-L1 (38 mg, 0.1 mmol, 10 mol%), and VEC 1a (190 mg, 1.0 mmol, 

1.0 equiv.) were added. The reaction tube was sealed with rubber-septum, then evacuated and backfilled 

with nitrogen (this process was repeated a total of three times). Et3B (50 μL of 1 M solution in THF, 0.05 

mmol, 5 mol%), ethylene glycol 2 (111.5 μL, 2 mmol, 2.0 equiv.), and anhydrous MTBE (8 mL) were 

added sequentially via syringe. The resulting mixture was stirred at 20 ºC for 16 h. The solvent was 

removed by rotary evaporation under vacuum. The crude product was purified by flash column 

chromatography on silica gel to afford the diol 3a in 92% yield (191.5 mg) and 91% ee.  
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Procedure for 1.0 mmol scale di-etherification of Ph-VEC with ethylene glycol 2a 

 

To an oven dried 25 mL Schlenk flask equipped with a magnetic stir bar, Pd2(dba)3∙CHCl3 (31 mg, 0.03 

mmol, 3 mol%), Zhou’s ligand (R)-L1 (45.5 mg, 0.12 mmol, 12 mol%), and VEC 1a (418 mg, 2.2 mmol, 

2.2 equiv.) were added. The reaction tube was sealed with rubber-septum, then evacuated and backfilled 

with nitrogen (this process was repeated a total of three times). Et3B (50 μL of 1 M solution in THF, 0.05 

mmol, 5 mol%), ethylene glycol 2 (56 μL, 1.0 mmol, 1.0 equiv.), and anhydrous MTBE (8 mL) were 

added sequentially via syringe. The resulting mixture was stirred at 20 ºC for 36 h. The solvent was 

removed by rotary evaporation under vacuum. The crude product was purified by flash column 

chromatography on silica gel to afford the diol 4a in 88% yield (311.7 mg) and 97% ee (6:1 dr). 

General procedure for the elaboration of mono-etherified product 3 to crown ethers 5 

 

 

(S)-2-phenyl-2-vinyl-1,4-dioxane (5a): A solution of toluene sulfonyl chloride (137 mg, 0.721 mmol, 1.0 

equiv) in CH2Cl2 (5 mL) was added slowly to a stirred solution of (S)-2-(2-hydroxyethoxy)-2-phenylbut-

3-en-1-ol (3a) (150 mg, 0.721 mmol, 1.0 equiv) and followed by the addition of triethylamine (80.0 mg, 

0.793 mmol, 1.1 equiv) in CH2Cl2 (10 mL) at room temperature. The reaction was stirred at room 

temperature for 24 h. The reaction mixture was then quenched with saturated aqueous NH4Cl, and 

extracted with CH2Cl2. The combined organic layers were dried over anhydrous Na2SO4, filtered and 

concentrated under vacuum to afford yellow oil. The oil was dissolved in anhydrous DMSO (2 mL) and 

sodium hydride (39.8 mg, 1.657 mmol, 2.0 equiv) was added in batches at room temperature. The 

reaction mixture was then heated to 40 °C and the progress of reaction was monitored by TLC. The 

organic layer was extracted with ethyl acetate and washed with sat. NaHCO3 (2 x 1 mL), H2O (3 x 2 mL) 

and dried over anhydrous Na2SO4, filtered and the solvent was removed. The crude product was purified 
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by flash column chromatography (1:10 of EtOAc:Petroleum ether) on silica gel to provide the title 

compound (5a) as a colorless oil in 94% yield (88.8 mg). [α]
25

D = -6.711 (c = 0.38, CHCl3); 
1
H NMR (500 

MHz, CDCl3) δ 7.46‒7.44 (m, 2H), 7.38‒7.34 (m, 2H), 7.29‒7.26 (m, 1H), 5.87 (dd, J = 17.6, 11.0 Hz, 

1H), 5.37 (dd, J = 11, 1.2 Hz, 1H), 5.34 (dd, J = 17.8, 1.2 Hz, 1H), 3.93 (s, 2H), 3.90‒3.86 (m, 1H), 3.78‒

3.74 (m, 1H), 3.72‒3.66 (m, 2H); 
13

C NMR (125 MHz, CDCl3) δ 141.3, 139.5, 128.3, 128.2, 127.4, 126.5, 

117.4, 71.9, 66.9, 61.6; HRMS (ESI-MS): Calcd. for C12H14O2 (M+H): 191.1072, Found: 191.1073; 

HPLC conditions: Chiralcel AS-H column, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/19, tminor = 

4.02 min, tmajor = 5.08 min; 89% ee. 

 

(S)-2-phenyl-2-vinyl-1,4,7-trioxonane (5d). The crude product was purified by flash column 

chromatography (1:9 of EtOAc:Petroleum ether) on silica gel to provide the title compound as a colorless 

oil in 33% yield (16.7 mg). [α]
25

D = +4.484 (c = 0.49, CHCl3); 
1
H NMR (500 MHz, CDCl3) δ 7.46–7.44 

(m, 2H), 7.36–7.33 (m, 2H), 7.27–7.24 (m, 1H), 5.93 (dd, J = 17.5, 11.0 Hz, 1H), 5.28 (dd, J = 7.3, 1.3 

Hz, 1H), 5.26 (dd, J = 13.6, 1.2 Hz, 1H), 4.23 (d, J = 12.0 Hz, 1H), 4.19 (d, J = 11.7 Hz, 1H), 3.90–3.70 

(m, 8H); 
13

C NMR (125 MHz, CDCl3) δ 141.8, 140.5, 128.1, 127.2, 126.9, 116.1, 82.8, 77.3, 73.4, 73.2, 

72.6, 66.5; HRMS (ESI-MS): Calcd. for C14H18O3 (M+NH4): 252.1600, Found: 252.1610; HPLC 

conditions: Chiralcel AS-H column, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/9, tmajor = 11.05 

min, tminor = 12.18 min; 95% ee. 

 

(S)-2-phenyl-2-vinyl-1,4,7,10-tetraoxacyclododecane (5e). The crude product was purified by flash 

column chromatography (2:10 of EtOAc:Petroleum ether) on silica gel to provide the title compound as a 

yellow oil in 71% yield (29.3 mg). [α]
25

D = -7.523 (c = 0.60, CHCl3); 
1
H NMR (500 MHz, CDCl3) δ 7.43–

7.41 (m, 2H), 7.35–7.32 (m, 2H), 7.27–7.24 (m, 1H), 6.05 (dd, J = 17.6, 11.0 Hz, 1H), 5.30 (dd, J = 10.9, 

1.2 Hz, 1H), 5.25 (dd, J = 17.6, 1.2 Hz, 1H), 4.01 (d, J = 10.1 Hz, 1H), 3.92 (d, J = 10.1 Hz, 1H), 3.83 (t, 

J = 4.5 Hz, 2H), 3.78–3.58 (m, 10H); 
13

C NMR (125 MHz, CDCl3) δ 141.4, 140.0, 128.0, 127.2, 126.9, 

116.2, 81.5, 74.3, 71.7, 71.4, 70.8, 70.7, 70.6, 64.7; HRMS (ESI-MS): Calcd. for C16H22O4 (M+Na): 

301.1416, Found: 301.1426; HPLC conditions: Chiralcel AS-H column, 220 nm, flow rate: 1 ml/min, i-

PrOH/hexanes = 1/9, tminor = 9.96 min, tmajor = 11.17 min; 96% ee. 
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(S)-2-phenyl-7-tosyl-2-vinyl-1,4,7-dioxazonane (5f). The crude product was purified by flash column 

chromatography (1:9 of EtOAc:Petroleum ether) on silica gel to provide the title compound as a yellow 

oil in 77% yield (36.5 mg). [α]
25

D = +58.629 (c = 0.65, CHCl3); 
1
H NMR (500 MHz, CDCl3) δ 7.61 (d, J 

= 8.3 Hz, 2H), 7.32–7.27 (m, 4H), 7.24–7.20 (m, 3H), 6.03 (dd, J = 17.7.0, 11.0 Hz, 1H), 5.42 (dd, J = 

11.0, 1.2 Hz, 1H), 5.31 (dd, J = 17.6, 1.2  Hz, 1H), 3.82 (d, J = 11.8 Hz, 1H), 3.76 (d, J = 11.8 Hz, 1H), 

3.74 (t, J = 4.05 Hz, 1H), 3.54–3.50 (m, 1H), 3.49–3.45 (m, 1H), 3.27–3.24 (m, 2H), 3.22–3.20 (m, 2H), 

2.35 (s, 3H); 
13

C NMR (125 MHz, CDCl3) δ 143.8, 139.6, 136.7, 136.0, 132.5, 129.8, 128.3, 127.7, 127.0, 

126.9, 118.6, 92.7, 82.4, 67.7, 60.0, 44.7, 21.5; HRMS (ESI-MS): Calcd. for C21H25NO4S (M+Na): 

410.1402, Found: 410.1430; HPLC conditions: Chiralcel AD-H column, 220 nm, flow rate: 1 ml/min, i-

PrOH/hexanes = 1/19, tminor = 21.74 min, tmajor = 25.77 min; 91% ee. 

 

(S)-1,2-((Pyridine-2,6-diyl)dimethoxy)-2-phenylbut-3-en (3l). The crude product was purified by flash 

column chromatography (2:8 of EtOAc:Petroleum ether) on silica gel to provide the title compound as a 

white solid in 91% yield (55.4 mg). [α]
25

D = +7.750 (c = 0.50, CHCl3); mp. 187-189 ºC; 
1
H NMR (500 

MHz, CDCl3) δ 7.65 (dd, J = 7.7, 7.6 Hz, 1H), 7.59 (d, J = 7.7 Hz, 1H), 7.56‒7.53 (m, 2H), 7.38‒7.33 (m, 

2H), 7.29‒7.25 (m, 1H), 7.05 (d, J = 7.4, 1H), 6.05 (dd, J = 17, 10.8 Hz, 1H), 5.40 (dd, J = 17.6, 5.8 Hz, 

1H), 5.34 (dd, J = 10.9, 5.4 Hz, 1H), 4.80 (d, J = 7.8 Hz, 1H), 4.76 (d, J = 9.4 Hz, 1H), 4.30‒4.23 (m, 2H), 

3.95 (s, 2H); 
13

C NMR (125 MHz, CDCl3) δ 160.5, 156.4, 141.7, 140.2, 136.7, 128.1, 127.3, 126.8, 119.7, 

118.6, 116.0, 81.7, 73.4, 73.3, 67.1; HRMS (ESI-MS): Calcd. for C17H17NO2 (M+H): 268.1338, Found: 

268.1337; HPLC conditions: Chiralcel AS-H column, 220 nm, flow rate: 1 ml/min, i-PrOH/hexanes = 1/4, 

tmajor = 19.47 min, tminor = 23.42 min; 94% ee. 
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General procedure for the synthesis of Aza-18-crown-6 from Bis-etherified products 4 

 

 
(4R,12R)-4,12-diphenyl-4,12-divinyl-3,6,10,13-tetraoxa-1,8(2,6)-dipyridinacyclotetradecaphane (7l): 

The compound 4l (43.1 mg, 0.1 mmol, 1.0 equiv.) was dissolved in anhydrous THF (2 mL) and t-BuOK 

(33.7 mg, 0.3 mmol, 3.0 equiv) was added in batches at 0 °C. The reaction mixture was stirred at room 

temperature for 30 minutes and then a solution of compound 6 (44.7 mg, 0.1 mmol, 1.0 equiv) in THF 

was slowly added to the stirred solution and the progress of reaction was monitored by TLC. The mixture 

was quenched with saturated aqueous NH4Cl and the organic layer was extracted with ethyl acetate. The 

combined organic layer was dried over anhydrous Na2SO4, filtered and the solvent was removed. The 

crude product was purified by flash column chromatography (1:9 of EtOAc:Petroleum ether) on silica gel 

to provide the title compound (7l) as a white solid in 69% yield (36.9 mg); mp. 112-114 ºC; 
1
H NMR 

(500 MHz, CDCl3) δ 7.65 (t, J = 7.8 Hz, 1H), 7.57 (t, J = 7.6 Hz, 1H), 7.55‒7.52 (m, 4H), 7.42 (d, J = 7.7 

Hz, 2H), 7.38‒7.34 (m, 4H), 7.29‒7.26 (m, 2H), 7.16 (d, J = 7.6 Hz, 2H), 6.11 (dd, J = 17.6, 10.9 Hz, 2H), 

5.40 (dd, J = 17.6, 1.4 Hz, 2H), 5.36 (dd, J = 11.0, 1.4 Hz, 2H), 4.51 (d, J = 13.2 Hz, 2H), 4.45‒4.38 (m, 

4H), 4.34 (d, J = 13.9 Hz, 2H), 4.04‒3.92 (m, 4H); 
13

C NMR (125 MHz, CDCl3) δ 158.9, 157.7, 141.2, 

139.5, 136.7, 136.6, 128.0, 127.3, 127.0, 120.6, 118.6, 116.5, 82.2, 73.9, 73.4, 66.9; HRMS (ESI-MS): 

Calcd. for C34H34N2O4 (M+H): 535.2597, Found: 535.2605. 
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(4R,12R)-4,12-bis(4-bromophenyl)-4,12-divinyl-3,6,10,13-tetraoxa-1,8(2,6)-

dipyridinacyclotetradecaphane (7y). The crude product was purified by flash column chromatography 

(1:10 of EtOAc:Petroleum ether) on silica gel to provide the title compound as a white solid in 55% yield 

(38.1 mg); mp. 147-149 ºC; 
1
H NMR (500 MHz, CDCl3) δ 7.65 (t, J = 7.7 Hz, 1H), 7.59 (t, J = 7.7 Hz, 

1H), 7.49 (d, J = 8.6 Hz, 4H), 7.43 (d, J = 8.6 Hz, 4H), 7.37 (d, J = 7.7 Hz, 2H), 7.12 (d, J = 7.6 Hz, 2H), 

6.04 (dd, J = 17.1, 11.5 Hz, 2H), 5.40 (d, J = 10.1 Hz, 2H), 5.34 (dd, J = 7.0, 1.2 Hz, 2H), 4.54 (d, J = 

13.1 Hz, 2H), 4.44 (d, J = 13.8 Hz, 2H), 4.37‒4.30 (m, 4H), 3.98‒3.93 (m, 4H); 
13

C NMR (125 MHz, 

CDCl3) δ 158.6, 157.6, 140.5, 139.0, 136.8, 136.8, 131.2, 129.0, 121.4, 120.7, 118.8, 117.0, 81.9, 73.9, 

73.0, 66.9; HRMS (ESI-MS): Calcd. for C34H32Br2N2O4 (M+H): 691.0807, Found: 691.0816.  

 

(4R,12R)-4,12-di(naphthalen-2-yl)-4,12-divinyl-3,6,10,13-tetraoxa-1,8(2,6)-

dipyridinacyclotetradecaphane (7z). The crude product was purified by flash column chromatography 

(1:15 of EtOAc:Petroleum ether) on silica gel to provide the title compound as a white solid in 52% yield 

(33.3 mg); mp. 123-125 ºC; 
1
H NMR (500 MHz, CDCl3) δ 7.99 (s, 2H), 7.86‒7.80 (m, 6H), 7.69‒7.64 (m, 

3H), 7.54 (t, J = 7.6 Hz, 1H), 7.49‒7.45 (m, 6H), 7.15 (d, J = 7.7 Hz, 2H), 6.18 (dd, J = 17.6, 10.8 Hz, 

2H), 5.69 (dd, J = 17.6, 1.3 Hz, 2H), 5.40 (dd, J = 11.0, 1.3 Hz, 2H), 4.58 (d, J = 13.2 Hz, 2H), 4.51‒4.44 

(m, 4H), 4.39 (d, J = 13.8 Hz, 2H), 4.16‒4.07 (m, 4H); 
13

C NMR (125 MHz, CDCl3) δ 158.8, 157.7, 

139.4, 138.7, 136.8, 133.0, 132.7, 128.2, 127.7, 127.5, 126.0, 125.9, 125.8, 125.3, 120.7, 118.8, 116.8, 

114.0, 82.4, 74.0, 73.5, 67.0; HRMS (ESI-MS): Calcd. for C42H38N2O4 (M+H): 635.2910, Found: 

635.2913.  

Procedure for enantiomeric recognition of (±)-alanine methyl ester HCl salt 8 

Each samples were made by mixing a solution (10 mM) of 8 in CD3OD (0.2 mL) and a solution of a host 

compound in CD3OD (0.4 mL) with different concentrations, and were assessed by 
1
H NMR at 500 MHz. 

Differences in the chemical shifts between the enantiomers were then recorded. All chemical shift values 

were referenced to the internal tetramethylsilane. 
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Table S2. Enantiomeric Discrimination of Racemic Alanine Methyl Ester HCl Salt 8 (10 mM) by 
1
H 

NMR Study 

Compound Concentration  

(mM) 

 Guest 8 proton  

CH (ΔΔ𝛿, ppm) CH3 (ΔΔ𝛿, ppm) OCH3 (ΔΔ𝛿, ppm) 

4a 5 overlap overlap overlap 

10 overlap overlap overlap 

15 overlap overlap overlap 

20 overlap overlap overlap 

4d 5 overlap overlap overlap 

10 0.0027 0.0028 overlap 

15 0.0030 overlap overlap 

20 0.0032 overlap overlap 

4e 5 overlap overlap overlap 

10 overlap overlap overlap 

15 overlap overlap overlap 

20 overlap overlap overlap 

4l 5 overlap overlap overlap 

10 overlap overlap overlap 

15 overlap overlap overlap 

20 overlap overlap overlap 

7l 5 overlap 0.0038 overlap 

10 0.0029 0.0078 0.0028 

15 0.0045 0.0126 0.0046 

20 0.0060 0.0151 0.0059 

ΔΔ𝛿 (ppm) = [Δ𝛿R
 – Δ𝛿S

], Δ𝛿 = (Chemical shift values of the protons in the presence of chiral host compound)-

(chemical shift values of the protons in the absence of chiral host compound). 

X-rays crystallography of 4a (CCDC1956162) 

A single crystal of 4a was obtained from THF/n-Hexane solvent at room temperature. Diffraction data 

were collected on Bruker SMART Apex-Ⅲ CMOS-Based X-ray diffractometer with Cu-Kα. Radiation (λ 

= 1.54178). The empirical absorption correction was applied by using the SADABS program. The 
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structure was solved using direct method, and refined by full matrix least-squares on F
2
 (G.M Sheldrick, 

SHELXTL2014, program of crystal structure refinement, University of Göttingen, Germany). 

Table S3.  Crystal data and structure refinement for 4a.  

Identification code                 4a 

Empirical formula                   C22H28O5  

Formula weight                      372.44  

Temperature                         298(2) K  

Wavelength                          1.54178 A  

Crystal system, space group         Monoclinic,  P2(1)  

Unit cell dimensions                a = 9.2956(4) A   alpha = 90 deg.  

  b = 7.3388(3) A    beta = 100.612(2) deg.  

c = 14.8128(7) A   gamma = 90 deg.  

Volume                              993.22(8) A^3  

Z, Calculated density               2,  1.245 Mg/m^3  

Absorption coefficient              0.708 mm^-1  

F(000)                              400  

Crystal size                        0.240 x 0.220 x 0.200 mm  

Theta range for data collection     3.035 to 68.184 deg.  

Limiting indices                    -11<=h<=11, -8<=k<=8, -17<=l<=17  

Reflections collected / unique      13936 / 3602 [R(int) = 0.0384]  

Completeness to theta = 67.679     99.7 %  

Refinement method                   Full-matrix least-squares on F^2  

Data / restraints / parameters      3602 / 1 / 258  

Goodness-of-fit on F^2              1.075  

Final R indices [I>2sigma(I)]       R1 = 0.0330, wR2 = 0.0857  

R indices (all data)                R1 = 0.0351, wR2 = 0.0878  

Absolute structure parameter       0.23(8)  

Extinction coefficient              n/a  

Largest diff. peak and hole         0.107 and -0.148 e.A^-3 
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Figure S1: Molecular structure of 4a 

X-rays crystallography of 7l (CCDC1956163) 

A single crystal of 7l was obtained from ethanol solvent at room temperature. Diffraction data were 

collected on Bruker SMART Apex-Ⅲ CMOS-Based X-ray diffractometer with Cu-Kα. Radiation (λ = 

1.54178). The empirical absorption correction was applied by using the SADABS program. The structure 

was solved using direct method, and refined by full matrix least-squares on F
2
 (G.M Sheldrick, 

SHELXTL2014, program of crystal structure refinement, University of Göttingen, Germany). 

Table S4.  Crystal data and structure refinement for 7l.  

Identification code   7l 

Empirical formula   C34H34N2O4  

Formula weight    534.63  

Temperature    297(2) K  

Wavelength    1.54178 A  

Crystal system, space group  Orthorhombic, P2(1)2(1)2  

Unit cell dimensions   a = 18.5611(9) A  alpha = 90 deg.  

                                   b = 24.3398(11) A  beta = 90 deg.  

                                        c = 6.3720(3) A   gamma = 90 deg.  

Volume     2878.7(2) A^3 

Z, Calculated density   4, 1.234 Mg/ m^3 
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Absorption coefficient   0.645 mm^-1  

 F(000)     1136  

Crystal size    0.180 x 0.160 x 0.150 mm  

Theta range for data collection     2.994 to 68.395 deg.  

Limiting indices   -22<=h<=22, -29<=k<=29, -7<=l<=7 

Reflections collected / unique      21263 / 5284 [R(int) = 0.0706]  

Completeness to theta = 67.679     99.9 %  

Refinement method                   Full-matrix least-squares on F^2  

Data / restraints / parameters      5284 / 0 / 362  

Goodness-of-fit on F^2              1.052  

Final R indices [I>2sigma(I)]       R1 = 0.0572, wR2 = 0.1618  

R indices (all data)                R1 = 0.0850, wR2 = 0.1937  

Absolute structure parameter       0.1(2)  

Extinction coefficient              0.0022(6)  

Largest diff. peak and hole         0.324 and -0.169 e.A^-3 

 

Figure S2: Molecular structure of 7l 
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Enantiomeric NMR discrimination of (±)-alanine methyl ester HCl salt 8 by chiral 

compounds 4d and 7l 

 

 

Figure S3: 
1
H NMR (500 MHz, CD3OD) of (±)-alanine methyl ester HCl salt 8. 
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Figure S4: 
1
H NMR spectrum (500 MHz) of (±)-8 (10 Mm) and chiral crown ether 7l (10 Mm) in 

CD3OD (1/2). 

 

Figure S5. Partial 
1
H NMR spectrum (500 MHz) of (±)-8 (10 mM) with 7l at (a) 0 mM, (b) 5.0 mM, (c) 

10 mM, (d) 15 mM, (e) 20 mM in CD3OD (1/2). 
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Figure S6. Partial 

1
H NMR spectrum (500 MHz) of (±)-8 (10 mM) with 7l at (a) 0 mM, (b) 5.0 mM, (c) 

10 mM, (d) 15 mM, (e) 20 mM in CD3OD (1/2). 

 

 

Figure S7. Partial 
1
H NMR spectrum (500 MHz) of (±)-8 (10 mM) with 7l at (a) 0 mM, (b) 5.0 mM, (c) 

10 mM, (d) 15 mM, (e) 20 mM in CD3OD (1/2). 
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Figure S8: 
1
H NMR spectrum (500 MHz) of (±)-8 (10 Mm) and chiral compound 4d (10 Mm) in CD3OD 

(1/2). 

 

Figure S9. Partial 
1
H NMR spectrum (500 MHz) of (+/-)-8 (10 mM) with 4a at (a) 0 mM, (b) 5.0 mM, (c) 

10 mM, (d) 15 mM, (e) 20 mM in CD3OD (1/2). 
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Figure S10. Partial 
1
H NMR spectrum (500 MHz) of (+/-)-8 (10 mM) with 4d at (a) 0 mM, (b) 5.0 mM, 

(c) 10 mM, (d) 15 mM, (e) 20 mM in CD3OD (1/2). 

 

 

Figure S11. Partial 
1
H NMR spectrum (500 MHz) of (+/-)-8 (10 mM) with 4d at (a) 0 mM, (b) 5.0 mM, 

(c) 10 mM, (d) 15 mM, (e) 20 mM in CD3OD (1/2). 
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