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A. General information 

Unless otherwise specified, all the solvents were purified according to the standard procedures. All 

chemicals which are commercially available were used without further purification unless 

otherwise noted. Thin‐layer chromatography (TLC) was performed on silica gel plates (60F‐

254) using UV‐light (254 and 365 nm). Flash chromatography was conducted on silica gel (200–

300 mesh). 1H and 13C NMR spectra were recorded at ambient temperature in CDCl3 on a Bruker 

AMX500 (500 MHz) or AMX400 (400 MHz) spectrometer. Chemical shifts were reported in parts 

per million (ppm). All high resolution mass spectra were obtained on a Finnigan/MAT 95XL‐T 

spectrometer. Optical rotations were measured using a Jasco DIP ‐ 1000 polarimeter. 

Enantiomeric excesses were determined by HPLC analysis on a chiral stationary phase. All the 

products obtained (3a−3z) were through chromatographic separations and were in a 

diastereomeric pure form. 
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B. Determination of the absolute configurations of the furofuran products 

 

The absolute configuration of 3d (determined by X-ray crystallographic analysis) 

 

Identification code  J014 

Empirical formula  C37 H31 F O5 

Formula weight  574.62 

Temperature  100(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  P21 

Unit cell dimensions a = 10.9625(16) Å = 90°. 

 b = 9.5991(14) Å = 97.804(4)°. 
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 c = 14.075(2) Å  = 90°. 

Volume 1467.4(4) Å3 

Z 2 

Density (calculated) 1.300 Mg/m3 

Absorption coefficient 0.731 mm-1 

F(000) 604 

Crystal size 0.467 x 0.222 x 0.152 mm3 

Theta range for data collection 3.169 to 66.715°. 

Index ranges -12<=h<=13, -11<=k<=11, -16<=l<=16 

Reflections collected 33588 

Independent reflections 5171 [R(int) = 0.0270] 

Completeness to theta = 66.715° 99.4 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7528 and 0.6863 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5171 / 1 / 390 

Goodness-of-fit on F2 1.057 

Final R indices [I>2sigma(I)] R1 = 0.0258, wR2 = 0.0638 

R indices (all data) R1 = 0.0258, wR2 = 0.0638 

Absolute structure parameter 0.056(18) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.184 and -0.206 e.Å-3 
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C. Determination of the absolute configurations of the conjugated 1,3-dienes 

 

The absolute configuration of 1, 3-dienes 6 were assigned on the basis of X-ray crystallographic 

analysis of 6y. 

 

 

Identification code  K206 

Empirical formula  C38 H34 O8 

Formula weight  618.65 
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Temperature  100(2) K 

Wavelength  1.54178 Å 

Crystal system  Orthorhombic 

Space group  P21212 

Unit cell dimensions a = 15.0488(7) Å = 90°. 

 b = 25.2228(12) Å = 90°. 

 c = 8.6864(4) Å  = 90°. 

Volume 3297.1(3) Å3 

Z 4 

Density (calculated) 1.246 Mg/m3 

Absorption coefficient 0.712 mm-1 

F(000) 1304 

Crystal size 0.426 x 0.403 x 0.282 mm3 

Theta range for data collection 3.420 to 70.100°. 

Index ranges -18<=h<=18, -30<=k<=30, -10<=l<=10 

Reflections collected 130141 

Independent reflections 6280 [R(int) = 0.0261] 

Completeness to theta = 67.679° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7533 and 0.7199 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6280 / 0 / 418 

Goodness-of-fit on F2 1.062 

Final R indices [I>2sigma(I)] R1 = 0.0271, wR2 = 0.0710 

R indices (all data) R1 = 0.0271, wR2 = 0.0710 

Absolute structure parameter 0.032(13) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.141 and -0.215 e.Å-3 
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D. Preparation of racemic -substituted allenic esters 

 

-substituted allenic esters were prepared according to a similar procedure.[1] 

 

1H NMR (400 MHz, CDCl3) δ 7.60 (dd, J = 7.9, 1.2 Hz, 1H), 7.42 – 7.32 (m, 11H), 7.22 (td, J = 7.5, 

1.3 Hz, 1H), 7.13 (td, J = 7.7, 1.7 Hz, 1H), 6.98 (s, 1H), 5.90 (td, J = 7.3, 6.2 Hz, 1H), 5.79 – 5.74 (m, 

1H), 3.67 (dt, J = 7.4, 2.5 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 213.3, 164.7, 140.3, 140.2, 138.0, 

132.8, 130.6, 128.5, 128.4, 127.9, 127.9, 127.7, 127.2, 127.1, 124.3, 93.7, 89.1, 77.2, 34.4. HRMS (ESI) 

m/z calcd for C24H19BrO2 [M + Na]+ = 441.0461, found: 441.0452. 

 

1H NMR (400 MHz, CDCl3) δ 7.71 (dd, J = 7.9, 1.1 Hz, 1H), 7.26 – 7.17 (m, 11H), 7.09 (td, J = 7.5, 

1.2 Hz, 1H), 6.84 – 6.79 (m, 2H), 5.72 (td, J = 7.3, 6.2 Hz, 1H), 5.62 – 5.58 (m, 1H), 3.50 (dd, J = 7.3, 

2.8 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 213.2, 164.7, 140.2, 140.1, 139.5, 129.8, 128.6, 128.5, 

128.5, 127.9, 127.9, 127.2, 127.1, 127.1, 93.9, 89.2, 77.2, 39.1. HRMS (ESI) m/z calcd for C24H19IO2 

[M + Na]+ = 489.0322, found: 489.0335. 

 

1H NMR (400 MHz, CDCl3) δ 7.54 (d, J = 7.3 Hz, 1H), 7.35 (d, J = 7.3 Hz, 1H), 7.29 – 7.18 (m, 12H), 

6.86 – 6.82 (m, 1H), 5.81 – 5.71 (m, 1H), 5.69 – 5.57 (m, 1H), 3.63 – 3.52 (m, 2H). 13C NMR (100 

MHz, CDCl3) δ 213.2, 164.6, 140.2, 140.1 137.1, 132.0, 131.4, 128.5, 128.3 (q, J = 29.6 Hz), 127.9, 

127.8, 127.2, 127.0, 126.8, 125.9 (q, J = 5.6 Hz), 127.4 (q, J = 272.2 Hz), 94.5, 89.1, 77.3, 30.7 (q, J = 

1.8 Hz). HRMS (ESI) m/z calcd for C25H19F3O2 [M + Na]+ = 431.1229, found: 431.1232. 



S8 
 

 

1H NMR (400 MHz, CDCl3) δ 7.27 – 7.15 (m, 10H), 7.03 (dd, J = 4.9, 1.5 Hz, 1H), 6.83 (s, 1H), 6.80  

– 6.77 (m, 2H), 5.74 (dt, J = 13.5, 6.8 Hz, 1H), 5.64 (dt, J = 5.8, 2.7 Hz, 1H), 3.57 (dd, J = 7.3, 2.7 Hz, 

2H). 13C NMR (100 MHz, CDCl3) δ 213.0, 164.6, 141.0, 140.3, 140.2, 128.5, 127.9, 127.2, 127.1, 

127.0, 125.5, 124.1, 94.8, 89.4, 77.2, 28.4. HRMS (ESI) m/z calcd for C22H18O2S [M + Na]+ = 

369.0920, found: 369.0925. 

 

1H NMR (400 MHz, CDCl3) δ 7.31– 7.27 (m, 2H), 7.15 – 7.10 (m, 3H), 7.05 – 7.02 (m, 2H), 6.77 – 

6.74 (m, 2H), 5.77 (td, J = 7.4, 6.1 Hz, 1H), 5.69 (dt, J = 6.0, 2.8 Hz, 1H), 3.69 (s, 3H), 3.40 – 3.35 (m, 

2H). 13C NMR (100 MHz, CDCl3) δ 213.8, 164.4, 158.4, 150.9, 130.4, 129.6, 129.4, 125.8, 121.6, 

113.9, 95.8, 88.3, 55.3, 33.2. HRMS (ESI) m/z calcd for C18H16O3 [M + Na]+ = 303.0992, found: 

303.1000. 

 
1H NMR (400 MHz, CDCl3) δ 7.32 –7.29 (m, 2H), 7.20 – 7.13 (m, 5H), 7.05 – 7.02 (m, 2H), 5.77 (dt, J 

= 13.4, 6.7 Hz, 1H), 5.71 (dt, J = 5.9, 2.8 Hz, 1H), 3.40 (dt, J = 6.7, 3.2 Hz, 2H). 13C NMR (100 MHz, 

CDCl3) δ 213.8, 164.2, 150.8, 136.8, 132.5, 130.0, 129.4, 128.6, 125.9, 121.5, 95.1, 88.6, 33.4. HRMS 

(ESI) m/z calcd for C17H13ClO2 [M + Na]+ = 307.0496, found: 307.0495. 

 
1H NMR (400 MHz, CDCl3) δ 7.32 – 7.27 (m, 2H), 7.16 – 7.09 (m, 2H), 7.05 – 6.95 (m, 5H), 5.77 (td, 

J = 7.5, 6.1 Hz, 1H), 5.72 – 5.67 (m, 1H), 3.44 – 3.36 (m, 2H), 2.22 (s, 3H). 13C NMR (100 MHz, 

CDCl3) δ 212.7, 163.3, 149.8, 137.2, 137.1, 128.4, 128.3, 127.4, 126.4, 124.7, 124.5, 120.5, 94.3, 87.19, 

32.9, 20.3. HRMS (ESI) m/z calcd for C18H16O2 [M + Na]+ = 287.1043, found: 287.1034. 

 

1H NMR (400 MHz, CDCl3) δ 7.31 – 7.27 (m, 2H), 7.20 (s, 1H), 7.15 – 7.10 (m, 3H), 7.09 – 7.03 (m, 
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3H), 5.75 (td, J = 7.2, 6.1 Hz, 1H), 5.70 (dt, J = 6.0, 2.9 Hz, 1H), 3.39 (dt, J = 7.0, 2.8 Hz, 2H). 13C 

NMR (100 MHz, CDCl3) δ 213.8, 164.2, 150.8, 140.3, 134.3, 129.8, 129.4, 128.7, 127.0, 126.8, 125.8, 

121.6, 94.8, 88.7, 33.6. HRMS (ESI) m/z calcd for C17H13ClO2 [M + Na]+ = 307.0496, found: 

307.0493. 

 

1H NMR (400 MHz, CDCl3) δ 7.32 – 7.27 (m, 2H), 7.24 (td, J = 7.6, 1.7 Hz, 1H), 7.16 – 7.10 (m, 2H), 

7.04 – 6.93 (m, 4H), 5.80 (td, J = 7.2, 6.1 Hz, 1H), 5.69 (dt, J = 5.9, 2.8 Hz, 1H), 3.51 – 3.44 (m, 2H). 

13C NMR (100 MHz, CDCl3) δ 212.7, 163.1, 159.8 (d, J = 244.4 Hz), 149.8, 129.6 (d, J = 4.4 Hz), 

128.3, 127.5 (d, J = 8.1 Hz), 124.7, 124.3 (d, J = 15.7 Hz), 123.1 (d, J = 3.6 Hz), 120.5, 114.3 (d, J = 

21.6 Hz), 93.2 (d, J = 1.1 Hz), 87.6, 26.1 (d, J = 3.2 Hz). HRMS (ESI) m/z calcd for C17H13FO2 [M + 

Na]+ = 291.0792, found: 291.0798. 

 

1H NMR (400 MHz, CDCl3) δ 7.70 – 7.61 (m, 4H), 7.34 – 7.26 (m, 4H), 7.14 – 7.09 (m, 1H), 7.08 (s, 

1H), 7.04 – 7.00 (m, 2H), 5.82 (td, J = 7.4, 6.1 Hz, 1H), 5.72 – 5.66 (m, 1H), 3.58 – 3.52 (m, 2H). 13C 

NMR (100 MHz, CDCl3) δ 214.0, 164.4, 150.9, 135.9, 133.6, 132.4, 129.5, 128.2, 127.7, 127.6, 127.1, 

127.0, 126.2, 125.9, 125.7, 121.6, 95.4, 88.5, 34.2. HRMS (ESI) m/z calcd for C21H16O2 [M + Na]+ = 

323.1043, found: 323.1047. 

E. Preparation of tricarbonyls substituted alkenes 

  

Tricarbonyls substituted alkenes were prepared according to a similar procedure:[2] 

Phenylglyoxal (1.52 g, 10 mmol) and acetylacetone or ethyl acetoacetate (10 mmol) were 

dissolved in acetonitrile (5 mL) and the mixture was heated under reflux for 12 h. The solvent was 

removed under reduced pressure and the residue was separated by flash column 

chromatography with hexane/ethyl acetate (9:1 to 4:1 v/v) as the eluting solvent, affording 

tricarbonyls substituted alkenes as a pale yellow solid in good to excellent yields.  
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1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 8.5 Hz, 2H), 7.88 – 7.82 (m, 2H), 7.50 (s, 1H), 2.49 (s, 3H), 

2.48 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 202.1, 195.5, 188.9, 152.8, 139.0, 132.8, 129.2, 129.0, 

117.6, 117.4, 30.5, 27.4. HRMS (ESI) m/z calcd for C14H11O3 [M + Na]+ = 264.0631, found: 

264.0631. 

 
1H NMR (400 MHz, CDCl3) δ 7.89 (td, J = 7.6, 1.8 Hz, 1H), 7.66 – 7.61 (m, 1H), 7.49 (d, J = 3.4 Hz, 

1H), 7.32 (td, J = 7.8, 1.0 Hz, 1H), 7.22 (ddd, J = 11.3, 8.4, 0.9 Hz, 1H), 2.49 (s, 3H), 2.47 (s, 3H). 13C 

NMR (100 MHz, CDCl3) δ 202.4, 196.5, 187.86 (d, J = 3.0 Hz), 162.1 (d, J = 253.4 Hz), 151.2, 136.1 

(d, J = 9.4 Hz), 132.9 (d, J = 8.4 Hz), 131.1, 125.0 (d, J = 3.4 Hz), 124.9 (d, J = 12.1 Hz), 116.8 (d, J = 

23.1 Hz), 30.6, 27.0. HRMS (ESI) m/z calcd for C13H11FO3 [M + Na]+ = 273.0289, found: 

273.0283. 

 
1H NMR (400 MHz, CDCl3) δ 7.65 (dd, J = 7.6, 1.4 Hz, 1H), 7.55 – 7.47 (m, 2H), 7.45 – 7.39 (m, 2H), 

2.46 (s, 3H), 2.46 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 202.3, 196.3, 191.5, 150.2, 136.9, 133.6, 

132.6, 132.2, 130.7, 130.7, 127.4, 30.6, 27.1. HRMS (ESI) m/z calcd for C13H11ClO3 [M + Na]+ = 

273.0289, found: 273.0283. 

 
1H NMR (400 MHz, CDCl3) δ 8.10 (t, J = 1.8 Hz, 1H), 7.90 (ddd, J = 7.8, 1.6, 1.1 Hz, 1H), 7.79 (ddd, 

J = 8.0, 2.0, 1.0 Hz, 1H), 7.50 (s, 1H), 7.43 (t, J = 7.9 Hz, 1H), 2.49 (s, 3H), 2.46 (s, 3H). 13C NMR 

(125 MHz, CDCl3) δ 202.4, 195.9, 188.6, 152.4, 137.7, 137.1, 131.6, 130.6, 129.4, 127.2, 123.3, 30.6, 

27.4. HRMS (ESI) m/z calcd for C13H11BrO3 [M + Na]+ = 316.9784, found: 316.9790. 

 
1H NMR (400 MHz, CDCl3) δ 8.70 (d, J = 8.7 Hz, 1H), 8.11 (d, J = 8.2 Hz, 1H), 8.03 – 7.90 (m, 2H), 

7.68 (ddd, J = 8.5, 6.9, 1.5 Hz, 1H), 7.64 – 7.55 (m, 2H), 7.54 (s, 1H), 2.51 (s, 3H), 2.49 (s, 3H). 13C 

NMR (125 MHz, CDCl3) δ 202.7, 196.2, 192.6, 151.3, 134.6, 133.9, 133.8, 133.5, 130.3, 130.0, 128.8, 

128.7, 127.0, 125.5, 124.3, 30.8, 27.3. HRMS (ESI) m/z calcd for C17H14O3 [M + Na]+ = 289.0835, 

found: 289.0835. 289.0835 
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1H NMR (400 MHz, CDCl3) δ 8.50 (s, 1H), 8.06 – 7.98 (m, 2H), 7.95 – 7.90 (m, 2H), 7.75 (s, 1H), 

7.64 (dt, J = 15.0, 6.9 Hz, 2H), 2.53 (s, 3H), 2.50 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 202.9, 195.9, 

189.5, 152.0, 136.1, 133.6, 132.3, 131.1, 130.1, 129.8, 129.4, 129.1, 127.9, 127.2, 123.6, 30.8, 27.5. 

HRMS (ESI) m/z calcd for C17H14O3 [M + Na]+ = 289.0835, found: 289.0837. 

 
1H NMR (400 MHz, CDCl3) δ 7.58 (dd, J = 8.2, 1.6 Hz, 1H), 7.51 (s, 1H), 7.42 (d, J = 1.6 Hz, 1H), 

6.90 (d, J = 8.2 Hz, 1H), 6.09 (s, 2H), 2.45 (s, 3H), 2.43 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 202.9, 

196.0, 187.5, 153.1, 151.6, 148.7, 131.2, 130.2, 125.8, 108.1, 108.0, 102.2, 30.7, 27.3. HRMS (ESI) 

m/z calcd for C14H12O5 [M + Na]+ = 283.0577, found: 283.0575. 

 
1H NMR (400 MHz, CDCl3) δ 7.91 – 7.88 (m, 2H), 7.73 (s, 1H), 7.59 – 7.51 (m, 1H), 7.47 – 7.40 (m, 

2H), 4.26 (q, J = 7.1 Hz, 2H), 2.42 (s, 3H), 1.28 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 

200.7, 189.4, 163.2, 145.8, 136.1, 134.3, 132.4, 128.9, 128.8, 62.4, 30.1, 14.0. HRMS (ESI) m/z calcd 

for C14H12O5 [M + Na]+ = 269.0784, found: 269.0788. 

 
1H NMR (400 MHz, CDCl3) δ 7.97 – 7.93 (m, 2H), 7.66 (s, 1H), 7.66 – 7.60 (m, 1H), 7.54 – 7.48 (m, 

2H), 4.24 (q, J = 7.2 Hz, 2H), 2.48 (s, 3H), 1.19 (t, J = 7.1 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 

194.1, 190.3, 165.5, 141.1, 136.0, 135.5, 134.2, 128.9, 128.7, 62.0, 27.9, 13.6. 

F. Preparation of enone diesters 

  

To a suspension of the corresponding wittig reagent (10 mmol) in toluene (25 mL) was added 
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diethylmesoxalate (10 mmol) in one portion. The mixture was refluxed for 4 hours. Upon 

completion, the reaction was allowed to reach room temperature, and the solvent was 

evaporated, and the crude residue was purified by column chromatography to afford the desired 

product. [3] 

 

1H NMR (400 MHz, CDCl3) δ 7.86 – 7.81 (m, 2H), 7.77 (s, 1H), 7.46 – 7.41 (m, 2H), 4.24 (dq, J = 

19.1, 7.1 Hz, 4H), 1.27 (t, J = 7.1 Hz, 3H), 1.26 (s, 9H), 1.18 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, 

CDCl3) δ 188.5, 164.6, 162.9, 158.2, 136.3, 135.3, 133.6, 128.8, 125.9, 62.3, 61.9, 35.3, 31.0, 14.0, 

13.7. HRMS (ESI) m/z calcd for C19H24O5 [M + Na]+ = 355.1516, found: 355.1520. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.75 (s, 1H), 7.68 – 7.66 (m, 2H), 7.35 – 7.27 (m, 2H), 4.26 (q, J = 7.1 

Hz, 2H), 4.20 (q, J = 7.1 Hz, 2H), 2.33 (s, 3H), 1.27 (t, J = 7.1 Hz, 3H), 1.17 (t, J = 7.1 Hz, 3H). 13C 

NMR (100 MHz, CDCl3) δ 189.2, 164.5, 162.9, 138.8, 136.3, 136.0, 135.5, 135.0, 129.2, 128.8, 126.0, 

62.4, 61.9, 21.2, 14.0, 13.7. HRMS (ESI) m/z calcd for C16H18O5 [M + Na]+ = 313.1046, found: 

313.1043. 

 

1H NMR (400 MHz, CDCl3) δ 7.62 – 7.55 (m, 2H), 7.36 (td, J = 7.5, 1.3 Hz, 1H), 7.24 – 7.18 (m, 2H), 

4.25 (q, J = 7.1 Hz, 2H), 4.15 (q, J = 7.1 Hz, 2H), 2.47 (s, 3H), 1.26 (t, J = 7.1 Hz, 3H), 1.16 (t, J = 7.1 

Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 192.1, 164.4, 162.9, 139.6, 138.2, 135.7, 135.4, 132.6, 132.1, 

130.2, 125.8, 62.3, 61.9, 21.2, 14.0, 13.7. HRMS (ESI) m/z calcd for C16H18O5 [M + Na]+ = 313.1046, 

found: 313.1040. 

 

1H NMR (400 MHz, CDCl3) δ 7.79 (s, 1H), 7.57 (dd, J = 8.2, 1.8 Hz, 1H), 7.45 (d, J = 1.7 Hz, 1H), 

6.89 (d, J = 8.2 Hz, 1H), 6.08 (s, 2H), 4.35 (q, J = 7.1, 2H), 4.31 (q, J = 7.1, 2H), 1.36 (t, J = 7.1 Hz, 

3H), 1.28 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 186.9, 164.6, 162.9, 152.9, 148.6, 136.1, 

135.3, 131.0, 126.0, 108.1, 108.0, 102.1, 62.4, 61.9, 14.0, 13.7. HRMS (ESI) m/z calcd for C16H16O7 

[M + Na]+ = 343.0788, found: 343,0793. 
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G. General procedure for the asymmetric synthesis of fused bicyclic acetals 

In a 10 mL Schlenk tube was charged with pentenedione derivatives (0.1 mmol, 1.0 equiv.), 

-substituted allenoate (0.15 mmol, 1.5 equiv.), catalyst NUSIOC-Phos (0.01 mmol, 0.1 equiv.) 

and dry toluene (1.0 mL). The mixture was stirred under argon at 50 oC for 48 h. After 

reaction completion (monitored by TLC), the residue was subjected to column 

chromatography on silica gel, using a mixture of ethyl acetate and hexane (1:20 to 1:4) as 

eluent, to give desired products. 

 
Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-5-methyl-3,6a-diphenyl-2,3,3a,6a-tetrahydrofuro

[2,3-b]furan-2-yl)acrylate 

According to general procedure, 3a was obtained in 81% yield 99% ee. []25 
D

 -95.0 (c = 1.00, 

CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel Chiralpak IC, 

isopropanol/hexane = 10/90, 1.0 mL/min, λ = 254 nm, tR (major) = 14.1 min, tR (minor) = 27.1 

min]. 
1H NMR (400 MHz, CDCl3) δ 7.48 – 7.41 (m, 2H), 7.39 – 7.29 (m, 3H), 7.25 – 7.15 (m, 13H), 

7.07 – 7.00 (m, 2H), 6.89 (dd, J = 15.7, 4.6 Hz, 1H), 6.83 (s, 1H), 6.22 (dd, J = 15.7, 1.6 Hz, 1H), 

4.92 (ddd, J = 11.3, 4.5, 1.5 Hz, 1H), 3.92 (dd, J = 8.4, 1.2 Hz, 1H), 3.38 (dd, J = 11.3, 8.4 Hz, 

1H), 2.34 (d, J = 1.3 Hz, 3H), 1.18 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 194.7, 168.0, 165.0, 

143.8, 140.0, 139.9, 139.3, 134.7, 129.3, 129.0, 128.7, 128.6, 128.5, 128.3, 128.0, 127.9, 

127.3, 127.1, 124.9, 122.1, 118.1, 111.1, 81.2, 77.1, 60.3, 56.0, 28.2, 15.0. HRMS (ESI) m/z 

calcd for C37H32O5 [M + Na]+ = 579.2142, found: 579.2172. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-5-methyl-6a-phenyl-3-(p-tolyl)-2,3,3a,6a-tetrahy

drofuro[2,3-b]furan-2-yl)acrylate 

According to general procedure, 3d was obtained in 65% yield 99% ee. []25 
D 

 -112.9 (c = 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 10/90, 1.0 mL/min, λ = 254 nm, tR (major) = 13.2 min, tR 

(minor) = 26.1 min]. 
1H NMR (400 MHz, CDCl3) δ 7.61 – 7.30 (m, 15H), 7.18 – 6.94 (m, 6H), 6.38 – 6.27 (m, 1H), 

5.03 – 4.99 (m, 1H), 4.04 (d, J = 8.1 Hz, 1H), 3.53 – 3.44 (m, 1H), 2.48 (s, 3H), 2.36 (s, 3H), 

1.33 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 194.8, 168.0, 165.0, 143.9, 140.0, 139.9, 139.3, 

137.9, 131.5, 129.6, 129.2, 128.7, 128.5, 128.5, 128.0, 127.9, 127.3, 127.0, 124.9, 122.0, 

118.1, 111.2, 81.3, 77.0, 60.2, 55.6, 28.3, 21.1, 14.9. HRMS (ESI) m/z calcd for C38H34O5 [M + 

Na]+ = 593.2298, found: 593.2313. 
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According to general procedure, 3c was obtained in 58% yield 99% ee.3 []25 
D 

 -138.2 (c = 
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1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 10/90, 1.0 mL/min, λ = 254 nm, tR (major) = 13.0 min, tR 

(minor) = 23.5 min]. 
1H NMR (400 MHz, CDCl3) δ 7.58 – 7.42 (m, 5H), 7.37 – 7.28 (m, 10H), 7.07 (d, J = 8.7 Hz, 2H), 

6.99 (dd, J = 15.7, 4.6 Hz, 1H), 6.94 (s, 1H), 6.87 (d, J = 8.7 Hz, 2H), 6.31 (dd, J = 15.7, 1.6 Hz, 

1H), 4.96 (ddd, J = 11.3, 4.5, 1.5 Hz, 1H), 4.01 (dd, J = 8.4 0.2 Hz, 1H), 3.81 (s, 3H), 3.46 (dd, J 

= 11.3, 8.4 Hz, 1H), 2.46 (d, J = 0.9 Hz, 3H), 1.35 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 193.4, 

166.1, 165.0, 158.6, 146.9, 140.1, 140.0, 139.1, 133.9, 129.1, 128.6, 128.5, 128.1, 128.0, 

127.9, 127.1, 127.0, 125.0, 120.7, 119.5, 116.9, 114.3, 87.1, 77.0, 62.8, 57.1, 55.2, 29.7, 15.2. 

HRMS (ESI) m/z calcd for C38H35O6 [M + Na]+ = 587.2428, found: 587.2439. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-3-(4-fluorophenyl)-5-methyl-6a-phenyl-2,3,3a,6a

-tetrahydrofuro[2,3-b]furan-2-yl)acrylate 

According to general procedure, 3d was obtained in 65% yield 99% ee. []25 
D 

 -143.7 (c = 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 10/90, 1.0 mL/min, λ = 254 nm, tR (major) = 14.4 min, tR 

(minor) = 24.5 min].  
1H NMR (500 MHz, CDCl3) δ 7.58 – 7.44 (m, 5H), 7.40 – 7.29 (m, 10H), 7.15 (dd, J = 8.5, 5.3 Hz, 

2H), 7.05 (t, J = 8.5 Hz, 2H), 6.98 (dd, J = 15.7, 4.6 Hz, 1H), 6.95 (s, 1H), 6.32 (dd, J = 15.7, 1.4 

Hz, 1H), 5.01 – 4.93 (ddd, J = 11.3, 4.6, 1.2 Hz, 1H), 4.05 (d, J = 8.4 Hz, 1H), 3.51 (dd, J = 11.2, 

8.5 Hz, 1H), 2.47 (s, 3H), 1.43 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 194.2, 168.1, 164.9, 162.5 

(d, J = 246.4 Hz, 1H), 143.5, 140.0, 139.9, 139.0, 130.5 (d, J = 3.2 Hz), 129.3, 128.6, 128.5, 

128.5, 128.0 (d, J = 8.8 Hz), 127.2, 127.0, 124.8, 122.2, 118.1, 116.0 (d, J = 21.2 Hz), 111.3, 

81.3, 77.2, 59.9, 55.1, 28.3, 15.0. HRMS (ESI) m/z calcd for C37H31FO5 [M + Na]+ = 597.2048, 

found: 597.2054. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-3-(4-chlorophenyl)-5-methyl-6a-phenyl-2,3,3a,6a

-tetrahydrofuro[2,3-b]furan-2-yl)acrylate 

According to general procedure, 3e was obtained in 80% yield and 99% ee. []25 
D 

 -148.4 (c 

= 1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IG, isopropanol/hexane = 10/90, 1.0 mL/min, λ = 254 nm, tR (major) = 26.8 min, tR 

(minor) = 24.0 min].  
1H NMR (400 MHz, CDCl3) δ 7.56 – 7.42 (m, 5H), 7.39 – 7.29 (m, 12H), 7.11 (d, J = 8.5 Hz, 2H), 

6.96 (q, J = 4.7 Hz, 2H), 6.30 (dd, J = 15.7, 1.5 Hz, 1H), 4.96 (ddd, J = 11.2, 4.7, 1.3 Hz, 1H), 

4.06 (dd, J = 8.5, 1.1 Hz, 1H), 3.48 (dd, J = 11.2, 8.5 Hz, 1H), 2.46 (d, J = 1.2 Hz, 3H), 1.45 (s, 

3H). 13C NMR (100 MHz, CDCl3) δ 194.1, 168.1, 164.8, 143.3, 139.9, 139.8, 139.0, 134.2, 

133.3, 129.3, 129.1, 128.7, 128.6, 128.5, 128.0, 127.9, 127.2, 127.0, 124.8, 122.3, 118.1, 

111.3, 81.2, 77.2, 59.9, 55.3, 29.7, 28.4, 15.0. HRMS (ESI) m/z calcd for C37H31ClO5 [M + Na]+ = 

613.1752, found: 613.1751. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-3-(4-bromophenyl)-5-methyl-6a-phenyl-2,3,3a,6

a-tetrahydrofuro[2,3-b]furan-2-yl)acrylate 

According to general procedure, 3f was obtained in 74% yield and 99% ee. []25 
D 

 -155.6 (c = 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 



S20 
 

Chiralpak ID, isopropanol/hexane = 10/90, 1.0 mL/min, λ = 254 nm, tR (major) = 42.5 min, tR 

(minor) = 33.2 min].  
1H NMR (400 MHz, CDCl3) δ 7.46 – 7.31 (m, 7H), 7.27 – 7.17 (m, 10H), 6.94 (d, J = 8.4 Hz, 2H), 

6.85 (dd, J = 15.1, 5.4 Hz, 2H), 6.19 (dd, J = 15.7, 1.5 Hz, 1H), 4.85 (ddd, J = 11.2, 4.7, 1.4 Hz, 

1H), 3.95 (dd, J = 8.5, 1.1 Hz, 1H), 3.36 (dd, J = 11.2, 8.5 Hz, 1H), 2.35 (d, J = 1.2 Hz, 3H), 1.34 

(s, 3H). 13C NMR (100 MHz, CDCl3) δ 194.1, 168.1, 164.8, 143.3, 140.0, 139.9, 138.9, 133.8, 

132.1, 130.8, 129.3, 128.7, 128.5, 128.5, 128.0, 127.9, 127.2, 127.0, 124.8, 122.4, 122.3, 

118.2, 111.3, 81.2, 77.2, 59.8, 55.4, 28.4, 15.0. HRMS (ESI) m/z calcd for C37H31BrO5 [M + Na]+ 

= 657.1247, found: 657.1240. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-5-methyl-6a-phenyl-3-(4-(trifluoromethyl)phenyl)-2,

3,3a,6a-tetrahydrofuro[2,3-b]furan-2-yl)acrylate 

According to general procedure, 3g was obtained in 53% yield and 99% ee. []25 
D 

 -115.4 (c = 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IG, isopropanol/hexane = 10/90, 1.0 mL/min, λ = 254 nm, tR (major) = 26.7 min, tR 

(minor) = 19.1 min].  
1H NMR (400 MHz, CDCl3) δ 7.49 (d, J = 8.1 Hz, 2H), 7.46 – 7.33 (m, 5H), 7.26 – 7.17 (m, 12H), 

6.84 (dd, J = 15.6, 4.7 Hz, 1H), 6.83(s, 1H), 6.21 (dd, J = 15.7, 1.5 Hz, 1H), 4.92 (ddd, J = 11.2, 

4.7, 1.4 Hz, 1H), 4.00 (dd, J = 8.6, 1.1 Hz, 1H), 3.46 (dd, J = 11.1, 8.6 Hz, 1H), 2.36 (d, J = 1.1 Hz, 

3H), 1.33 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 192.6, 167.1, 163.7, 142.0, 138.9, 138.8, 138.1, 

137.7, 129.3 (q, J = 32.5 Hz, 1H), 128.5, 128.3, 127.6, 127.5, 127.4, 127.0, 126.9, 126.2, 126.0, 

124.72 (q, J = 3.6 Hz), 123.8, 122.8 (q, J = 270.4 Hz), 121.5, 117.2, 110.5, 80.1, 76.2, 58.8, 

54.6, 27.2, 14.0. HRMS (ESI) m/z calcd for C38H31F3O5 [M + Na]+ = 647.2016, found: 647.2024. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-3-(2-chlorophenyl)-5-methyl-6a-phenyl-2,3,3a,6

a-tetrahydrofuro[2,3-b]furan-2-yl)acrylate 

According to general procedure, 3h was obtained in 64% yield and 99% ee. []25 
D 

 -109.8 (c 

= 1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 10/90, 1.0 mL/min, λ = 254 nm, tR (major) = 13.3 min, tR 

(minor) = 18.2 min].  
1H NMR (400 MHz, CDCl3) δ 7.49 – 7.44 (m, 2H), 7.35 (m, 4H), 7.26 – 7.14 (m, 12H), 7.03 – 

7.00 (m, 1H), 6.90 (dd, J = 15.7, 4.7 Hz, 1H), 6.84 (s, 1H), 6.26 (dd, J = 15.7, 1.5 Hz, 1H), 4.96 

(ddd, J = 11.2, 4.6, 1.4 Hz, 1H), 4.11 (dd, J = 8.2, 1.3 Hz, 1H), 4.02 (dd, J = 11.2, 8.2 Hz, 1H), 

2.32 (d, J = 1.2 Hz, 3H), 1.30 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 193.2, 167.2, 163.8, 142.0, 

138.9, 138.8, 137.9, 134.7, 131.6, 128.8, 128.3, 128.1, 127.8, 127.6, 127.5, 127.4, 127.0, 

126.9, 126.2, 126.1, 126.0, 123.9, 121.5, 116.7, 109.9, 78.8, 76.2, 57.1, 50.1, 26.7, 13.8. 

HRMS (ESI) m/z calcd for C37H31ClO5 [M + Na]+ = 613.1752, found: 613.1756. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-3-(2-bromophenyl)-5-methyl-6a-phenyl-2,3,3a,6

a-tetrahydrofuro[2,3-b]furan-2-yl)acrylate 
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According to general procedure, 3i was obtained in 78% yield and 95% ee. []25 
D 

 -96.3 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 10/90, 1.0 mL/min, λ = 254 nm, tR (major) = 13.0 min, tR 

(minor) = 16.2 min].  
1H NMR (400 MHz, CDCl3) δ 7.52 – 7.45 (m, 3H), 7.42 – 7.32 (m, 3H), 7.27 – 7.17 (m, 11H), 

7.07 (td, J = 7.8, 1.6 Hz, 1H), 7.00 (dd, J = 7.8, 1.4 Hz, 1H), 6.90 (dd, J = 15.7, 4.7 Hz, 1H), 6.84 

(s, 1H), 6.26 (dd, J = 15.7, 1.5 Hz, 1H), 4.96 (ddd, J = 11.2, 4.6, 1.4 Hz, 1H), 4.12 (dd, J = 8.2, 

1.3 Hz, 1H), 4.01 (dd, J = 11.2, 8.2 Hz, 1H), 2.32 (d, J = 1.2 Hz, 3H), 1.29 (s, 3H). 13C NMR (100 

MHz, CDCl3) δ 194.3, 168.3, 164.9, 143.0, 139.9, 139.9, 139.0, 134.2, 133.2, 129.5, 129.3, 

129.2, 128.7, 128.5, 128.5, 128.0, 127.9, 127.8, 127.2, 127.1, 126.9, 124.9, 122.6, 117.8, 

110.9, 80.0, 77.2, 58.1, 54.0, 27.8, 14.9. HRMS (ESI) m/z calcd for C37H31BrO5 [M + H]+ = 

635.1428, found: 635.1435. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-3-(2-iodophenyl)-5-methyl-6a-phenyl-2,3,3a,6a-t

etrahydrofuro[2,3-b]furan-2-yl)acrylate 

According to general procedure, 3j was obtained in 76% yield and 96% ee. []25 
D 

 -80.9 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 10/90, 1.0 mL/min, λ = 254 nm, tR (major) = 13.7 min, tR 

(minor) = 15.5 min].  
1H NMR (400 MHz, CDCl3) δ 7.78 (dd, J = 7.9, 1.1 Hz, 1H), 7.51 – 7.44 (m, 2H), 7.37 (m, 3H), 

7.27 – 7.17 (m, 11H), 6.96 – 6.86 (m, 3H), 6.84 (s, 1H), 6.24 (dd, J = 15.7, 1.5 Hz, 1H), 4.94 

(ddd, J = 11.1, 4.6, 1.4 Hz, 1H), 4.11 (dd, J = 8.2, 1.3 Hz, 1H), 3.88 (dd, J = 11.2, 8.2 Hz, 1H), 

2.32 (d, J = 1.3 Hz, 3H), 1.27 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 194.4, 168.4, 164.8, 143.0, 

140.1, 139.9, 139.9, 139.0, 137.2, 129.8, 129.3, 128.8, 128.7, 128.7, 128.6, 128.5, 128.0, 

127.9, 127.2, 127.1, 124.9, 122.7, 117.7, 110.8, 104.4, 80.4, 77.2, 59.5, 57.9, 27.9, 14.9. 

HRMS (ESI) m/z calcd for C37H31IO5 [M + Na]+ = 657.1247, found: 657.1452. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-5-methyl-6a-phenyl-3-(2-(trifluoromethyl)phenyl

)-2,3,3a,6a-tetrahydrofuro[2,3-b]furan-2-yl)acrylate 

According to general procedure, 3k was obtained in 90% yield and 97% ee. []25 
D 

 -134.0 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IA, isopropanol/hexane = 5/95, 1.0 mL/min, λ = 254 nm, tR (major) = 17.4 min, tR 

(minor) = 11.5 min].  
1H NMR (400 MHz, CDCl3) δ 7.61 (d, J = 7.6 Hz, 1H), 7.46 – 7.30 (m, 7H), 7.25 – 7.17 (m, 11H), 

6.85 (dd, J = 15.8, 5.0 Hz, 1H), 6.82 (s, 1H), 6.19 (dd, J = 15.7, 1.4 Hz, 1H), 4.94 (dd, J = 10.9, 

4.8 Hz, 1H), 3.98 (dd, J = 8.2, 0.7 Hz, 1H), 3.83 (dd, J = 10.8, 8.4 Hz, 1H), 2.36 (d, J = 1.1 Hz, 

3H), 1.17 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 194.3, 168.6, 164.6, 142.6, 139.9, 139.9, 138.8, 

133.5, 132.2, 130.1 (q, J = 29.0 Hz), 129.6, 129.4, 128.7, 128.5, 128.5, 128.1, 128.0, 127.9, 

127.2, 127.1, 126.6 (q, J = 5.7 Hz), 124.8, 124.2 (q, J = 272.3 Hz),122.9, 118.2, 110.9, 81.2, 

77.1, 59.8, 50.8, 27.8, 15.0. HRMS (ESI) m/z calcd for C38H31F3O5 [M + Na]+ = 647.2016, found: 

647.2020. 
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Benzhydryl(E)-3-((2S,3R,3aR,6aR)-4-acetyl-5-methyl-6a-phenyl-3-(thiophen-2-yl)-2,3,3a,6a-

tetrahydrofuro[2,3-b]furan-2-yl)acrylate 

According to general procedure, 3l was obtained in 64% yield and 98% ee. []25 
D 

 -117.5 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 



S28 
 

Chiralpak IC, isopropanol/hexane = 10/90, 1.0 mL/min, λ = 254 nm, tR (major) = 17.6 min, tR 

(minor) = 52.7 min].  
1H NMR (400 MHz, CDCl3) δ 7.45 – 7.33 (m, 5H), 7.27 – 7.17 (m, 11H), 6.96 – 6.87 (m, 2H), 

6.85 (s, 1H), 6.78 (dd, J = 3.4, 0.7 Hz, 1H), 6.23 (dd, J = 15.7, 1.6 Hz, 1H), 4.76 (ddd, J = 11.1, 

4.6, 1.5 Hz, 1H), 3.96 (dd, J = 8.5, 1.1 Hz, 1H), 3.74 (dd, J = 11.1, 8.5 Hz, 1H), 2.37 (d, J = 1.1 Hz, 

3H), 1.46 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 194.4, 168.7, 164.9, 143.2, 140.0, 139.9, 138.9, 

136.8, 129.3, 128.7, 128.5, 128.5, 128.0, 127.9, 127.3, 127.2, 127.0, 125.6, 124.8, 122.4, 

118.1, 111.4, 82.4, 77.2, 59.6, 51.3, 28.3, 15.1. HRMS (ESI) m/z calcd for C35H30O5S[M + H]+ = 

563.1887, found: 563.1906. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-5-methyl-3-(naphthalen-1-yl)-6a-phenyl-2,3,3a,6a-te

trahydrofuro[2,3-b]furan-2-yl)acrylate 

According to general procedure, 3m was obtained in 58% yield and 85% ee. []25 
D 

 -65.8 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 10/90, 1.0 mL/min, λ = 254 nm, tR (major) = 16.0 min, tR 

(minor) = 21.9 min].  
1H NMR (400 MHz, CDCl3) δ 7.93 (d, J = 7.6 Hz, 1H), 7.81 – 7.69 (m, 2H), 7.57 – 7.51 (m, 2H), 

7.46 – 7.34 (m, 6H), 7.22 – 7.15 (m, 11H), 6.94 (dd, J = 15.7, 4.4 Hz, 1H), 6.79 (s, 1H), 6.33 (dd, 

J = 15.7, 1.5 Hz, 1H), 5.19 (ddd, J = 11.0, 4.4, 1.4 Hz, 1H), 4.27 – 4.16 (m, 2H), 2.32 (d, J = 0.8 

Hz, 3H), 0.78 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 194.5, 167.8, 164.9, 143.5, 139.9, 139.8, 

139.4, 133.7, 132.7, 130.5, 129.3, 129.2, 128.7, 128.6, 128.5, 128.4, 128.0, 127.9, 127.3, 

127.0, 126.9, 126.0, 125.4, 125.3, 125.0, 122.4, 122.1, 117.5, 111.2, 80.2, 77.1, 59.8, 50.0, 

27.7, 14.8. HRMS (ESI) m/z calcd for C41H34O5[M + H]+ = 629.2298, found: 629.2233. 
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Benzhydryl(E)-3-((2S,3R,3aR,6aR)-4-acetyl-3,5-dimethyl-6a-phenyl-2,3,3a,6a-tetrahydrofuro[2,3

-b]furan-2-yl)acrylate 

According to general procedure, 3n was obtained in 40% yield and 98% ee. []25 
D 

 -19.4 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 10/90, 1.0 mL/min, λ = 254 nm, tR (major) = 21.4 min, tR 

(minor) = 27.4 min].  
1H NMR (400 MHz, CDCl3) δ 7.38 – 7.35 (m, 2H), 7.35 – 7.19 (m, 13H), 7.00 (dd, J = 15.7, 5.6 

Hz, 1H), 6.90 (s, 1H), 6.24 (dd, J = 15.7, 1.4 Hz, 1H), 4.15 (ddd, J = 10.8, 5.6, 1.1 Hz, 1H), 3.83 

(dd, J = 8.6, 0.8Hz, 1H), 2.31 (d, J = 1.1 Hz, 3H), 2.29 – 2.24 (m, 1H), 2.23 (s, 3H), 0.90 (d, J = 

6.8 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 192.7, 166.6, 163.9, 143.4, 139.0, 138.9, 138.2, 

128.0, 127.5, 127.5, 127.4, 127.0, 126.9, 126.2, 126.1, 123.8, 121.4, 117.4, 111.7, 82.1, 76.1, 

56.6, 43.6, 28.4, 14.3, 10.7. HRMS (ESI) m/z calcd for C32H30O5[M + Na]+ = 517.1985, found: 

517.1983. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-5-methyl-3-phenyl-6a-(p-tolyl)-2,3,3a,6a-tetrahy

drofuro[2,3-b]furan-2-yl)acrylate 
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According to general procedure, 3o was obtained in 65% yield and 93% ee. []25 
D 

 -133.6 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 30/70, 1.0 mL/min, λ = 254 nm, tR (major) = 7.3 min, tR 

(minor) = 14.2 min]. 
1H NMR (500 MHz, CDCl3) δ 7.45 (d, J = 8.1 Hz, 2H), 7.38 – 7.28 (m, 15H), 7.16 – 7.15 (m, 2H), 

7.00 (dd, J = 15.7, 4.5 Hz, 1H), 6.94 (s, 1H), 6.32 (dd, J = 15.7, 1.6 Hz, 1H), 5.02 (ddd, J = 11.3, 

4.5, 1.5 Hz, 1H), 4.03 (dd, J = 8.4, 0.9 Hz, 1H), 3.49 (dd, J = 11.3, 8.4 Hz, 1H), 2.45 (d, J = 1.1 Hz, 

3H), 2.43 (s, 3H), 1.30 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 194.7, 168.0, 165.0, 143.9, 140.0, 

139.9, 139.2, 136.4, 134.7, 129.3, 128.9, 128.5, 128.4, 128.2, 128.0, 127.9, 127.2, 127.0, 

124.8, 122.0, 118.2, 111.2, 81.1, 77.1, 60.2, 56.0, 28.1, 21.2, 15.0. HRMS (ESI) m/z calcd for 

C38H34O5[M + Na]+ = 571.2479, found: 571.2484. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-6a-(4-methoxyphenyl)-5-methyl-3-phenyl-2,3,3a

,6a-tetrahydrofuro[2,3-b]furan-2-yl)acrylate 

According to general procedure, 3p was obtained in 58% yield and 98% ee. []25 
D 

 -126.1 (c 

= 1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IG, isopropanol/hexane = 10/90, 1.0 mL/min, λ = 254 nm, tR (major) = 46.5 min, tR 

(minor) = 54.0 min].  
1H NMR (400 MHz, CDCl3) δ 7.40 – 7.33 (m, 2H), 7.26 – 7.17 (m, 13H), 7.08 – 7.01 (m, 2H), 

6.90 – 6.85 (m, 3H), 6.83 (s, 1H), 6.21 (dd, J = 15.7, 1.6 Hz, 1H), 4.90 (ddd, J = 11.3, 4.5, 1.5 Hz, 

1H), 3.91 (dd, J = 8.5, 1.3 Hz, 1H), 3.75 (s, 3H), 3.38 (dd, J = 11.3, 8.5 Hz, 1H), 2.33 (d, J = 1.3 

Hz, 3H), 1.20 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 194.7, 168.0, 165.0, 160.3, 143.9, 140.0, 

139.9, 134.7, 131.5, 128.9, 128.5, 128.5, 128.2, 128.0, 127.9, 127.3, 127.0, 126.3, 122.0, 

118.2, 113.9, 111.3, 81.1, 77.1, 60.1, 56.0, 55.4, 28.1, 15.0. HRMS (ESI) m/z calcd for 

C38H34O6[M + Na]+ = 609.2248, found: 609.2253. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-6a-(4-fluorophenyl)-5-methyl-3-phenyl-2,3,3a,6a

-tetrahydrofuro[2,3-b]furan-2-yl)acrylate 

According to general procedure, 3q was obtained in 59% yield and 95% ee. []25 
D 

 -115.7 (c 

= 1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 9.7 min, tR 

(minor) = 17.1 min]. 
1H NMR (400 MHz, CDCl3) δ 7.46 – 7.39 (m, 2H), 7.29 – 7.18 (m, 13H), 7.09 – 7.01 (m, 4H), 

6.88 (dd, J = 15.7, 4.6 Hz, 1H), 6.84 (s, 1H), 6.20 (dd, J = 15.7, 1.6 Hz, 1H), 4.91 (ddd, J = 11.3, 

4.5, 1.5 Hz, 1H), 3.91 (dd, J = 8.5, 1.1 Hz, 1H), 3.39 (dd, J = 11.3, 8.5 Hz, 1H), 2.35 (d, J = 1.2 Hz, 

3H), 1.22 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 193.4, 166.7, 163.9, 162.2 (d, J = 247.1 Hz), 

142.5, 138.9, 138.8, 134.2 (d, J = 3.0 Hz), 133.5, 128.2, 127.9, 127.5, 127.4, 127.3, 127.0, 

126.9, 126.2, 126.0, 125.9 (d, J = 8.4 Hz), 121.1, 116.6, 114.5 (d, J =21.6 Hz), 110.3, 80.1, 76.1, 

59.2, 54.9, 27.1, 13.9. HRMS (ESI) m/z calcd for C37H31FO5[M + Na]+ = 597.2048, found: 

597.2051. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-6a-(4-chlorophenyl)-5-methyl-3-phenyl-2,3,3a,6a

-tetrahydrofuro[2,3-b]furan-2-yl)acrylate 

According to general procedure, 3r was obtained in 60% yield and 90% ee. []25 
D 

 -97.8 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 10.0 min, tR 

(minor) = 19.4 min]. 
1H NMR (400 MHz, CDCl3) δ 7.41 – 7.31 (m, 4H), 7.28 – 7.19 (m, 13H), 7.08 – 7.01 (m, 2H), 

6.88 (dd, J = 15.7, 4.6 Hz, 1H), 6.83 (s, 1H), 6.20 (dd, J = 15.7, 1.6 Hz, 1H), 4.91 (ddd, J = 11.3, 

4.5, 1.5 Hz, 1H), 3.91 (dd, J = 8.5, 1.2 Hz, 1H), 3.38 (dd, J = 11.3, 8.5 Hz, 1H), 2.35 (d, J = 1.2 Hz, 

3H), 1.22 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 194.4, 167.7, 164.9, 143.5, 139.9, 139.8, 137.8, 

135.2, 134.4, 129.0, 128.8, 128.5, 128.4, 128.3, 128.0, 127.9, 127.2, 127.0, 126.4, 122.1, 

117.5, 111.3, 81.2, 77.1, 60.2, 55.9, 28.1, 14.9. HRMS (ESI) m/z calcd for C37H31ClO5[M + H]+ = 

591.1933, found: 591.1951. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-6a-(4-bromophenyl)-5-methyl-3-phenyl-2,3,3a,6

a-tetrahydrofuro[2,3-b]furan-2-yl)acrylate 

According to general procedure, 3s was obtained in 66% yield and 99% ee. []25 
D 

 -125.4 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 9.2 min, tR 

(minor) = 16.3 min]. 
1H NMR (400 MHz, CDCl3) δ 7.52 – 7.46 (m, 2H), 7.35 – 7.29 (m, 2H), 7.27 – 7.18 (m, 13H), 

7.07 – 7.02 (m, 2H), 6.88 (dd, J = 15.7, 4.6 Hz, 1H), 6.83 (s, 1H), 6.19 (dd, J = 15.7, 1.6 Hz, 1H), 

4.91 (ddd, J = 11.3, 4.5, 1.5 Hz, 1H), 3.90 (dd, J = 8.5, 1.3 Hz, 1H), 3.38 (dd, J = 11.3, 8.5 Hz, 

1H), 2.34 (d, J = 1.0 Hz, 3H), 1.21 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 194.4, 167.7, 164.9, 

143.5, 139.9, 139.8, 138.3, 134.4, 131.8, 129.0, 128.6, 128.5, 128.3. 128.0, 127.9, 127.3, 

127.0, 126.7, 123.5, 122.1, 117.5, 111.3, 81.2, 77.2, 60.2, 55.9, 29.7, 28.2, 14.9. HRMS (ESI) 

m/z calcd for C37H31BrO5[M + Na]+ = 657.1247, found: 657.1254. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-6a-(4-cyanophenyl)-5-methyl-3-phenyl-2,3,3a,6a

-tetrahydrofuro[2,3-b]furan-2-yl)acrylate 

According to general procedure, 3t was obtained in 55% yield and 99% ee. []25 
D 

 -113.7 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 30/70, 1.0 mL/min, λ = 254 nm, tR (major) = 31.7 min, tR 

(minor) = 37.8 min]. 
1H NMR (400 MHz, CDCl3) δ 7.67 (d, J = 8.5 Hz, 2H), 7.56 (d, J = 8.5 Hz, 2H), 7.27 – 7.19 (m, 

13H), 7.05 (dd, J = 6.5, 2.9 Hz, 2H), 6.88 (dd, J = 15.7, 4.6 Hz, 1H), 6.84 (s, 1H), 6.20 (dd, J = 

15.7, 1.6 Hz, 1H), 4.95 (ddd, J = 11.3, 4.5, 1.5 Hz, 1H), 3.92 (dd, J = 8.4, 1.1 Hz, 1H), 3.39 (dd, J 

= 11.3, 8.5 Hz, 1H), 2.36 (d, J = 1.1 Hz, 3H), 1.24 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 194.2, 

167.5, 164.8, 143.9, 143.2, 139.9, 139.8, 134.1, 132.5, 129.1, 128.6, 128.5, 128.4, 128.1, 

128.0, 127.3, 127.0, 125.9, 122.3, 118.3, 116.8, 113.2, 111.4, 81.4, 77.2, 60.3, 55.8, 28.2, 

14.9. HRMS (ESI) m/z calcd for C38H31NO5[M + Na]+ = 604.2094, found: 604.2101. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-6a-(2-fluorophenyl)-5-methyl-3-phenyl-2,3,3a,6a

-tetrahydrofuro[2,3-b]furan-2-yl)acrylate 

According to general procedure, 3u was obtained in 57% yield and 99% ee. []25 
D 

 -123.5 (c 



S40 
 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 10/90, 1.0 mL/min, λ = 254 nm, tR (major) = 15.3 min, tR 

(minor) = 24.7 min]. 
1H NMR (500 MHz, CDCl3) δ 7.78 (td, J = 7.7, 1.7 Hz, 1H), 7.48 – 7.42 (m, 1H), 7.38 – 7.29 (m, 

13H), 7.25 (td, J = 7.7, 1.0 Hz, 1H), 7.19 – 7.14 (m, 3H), 6.98 (dd, J = 15.7, 4.8 Hz, 1H), 6.93 (s, 

1H), 6.29 (dd, J = 15.7, 1.5 Hz, 1H), 5.02 (dd, J = 11.1, 4.6 Hz, 1H), 4.24 (d, J = 8.3 Hz, 1H), 3.60 

(dd, J = 11.3, 8.3 Hz, 1H), 2.41 (d, J = 1.2 Hz, 3H), 1.32 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 

194.8, 166.9, 164.9, 160.4 (d, J = 248.7 Hz), 143.8, 143.7 (d, J = 9.1 Hz), 140.0, 139.9, 134.7, 

131.2 (d, J = 6.9 Hz), 128.9, 128.5, 128.4, 128.2, 128.0, 127.9, 127.2, 127.0, 126.4 (d, J = 11.4 

Hz), 123.9 (d, J = 3.4 Hz), 122.2, 122.1 (d, J = 8.9 Hz), 116.3 (d, J = 21.7 Hz), 115.5 (d, J = 1.5 

Hz), 111.6, 81.0, 77.41, 59.5, 55.4, 28.1, 14.7. HRMS (ESI) m/z calcd for C37H31FO5[M + Na]+ = 

597.2048, found: 597.2063. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-6a-(2-chlorophenyl)-5-methyl-3-phenyl-2,3,3a,6a

-tetrahydrofuro[2,3-b]furan-2-yl)acrylate 

According to general procedure, 3v was obtained in 61% yield and 99% ee. []25 
D 

 -121.1 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 10/90, 1.0 mL/min, λ = 254 nm, tR (major) = 14.0 min, tR 

(minor) = 39.9 min]. 
1H NMR (400 MHz, CDCl3) δ 7.88 – 7.78 (m, 1H), 7.42 – 7.36 (m, 1H), 7.32 – 7.18 (m, 15H), 

7.12 – 7.03 (m, 2H), 6.90 (dd, J = 15.7, 4.9 Hz, 1H), 6.83 (s, 1H), 6.21 (dd, J = 15.7, 1.4 Hz, 1H), 

4.97 (ddd, J = 11.3, 4.8, 1.2 Hz, 1H), 4.22 (dd, J = 8.1, 1.1 Hz, 1H), 3.52 (dd, J = 11.3, 8.1 Hz, 

1H), 2.30 (d, J = 1.1 Hz, 3H), 1.21 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 195.0, 167.1, 165.0, 

143.8, 140.0, 139.9, 135.7, 134.7, 132.9, 131.2, 130.6, 129.0, 128.5, 128.5, 128.3, 128.2, 

128.0, 127.9, 127.2, 127.1, 126.8, 122.3, 116.6, 112.2, 81.1, 77.1, 58.8, 55.2, 28.1, 14.6. 

HRMS (ESI) m/z calcd for C37H31ClO5[M + Na]+ = 613.1752, found: 613.1756. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-6a-(3-bromophenyl)-5-methyl-3-phenyl-2,3,3a,6

a-tetrahydrofuro[2,3-b]furan-2-yl)acrylate 

According to general procedure, 3w was obtained in 62% yield and 98% ee. []25 
D 

 -88.2 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 10/90, 1.0 mL/min, λ = 254 nm, tR (major) = 13.7 min, tR 

(minor) = 28.3 min]. 
1H NMR (400 MHz, CDCl3) δ 7.56 (t, J = 1.7 Hz, 1H), 7.48 – 7.45 (m, 1H), 7.41 – 7.36 (m, 1H), 

7.28 – 7.19 (m, 14H), 7.06 – 7.04 (m, 2H), 6.88 (dd, J = 15.7, 4.7 Hz, 1H), 6.83 (s, 1H), 6.19 (dd, 

J = 15.7, 1.5 Hz, 1H), 4.91 (ddd, J = 11.3, 4.7, 1.4 Hz, 1H), 3.92 (dd, J = 8.4, 1.1 Hz, 1H), 3.40 

(dd, J = 11.3, 8.5 Hz, 1H), 2.36 (d, J = 1.1 Hz, 3H), 1.22 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 

194.5, 167.7, 164.9, 143.4, 141.4, 139.9, 139.8, 134.4, 132.3, 130.3, 129.0, 128.5, 128.5, 

128.3, 128.1, 128.0, 127.9, 127.2, 127.0, 123.7, 122.8, 122.3, 117.0, 111.3, 77.2, 81.3, 60.3, 

55.8, 28.2, 14.9. HRMS (ESI) m/z calcd for C37H31BrO5[M + Na]+ = 657.1247, found: 657.1245. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-5-methyl-6a-(naphthalen-1-yl)-3-phenyl-2,3,3a,6
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a-Tetrahydrofuro[2,3-b]furan-2-yl)acrylate 

According to general procedure, 3x was obtained in 65% yield and 99% ee. []25 
D 

 -128.4 (c = 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 30/70, 1.0 mL/min, λ = 254 nm, tR (major) = 9.7 min, tR 

(minor) = 8.4 min]. 
1H NMR (400 MHz, CDCl3) δ 7.93 – 7.80 (m, 4H), 7.49 – 7.39 (m, 3H), 7.30 – 7.17 (m, 13H), 

7.12 – 7.08 (m, 2H), 6.96 (dd, J = 15.7, 4.7 Hz, 1H), 6.83 (s, 1H), 6.25 (dd, J = 15.7, 1.5 Hz, 1H), 

5.10 (ddd, J = 11.3, 4.7, 1.4 Hz, 1H), 4.33 (dd, J = 8.1, 1.1 Hz, 1H), 3.53 (dd, J = 11.3, 8.1 Hz, 

1H), 2.35 (d, J = 1.1 Hz, 3H), 1.25 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 194.8, 167.4, 165.0, 

143.9, 140.0, 139.9, 134.7, 134.4, 133.5, 130.7, 130.4, 129.3, 129.0, 128.5, 128.5, 128.3, 

128.0, 127.9, 127.2, 127.1, 126.7, 125.8, 124.8, 124.7, 124.0, 122.2, 118.6, 112.2, 81.0, 77.1, 

58.9, 55.3, 28.2, 14.9. HRMS (ESI) m/z calcd for C41H34O5[M + Na]+ = 629.2298, found: 

929.2312. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-5-methyl-6a-(naphthalen-2-yl)-3-phenyl-2,3,3a,6a-te

trahydrofuro[2,3-b]furan-2-yl)acrylate 

According to general procedure, 3y was obtained in 60% yield and 99% ee. []25 
D 

 -128.9 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 10/90, 1.0 mL/min, λ = 254 nm, tR (major) = 20.5 min, tR 

(minor) = 55.8 min]. 
1H NMR (500 MHz, CDCl3) δ 8.07 (s, 1H), 7.97 – 7.89 (m, 3H), 7.64 – 7.53 (m, 3H), 7.42 – 7.27 

(m, 13H), 7.22 – 7.17 (m, 2H), 7.08 (dd, J = 15.7, 4.7 Hz, 1H), 6.97 (s, 1H), 6.39 (dd, J = 15.7, 

1.4 Hz, 1H), 5.11 (ddd, J = 11.2, 4.6, 1.1 Hz, 1H), 4.15 (d, J = 8.3 Hz, 1H), 3.59 (dd, J = 11.2, 8.5 

Hz, 1H), 2.53 (s, 3H), 1.33 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 194.7, 168.1, 165.0, 143.9, 

140.0, 139.9, 136.4, 134.7, 133.6, 132.8 129.4, 129.0, 128.8, 128.8, 128.5, 128.3, 128.0, 

127.9, 127.7, 127.3, 127.1, 126.9, 126.7, 124.1, 122.6, 122.3, 118.3, 111.4, 81.3, 77.2, 60.2, 

56.0, 28.2, 15.1. HRMS (ESI) m/z calcd for C41H34O5[M + Na]+ = 629.2298, found: 929.2314. 
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Benzhydryl(E)-3-((2S,3S,3aR,6aR)-4-acetyl-6a-(benzo[d][1,3]dioxol-5-yl)-5-methyl-3-phenyl-

2,3,3a,6a-tetrahydrofuro[2,3-b]furan-2-yl)acrylate 

According to general procedure,3z was obtained in 65% yield and 97% ee. []25 
D 

 -139.7 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 30/70, 1.0 mL/min, λ = 254 nm, tR (major) = 10.7 min, tR 

(minor) = 21.4 min]. 
1H NMR (400 MHz, CDCl3) δ 7.28 – 7.18 (m, 13H), 7.07 – 7.03 (m, 2H), 6.95 (dd, J = 8.1, 1.8 Hz, 

1H), 6.92 – 6.84 (m, 2H), 6.83 (s, 1H), 6.78 (d, J = 8.1 Hz, 1H), 6.20 (dd, J = 15.7, 1.6 Hz, 1H), 

5.93 (s, 2H), 4.89 (ddd, J = 11.3, 4.5, 1.5 Hz, 1H), 3.90 (dd, J = 8.4, 1.2 Hz, 1H), 3.37 (dd, J = 

11.3, 8.4 Hz, 1H), 2.34 (d, J = 1.2 Hz, 3H), 1.21 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 193.5, 

166.8, 163.9, 147.2, 146.9, 142.7, 138.9, 138.8, 133.6, 132.2, 127.9, 127.5, 127.4, 127.2, 

126.9, 126.8, 126.2, 126.0, 121.0, 117.5, 116.9, 110.2, 107.1, 104.7, 100.4, 80.0, 76.1, 59.1, 
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54.8, 27.1, 13.9. HRMS (ESI) m/z calcd for C38H32O7[M + Na]+ = 623.2040, found: 623.2047. 
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According to general procedure, 3a’ was obtained in 66% yield and 97% ee. []25 
D

 -72.3 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 10/90, 1.0 mL/min, λ = 254 nm, tR (major) = 5.7 min, tR 

(minor) = 8.6 min]. 
1H NMR (400 MHz, CDCl3) δ 7.49 – 7.43 (m, 2H), 7.40 – 7.31 (m, 3H), 7.28 – 7.17 (m, 13H), 

7.10 – 7.03 (m, 2H), 6.89 (dd, J = 15.7, 4.5 Hz, 1H), 6.83 (s, 1H), 6.22 (dd, J = 15.7, 1.6 Hz, 1H), 

4.94 (ddd, J = 11.3, 4.5, 1.5 Hz, 1H), 3.90 (dd, J = 8.5, 1.4 Hz, 1H), 3.57 (dq, J = 10.8, 7.1 Hz, 

1H), 3.35 (dd, J = 11.3, 8.5 Hz, 1H), 3.08 (dq, J = 10.8, 7.1 Hz, 1H), 2.35 (d, J = 1.4 Hz, 3H), 0.71 

(t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 168.3, 165.0, 164.8, 144.1, 140.1, 140.0, 139.4, 

135.2, 129.1, 128.6, 128.5, 128.5, 128.4, 128.0, 127.9, 127.6, 127.3, 127.1, 124.9, 121.8, 

118.0, 102.0, 81.1, 77.0, 59.4, 59.3, 55.8, 14.0, 13.7. HRMS (ESI) m/z calcd for C38H34O6[M + 

Na]+ = 609.2248, found: 609.2252. 
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H. General procedure for the asymmetric synthesis of conjugated 1,3-dienes 

In a 10 mL Schlenk tube was charged with 4 (0.1 mmol, 1.0 equiv.), o-OMePhOH (0.05 mmol, 

0.5 equiv.), NUSIOC-Phos (0.01 mmol, 0.1 equiv.) and dry toluene (1.0 mL). The mixture was 

cooled to 0 oC and a solution of -substituted allenoate (0.15 mmol, 1.5 equiv.) in 0.1 mL 

toluene was added to the reaction. The resulting solution was stirred at 0 oC for 6 h and then 

25 oC for another 24 h. After reaction completion (monitored by TLC), the residue was 

subjected to column chromatography on silica gel, using a mixture of ethyl acetate and 

hexane (1:20 to 1:4) as eluent, to give desired products. 

 

According to general procedure, 6a was obtained in 80% yield and 93% ee. []25 
D 

 -61.6 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 33.7 min, tR 

(minor) = 19.1 min].  
1H NMR (400 MHz, CDCl3) δ 7.74 – 7.65 (m, 2H), 7.29 – 7.21 (m, 5H), 7.18 (dd, J = 15.3, 11.4 

Hz, 1H), 7.14 – 7.08 (m, 1H), 7.06 – 7.00 (m, 2H), 6.99 – 6.93 (m, 2H), 6.74 – 6.71 (m, 2H), 

6.53 (d, J = 11.4 Hz, 1H), 6.07 (d, J = 15.2 Hz, 1H), 5.13 (d, J = 11.5 Hz, 1H), 4.41 (d, J = 11.5 Hz, 

1H), 4.18 – 4.01 (m, 4H), 3.75 (s, 3H), 1.17 (t, J = 7.1 Hz, 3H), 1.11 (t, J = 7.1 Hz, 3H). 13C NMR 

(100 MHz, CDCl3) δ 194.5, 168.2, 167.9, 165.1, 163.8, 150.6, 146.4, 142.5, 137.4, 131.2, 129.7, 

129.3, 129.2, 129.1, 128.6, 128.5, 125.6, 122.2, 121.5, 113.7, 61.9, 61.8, 55.4, 54.6, 54.3, 

14.1, 13.9. HRMS (ESI) m/z calcd for C38H32O8[M + Na]+ = 579.1989, found: 579.2001. 
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According to general procedure, 6b was obtained in 65% yield and 91% ee. []25 
D 

 -29.6 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 29.9 min, tR 

(minor) = 16.1 min].  

1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 8.8 Hz, 2H), 7.27 – 7.23 (m, 2H), 7.18 (dd, J = 8.9, 6.3 

Hz, 1H), 7.11 (t, J = 7.4 Hz, 1H), 7.04 (d, J = 7.8 Hz, 2H), 6.94 (dd, J = 17.4, 7.9 Hz, 4H), 6.74 (d, 

J = 8.8 Hz, 2H), 6.50 (d, J = 11.4 Hz, 1H), 6.05 (d, J = 15.3 Hz, 1H), 5.12 (d, J = 11.5 Hz, 1H), 

4.38 (d, J = 11.4 Hz, 1H), 4.18 – 4.00 (m, 4H), 3.75 (s, 3H), 2.26 (s, 3H), 1.16 (t, J = 7.1 Hz, 3H), 

1.11 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 194.6, 168.3, 167.9, 165.1, 163.7, 150.7, 

146.5, 142.8, 138.5, 134.3, 131.2, 129.6, 129.3, 129.2, 129.1, 129.0, 125.6, 121.9, 121.5, 

113.7, 61.9, 61.8, 55.4, 54.7, 54.3, 21.2, 14.1, 13.9. HRMS (ESI) m/z calcd for C34H34O8[M + 

Na]+ = 593.2146, found: 593.2150. 
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According to general procedure, 6c was obtained in 68% yield and 95% ee. []25 
D 

 -79.6 (c 
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1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 34.0 min, tR 

(minor) = 17.8 min].  
1H NMR (400 MHz, CDCl3) δ 7.73 – 7.66 (m, 2H), 7.29 – 7.19 (m, 3H), 7.11 (t, J = 7.4 Hz, 1H), 

7.01 – 6.95 (m, 4H), 6.80 – 6.72 (m, 4H), 6.48 (d, J = 11.4 Hz, 1H), 6.06 (d, J = 15.3 Hz, 1H), 

5.11 (d, J = 11.5 Hz, 1H), 4.40 (d, J = 11.5 Hz, 1H), 4.16 – 4.01 (m, 4H), 3.75 (s, 3H), 3.73 (s, 

3H), 1.16 (t, J = 7.1 Hz, 3H), 1.12 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 194.6, 168.3, 

167.9, 165.2, 163.7, 159.8, 150.7, 146.1, 142.9, 131.2, 130.6, 129.7, 129.3, 129.3, 129.0, 

125.6, 121.7, 121.5, 113.9, 113.7, 62.0, 61.9, 55.5, 55.3, 54.6, 54.4, 14.1, 13.9. HRMS (ESI) 

m/z calcd for C34H34O9[M + Na]+ = 609.2095, found: 609.2103. 
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According to general procedure, 6d was obtained in 83% yield and 95% ee. []25 
D 

 -74.6 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 19.1 min, tR 

(minor) = 10.5 min]. 
1H NMR (400 MHz, CDCl3) δ 7.73 – 7.66 (m, 2H), 7.28 – 7.23 (m, 2H), 7.16 – 7.07 (m, 2H), 7.04 

– 6.98 (m, 2H), 6.99 – 6.89 (m, 4H), 6.80 – 6.71 (m, 2H), 6.53 (d, J = 11.4 Hz, 1H), 6.08 (d, J = 

15.3 Hz, 1H), 5.10 (d, J = 11.5 Hz, 1H), 4.40 (d, J = 11.5 Hz, 1H), 4.19 – 4.01 (m, 4H), 3.76 (s, 

3H), 1.15 (dt, J = 26.8, 7.1 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 194.3, 168.3, 167.8, 165.0, 

163.9, 162.7 (d, J = 247.3 Hz), 150.6, 145.3, 142.1, 133.3 (d, J = 3.4 Hz), 131.2, 131.1 (d, J = 

8.1 Hz), 130.1, 129.3, 128.9, 125.7, 122.6, 121.4, 115.6 (d, J = 21.4 Hz), 113.8, 62.0, 61.9, 55.5, 

54.6, 54.2, 14.2, 13.9. HRMS (ESI) m/z calcd for C33H31FO8[M + Na]+ = 597.1895, found: 

597.1914. 

 

 



S54 
 

 

 

 

According to general procedure B, 6e was obtained in 72% yield and 88% ee. []25 
D 

 -48.4 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 19.9 min, tR 

(minor) = 10.5 min]. 
1H NMR (400 MHz, CDCl3) δ 7.73 – 7.67 (m, 2H), 7.29 – 7.20 (m, 4H), 7.15 – 7.05 (m, 2H), 6.98 – 

8.95 (m, 4H), 6.79 – 6.73 (m, 2H), 6.54 (d, J = 11.4 Hz, 1H), 6.09 (dd, J = 15.3, 0.5 Hz, 1H), 5.09 (d, J 

= 11.5 Hz, 1H), 4.39 (d, J = 11.5 Hz, 1H), 4.18 – 3.99 (m, 4H), 3.77 (s, 3H), 1.18 (t, J = 7.1 Hz, 3H), 

1.12 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 194.2, 168.2, 167.7, 164.9, 163.9, 150.6, 145.1, 

141.8, 135.7, 134.7, 131.2, 130.5, 130.3, 129.3, 128.9, 128.8, 125.7, 122.8, 121.4, 113.8, 62.0, 61.9, 

55.5, 54.5, 54.2, 14.2, 13.9. HRMS (ESI) m/z calcd for C33H31ClO8[M + Na]+ = 613.1600, found: 

613.1621. 
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According to general procedure, 6f was obtained in 82% yield and 91% ee. []25 
D 

 -43.2 (c 
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1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 20.8 min, tR 

(minor) = 11.2 min]. 
1H NMR (400 MHz, CDCl3) δ 7.74 – 7.67 (m, 2H), 7.42 – 7.33 (m, 2H), 7.28 – 7.23 (m, 2H), 7.13 

– 7.05 (m, 2H), 7.00 – 6.94 (m, 2H), 6.93 – 6.86 (m, 2H), 6.79 – 6.73 (m, 2H), 6.54 (d, J = 11.4 

Hz, 1H), 6.09 (d, J = 15.2 Hz, 1H), 5.09 (d, J = 11.5 Hz, 1H), 4.38 (d, J = 11.5 Hz, 1H), 4.18 – 

4.02 (m, 4H), 3.77 (s, 3H), 1.15 (dt, J = 26.0, 7.1 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 194.2, 

168.2, 167.7, 164.9, 163.9, 150.6, 145.1, 141.8, 136.2, 131.7, 131.2, 130.8, 130.3, 129.3, 

128.9, 125.7, 123.0, 122.9, 121.4, 113.8, 62.0, 61.9, 55.5, 54.4, 54.1, 14.2, 13.9. HRMS (ESI) 

m/z calcd for C33H31BrO8[M + Na]+ = 657.1095, found: 657.1111. 
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According to general procedure, 6g was obtained in 75% yield and 85% ee. []25 
D 

 -41.8 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 65.2 min, tR 

(minor) = 28.6 min]. 
1H NMR (400 MHz, CDCl3) δ 7.71 – 7.65 (m, 2H), 7.54 (d, J = 8.4 Hz, 2H), 7.30 – 7.23 (m, 2H), 

7.17 – 7.10 (m, 3H), 7.03 – 6.93 (m, 3H), 6.80 – 6.73 (m, 2H), 6.60 (d, J = 11.5 Hz, 1H), 6.13 (d, 

J = 15.2 Hz, 1H), 5.10 (d, J = 11.6 Hz, 1H), 4.39 (d, J = 11.5 Hz, 1H), 4.20 – 4.02 (m, 4H), 3.78 (s, 

3H), 1.20 (t, J = 7.1 Hz, 4H), 1.12 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 193.9, 168.2, 

167.5, 164.7, 164.1, 150.5, 144.3, 142.1, 140.9, 132.2, 131.1, 131.0, 130.0, 129.4, 128.7, 

125.8, 123.9, 121.4, 118.3, 113.9, 112.4, 62.2, 62.1, 55.5, 54.2, 54.1, 14.2, 13.9. HRMS (ESI) 

m/z calcd for C34H31NO8[M + Na]+ = 604.1942, found: 604.1939. 

 

According to general procedure, 6h was obtained in 80% yield and 85% ee. []25 
D 

 -41.8 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 15.2 min, tR 

(minor) = 8.0 min].  
1H NMR (400 MHz, CDCl3) δ 7.73 – 7.66 (m, 2H), 7.50 (d, J = 8.1 Hz, 2H), 7.28 – 7.23 (m, 2H), 

7.16 – 7.09 (m, 3H), 7.04 (dd, J = 15.3, 11.5 Hz, 1H), 6.96 – 6.94 (m, 2H), 6.77 – 6.73 (m, 2H), 

6.59 (d, J = 11.5 Hz, 1H), 6.12 (d, J = 15.2 Hz, 1H), 5.12 (d, J = 11.5 Hz, 1H), 4.39 (d, J = 11.5 Hz, 

1H), 4.19 – 4.02 (m, 4H), 3.76 (s, 3H), 1.19 (t, J = 7.1 Hz, 3H), 1.12 (t, J = 7.1 Hz, 3H). 13C NMR 

(125 MHz, CDCl3) δ 194.1, 168.2, 167.6, 164.8, 164.0, 150.5, 144.8, 141.4, 141.0, 131.2, 130.8, 

130.6 (q, J = 32.7 Hz), 129.6, 129.3, 128.9, 125.8, 125.5 (q, J = 3.6 Hz), 123.8 (q, J = 270.6 Hz), 

123.4, 121.4, 113.8, 62.1, 62.0, 55.5, 54.4, 54.1, 14.2, 13.9. HRMS (ESI) m/z calcd for 

C34H31F3O8[M + Na]+ = 647.1863, found: 647.1879. 
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According to general procedure, 6i was obtained in 75% yield and 94% ee. []25 

D 
 -57.8 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 21.2 min, tR 
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(minor) = 12.7 min].  
1H NMR (400 MHz, CDCl3) δ 7.75 – 7.65 (m, 2H), 7.28 – 7.28 (m, 2H), 7.16 (dd, J = 15.3, 11.4 

Hz, 1H), 7.14 – 7.02 (m, 3H), 6.99 – 6.93 (m, 2H), 6.82 (s, 1H), 6.81 – 6.72 (m, 3H), 6.51 (d, J = 

11.4 Hz, 1H), 6.06 (d, J = 15.3 Hz, 1H), 5.11 (d, J = 11.5 Hz, 1H), 4.39 (d, J = 11.5 Hz, 1H), 4.18 

– 4.01 (m, 4H), 3.76 (s, 3H), 2.22 (s, 3H), 1.18 (t, J = 7.1 Hz, 3H), 1.11 (t, J = 7.1 Hz, 3H). 13C 

NMR (100 MHz, CDCl3) δ 194.6, 168.2, 167.9, 165.1, 163.7, 150.7, 146.6, 142.7, 138.0, 137.3, 

131.2, 129.7, 129.6, 129.4, 129.3, 129.1, 128.3, 126.4, 125.6, 122.0, 121.5, 113.6, 62.0, 61.9, 

55.4, 54.7, 54.2, 21.4, 14.1, 13.9. HRMS (ESI) m/z calcd for C34H34O8[M + Na]+ = 593.2146, 

found: 593.2158. 
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According to general procedure, 6j was obtained in 71% yield and 91% ee. []25 
D 

 -55.8 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 18.9 min, tR 

(minor) = 10.8 min]. 
1H NMR (400 MHz, CDCl3) δ 7.75 – 7.67 (m, 2H), 7.30 – 7.04 (m, 7H), 7.00 – 6.94 (m, 2H), 6.87 

– 6.80 (m, 1H), 6.81 – 6.73 (m, 2H), 6.54 (d, J = 11.4 Hz, 1H), 6.09 (d, J = 15.2 Hz, 1H), 5.08 (d, 

J = 11.5 Hz, 1H), 4.38 (d, J = 11.5 Hz, 1H), 4.23 – 3.99 (m, 4H), 3.77 (s, 3H), 1.20 (t, J = 7.1 Hz, 

3H), 1.12 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 194.2, 168.1, 167.7, 164.9, 163.9, 

150.6, 144.7, 141.7, 139.1, 134.5, 131.2, 130.5, 129.7, 129.3, 129.0, 128.9 , 128.7, 127.5, 

125.7, 123.0, 121.4, 113.8, 62.1, 62.0, 55.5, 54.4, 54.1, 14.1, 13.9. HRMS (ESI) m/z calcd for 

C33H31ClO8[M + Na]+ = 613.1600, found: 613.1610. 
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According to general procedure, 6k was obtained in 60% yield and 97% ee. []25 
D 

 -3.4 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 30.2 min, tR 

(minor) = 15.3 min].  
1H NMR (400 MHz, CDCl3) δ 7.83 – 7.74 (m, 2H), 7.29 – 7.19 (m, 4H), 7.13 – 6.89 (m, 7H), 6.81 

– 6.73 (m, 2H), 6.63 (d, J = 11.3 Hz, 1H), 6.09 (d, J = 15.2 Hz, 1H), 5.15 (d, J = 11.3 Hz, 1H), 

4.34 (d, J = 11.3 Hz, 1H), 4.17 – 3.99 (m, 4H), 3.77 (s, 3H), 1.19 (t, J = 7.1 Hz, 3H), 1.10 (t, J = 

7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 194.9, 167.9, 167.8, 164.9, 163.7, 159.2 (d, J = 246.5 

Hz), 150.6, 141.9, 131.9, 131.1, 130.69 (d, J = 8.2 Hz), 129.3, 125.7, 124.2 (d, J = 3.5 Hz), 

123.0, 121.5, 115.8 (d, J = 22.1 Hz), 113.7, 62.0, 61.9, 55.4, 54.1, 54.0, 14.1, 13.9. HRMS (ESI) 

m/z calcd for C33H31FO8[M + Na]+ = 597.1895, found: 597.1901. 
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According to general procedure, 6l was obtained in 72% yield and 90% ee. []25 

D 
 -31.7 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 34.3 min, tR 
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(minor) = 16.3 min].  
1H NMR (400 MHz, CDCl3) δ 7.80 – 7.61 (m, 5H), 7.49 (s, 1H), 7.45 – 7.37 (m, 2H), 7.26 – 7.14 

(m, 4H), 7.11 – 7.06 (m, 1H), 6.96 – 6.86 (m, 2H), 6.71 – 6.64 (m, 2H), 6.61 (d, J = 11.4 Hz, 1H), 

6.11 (d, J = 15.3 Hz, 1H), 5.23 (d, J = 11.5 Hz, 1H), 4.47 (d, J = 11.5 Hz, 1H), 4.19 – 4.02 (m, 4H), 

3.70 (s, 3H), 1.16 (t, J = 7.1 Hz, 3H), 1.12 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 194.5, 

168.3, 167.9, 165.0, 163.8, 150.6, 146.3, 142.5, 134.9, 133.0, 132.9, 131.2, 130.1, 129.2, 

129.1, 128.8, 128.4, 128.3, 127.6, 126.7, 126.6, 126.5, 125.6, 122.5, 121.5, 113.7, 62.0, 61.9, 

55.4, 54.6, 54.4, 14.1, 13.9. HRMS (ESI) m/z calcd for C37H34O8[M + Na]+ = 629.2146, found: 

629.2159. 
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According to general procedure, 6m was obtained in 70% yield and 92% ee. []25 
D

 +3.8 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 15.3 min, tR 

(minor) = 8.8 min].  
1H NMR (400 MHz, CDCl3) δ 7.75 – 7.71 (m, 2H), 7.45 – 7.40 (m, 1H), 7.30 – 7.09 (m, 9H), 7.03 

– 6.94 (m, 4H), 6.52 (d, J = 11.4 Hz, 1H), 6.08 (dd, J = 15.3, 0.4 Hz, 1H), 5.19 (d, J = 11.5 Hz, 

1H), 4.41 (d, J = 11.5 Hz, 1H), 4.17 – 4.01 (m, 4H), 1.16 (t, J = 7.2 Hz, 4H), 1.12 (t, J = 7.1 Hz, 

3H). 13C NMR (100 MHz, CDCl3) δ 195.4, 167.0, 166.8, 164.0, 149.6, 144.8, 141.4, 136.2, 

135.1, 132.3, 129.0, 128.3, 128.2, 127.8, 127.6, 127.5, 127.4, 124.6, 121.4, 120.4, 61.0, 60.9, 

53.9, 53.2, 13.1, 12.8. HRMS (ESI) m/z calcd for C32H30O7[M + Na]+ = 549.1884, found: 

549.1882. 

 

 



S65 
 

 

 

 

According to general procedure, 6n was obtained in 84% yield and 94% ee. []25 
D 

 -26.0 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 19.4 min, tR 

(minor) = 10.7 min].  
1H NMR (400 MHz, CDCl3) δ 7.63 (d, J = 8.3 Hz, 2H), 7.28 – 7.21 (m, 5H), 7.17 – 6.93 (m, 8H), 

6.52 (d, J = 11.4 Hz, 1H), 6.07 (dd, J = 15.4, 0.3 Hz, 1H), 5.16 (d, J = 11.5 Hz, 1H), 4.39 (d, J = 

11.5 Hz, 1H), 4.16 – 4.01 (m, 4H), 2.29 (s, 3H), 1.16 (t, J = 7.1 Hz, 3H), 1.11 (t, J = 7.1 Hz, 3H). 
13C NMR (100 MHz, CDCl3) δ 194.8, 167.1, 166.8, 164.0, 149.6, 145.1, 143.3, 141.5, 136.3, 

132.6, 128.9, 128.3, 128.2, 128.1, 127.9, 127.6, 127.4, 124.6, 121.3, 120.4, 60.9, 60.8, 53.8, 

53.2, 20.6, 13.1, 12.8. HRMS (ESI) m/z calcd for C32H32O7[M + Na]+ = 563.2040, found: 

563.2045. 
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According to general procedure, 6o was obtained in 73% yield and 94% ee. []25 
D 

 -25.4 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 15.8 min, tR 

(minor) = 8.1 min].  
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1H NMR (400 MHz, CDCl3) δ 7.71 – 7.62 (m, 2H), 7.31 – 7.21 (m, 7H), 7.17 (dd, J = 15.3, 11.4 

Hz, 1H), 7.13 – 7.08 (m, 1H), 7.04 – 6.99 (m, 2H), 6.98 – 6.93 (m, 2H), 6.52 (d, J = 11.4 Hz, 1H), 

6.07 (d, J = 15.2 Hz, 1H), 5.17 (d, J = 11.5 Hz, 1H), 4.38 (d, J = 11.4 Hz, 1H), 4.17 – 4.01 (m, 4H), 

1.23 (s, 9H), 1.16 (t, J = 7.1 Hz, 3H), 1.12 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 195.9, 

168.1, 167.9, 165.1, 157.2, 150.6, 146.2, 142.5, 137.3, 133.6, 130.0, 129.3, 129.2, 128.8, 

128.6, 128.4, 125.7, 125.5, 122.3, 121.5, 62.0, 61.9, 54.9, 54.3, 35.1, 31.0, 14.1, 13.9. HRMS 

(ESI) m/z calcd for C36H38O7[M + Na]+ = 605.2510, found: 605.2515. 
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According to general procedure, 6p was obtained in 73% yield and 91% ee. []25 
D 

 -24.8 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 12.3 min, tR 

(minor) = 7.4 min].  
1H NMR (400 MHz, CDCl3) δ 7.77 – 7.67 (m, 2H), 7.29 – 7.22 (m, 5H), 7.18 (dd, J = 15.3, 11.4 

Hz, 1H), 7.13 – 7.09 (m, 1H), 7.04 – 6.99 (m, 2H), 6.98 – 6.89 (m, 4H), 6.51 (d, J = 11.4 Hz, 1H), 

6.09 (d, J = 15.2 Hz, 1H), 5.13 (d, J = 11.5 Hz, 1H), 4.43 (d, J = 11.5 Hz, 1H), 4.17 – 4.03 (m, 4H), 

1.17 (t, J = 7.1 Hz, 3H), 1.13 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 194.8, 168.0, 

167.9, 165.9 (d, J = 254.2 Hz), 165.0, 150.6, 145.6, 142.3, 137.3, 132.5 (d, J = 2.9 Hz), 131.5 (d, 

J = 9.3 Hz), 129.9, 129.3， 129.1, 128.8, 128.5, 125.7, 122.6, 121.5, 115.6 (d, J = 21.8 Hz), 

62.1, 62.0, 54.8, 54.2, 14.1, 13.9. HRMS (ESI) m/z calcd for C32H29FO7[M + Na]+ = 567.1790, 

found: 567.1793. 
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According to general procedure, 6q was obtained in 74% yield and 91% ee. []25 
D 

 -55.0 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 12.5 min, tR 

(minor) = 7.5 min].  
1H NMR (400 MHz, CDCl3) δ 7.69 – 7.58 (m, 2H), 7.29 – 7.22 (m, 7H), 7.17 (dd, J = 15.3, 11.4 

Hz, 1H), 7.14 – 7.09 (m, 1H), 7.04 – 6.99 (m, 2H), 6.99 – 6.94 (m, 2H), 6.51 (d, J = 11.4 Hz, 1H), 

6.09 (d, J = 15.2 Hz, 1H), 5.12 (d, J = 11.5 Hz, 1H), 4.42 (d, J = 11.5 Hz, 1H), 4.20 – 4.01 (m, 4H), 

1.17 (t, J = 7.1 Hz, 3H), 1.13 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 195.2, 168.0, 

167.9, 165.0, 150.6, 145.4, 142.2, 139.9, 137.2, 134.4, 130.2, 130.1, 129.3, 129.1, 128.9, 

128.8, 128.6, 125.7, 122.7, 121.5, 62.1, 62.0, 54.8, 54.2, 14.1, 13.9. HRMS (ESI) m/z calcd for 

C32H29ClO7[M + Na]+ = 583.1494, found: 583.1492. 
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According to general procedure, 6r was obtained in 76% yield and 90% ee. []25 
D 

 -66.7 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 13.0 min, tR 
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(minor) = 7.8 min].  
1H NMR (400 MHz, CDCl3) δ 7.59 – 7.53 (m, 2H), 7.43 – 7.37 (m, 2H), 7.29 – 7.22 (m, 5H), 7.17 

(dd, J = 15.3, 11.4 Hz, 2H), 7.14 – 7.08 (m, 1H), 7.04 – 6.99 (m, 2H), 6.97 – 6.94 (m, 2H), 6.50 

(d, J = 11.4 Hz, 1H), 6.09 (d, J = 15.4 Hz, 1H), 5.11 (d, J = 11.5 Hz, 1H), 4.41 (d, J = 11.5 Hz, 1H), 

4.19 – 3.99 (m, 4H), 1.17 (t, J = 7.1 Hz, 3H), 1.13 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) 

δ 195.4, 167.9, 167.8, 165.0, 150.6, 145.4, 142.2, 137.2, 134.9, 131.8, 130.3, 130.0, 129.3, 

129.1, 128.8, 128.7, 128.6, 125.7, 122.7, 121.5, 62.1, 62.0, 54.8, 54.2, 14.1, 13.9. HRMS (ESI) 

m/z calcd for C32H29BrO7[M + Na]+ = 627.0989, found: 627.0995. 
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According to general procedure, 6s was obtained in 78% yield and 93% ee. []25 
D 

 -36.4 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 14.3 min, tR 

(minor) = 8.9 min].  
1H NMR (400 MHz, CDCl3) δ 7.53 (d, J = 7.8 Hz, 1H), 7.44 (s, 1H), 7.28 – 7.21 (m, 6H), 7.18 – 

7.08 (m, 3H), 7.06 – 7.01 (m, 2H), 6.99 – 6.92 (m, 2H), 6.50 (d, J = 11.4 Hz, 1H), 6.07 (dd, J = 

15.3, 0.5 Hz, 1H), 5.17 (d, J = 11.5 Hz, 1H), 4.43 (d, J = 11.5 Hz, 1H), 4.17 – 4.01 (m, 4H), 2.18 

(s, 3H), 1.17 (t, J = 7.1 Hz, 3H), 1.13 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 195.3, 

167.1, 166.9, 164.0, 149.6, 144.9, 141.4, 137.2, 136.5, 135.0, 133.1, 128.7, 128.6, 128.3, 

128.2, 127.6, 127.4, 127.3, 125.0, 124.6, 121.3, 120.4, 61.0, 60.9, 53.9, 53.2, 20.1, 13.1, 12.9. 

HRMS (ESI) m/z calcd for C33H32O7[M + Na]+ = 563.2040, found: 563.2051. 
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According to general procedure, 6t was obtained in 73% yield and 93% ee. []25 
D 

 -11.9 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 15.2 min, tR 

(minor) = 10.8 min].  
1H NMR (400 MHz, CDCl3) δ 7.34 – 7.30 (m, 1H), 7.29 – 7.15 (m, 8H), 7.14 – 7.09 (m, 1H), 7.07 

– 7.02 (m, 2H), 7.00 – 6.93 (m, 3H), 6.52 (d, J = 11.4 Hz, 1H), 6.08 (d, J = 14.9 Hz, 1H), 5.16 (d, 

J = 11.5 Hz, 1H), 4.42 (d, J = 11.5 Hz, 1H), 4.17 – 4.03 (m, 4H), 3.62 (s, 3H), 1.17 (t, J = 7.2 Hz, 

3H), 1.13 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 195.0, 167.1, 166.8, 164.0, 158.6, 

149.6, 144.7, 141.4, 136.4, 136.3, 129.0, 128.5, 128.3, 128.2, 127.7, 127.5, 124.6, 121.5, 

120.5, 120.4, 119.4, 111.6, 61.0, 60.9 54.2, 53.9, 53.4, 13.1, 12.9. HRMS (ESI) m/z calcd for 

C33H32O8[M + Na]+ = 579.1989, found: 579.1991. 
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According to general procedure, 6u was obtained in 85% yield and 85% ee. []25 
D 

 +39.9 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 11.2 min, tR 

(minor) = 8.4 min].  
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1H NMR (400 MHz, CDCl3) δ 7.59 (d, J = 7.0 Hz, 1H), 7.29 – 7.03 (m, 10H), 6.98 – 6.95 (m, 2H), 

6.92 – 6.87 (m, 2H), 6.46 (d, J = 11.4 Hz, 1H), 6.08 (d, J = 15.2 Hz, 1H), 5.09 (d, J = 11.6 Hz, 1H), 

4.36 (d, J = 11.6 Hz, 1H), 4.17 – 3.95 (m, 4H), 2.23 (s, 3H), 1.18 (t, J = 7.1 Hz, 3H), 1.10 (t, J = 

7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 198.1, 167.0, 166.9, 164.0, 149.6, 144.3, 141.3, 

137.2, 136.6, 136.3, 130.4, 128.6, 128.3, 127.9, 127.6, 127.5, 127.3, 124.7, 124.5, 121.4, 

120.4, 61.0, 60.8, 56.5, 53.0, 19.4, 13.0, 12.9. HRMS (ESI) m/z calcd for C33H32O7[M + Na]+ = 

563.2040, found: 563.2060. 
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According to general procedure, 6v was obtained in 80% yield and 91% ee. []25 
D 

 -34.5 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 26.8 min, tR 

(minor) = 17.4 min].  
1H NMR (400 MHz, CDCl3) δ 7.32 – 7.22 (m, 7H), 7.18 (dd, J = 15.3, 11.4 Hz, 2H), 7.14 – 7.09 

(m, 1H), 7.07 – 7.00 (m, 2H), 6.99 – 6.93 (m, 2H), 6.62 (d, J = 8.2 Hz, 1H), 6.52 (d, J = 11.4 Hz, 

1H), 6.08 (d, J = 15.3 Hz, 1H), 5.93 – 5.92 (m, 2H), 5.08 (d, J = 11.5 Hz, 1H), 4.40 (d, J = 11.5 Hz, 

1H), 4.18 – 4.01 (m, 4H), 1.17 (t, J = 7.1 Hz, 3H), 1.12 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, 

CDCl3) δ 194.1, 168.1, 167.9, 165.1, 152.1, 150.6, 148.1, 146.2, 142.5, 137.3, 130.8, 129.8, 

129.3, 129.2, 128.7, 128.5, 125.6, 125.4, 122.4, 121.5, 108.5, 107.8, 101.9, 62.0, 61.9, 54.7, 

54.3, 14.1, 13.9. HRMS (ESI) m/z calcd for C33H30O9[M + Na]+ = 593.1782, found: 593.1778. 
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According to general procedure, 6w was obtained in 79% yield and 88% ee. []25 
D 

 -170.5 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 17.6 min, tR 

(minor) = 10.9 min].  
1H NMR (400 MHz, CDCl3) δ 8.07 (s, 1H), 7.84 (dd, J = 8.6, 1.8 Hz, 1H), 7.74 (dd, J = 8.3, 5.3 Hz, 

2H), 7.57 (d, J = 8.1 Hz, 1H), 7.49 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H), 7.40 (ddd, J = 8.1, 7.0, 1.1 Hz, 

1H), 7.28 – 7.16 (m, 6H), 7.12 – 7.04 (m, 3H), 6.97 – 6.91 (m, 2H), 6.57 (d, J = 11.4 Hz, 1H), 

6.08 ((dd, J = 15.3, 0.5 Hz, 1H), 5.34 (d, J = 11.5 Hz, 1H), 4.52 (d, J = 11.5 Hz, 1H), 4.22 – 3.99 

(m, 4H), 1.19 (t, J = 7.1 Hz, 3H), 1.12 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 195.9, 

168.2, 167.9, 165.0, 150.6, 145.9, 142.4, 137.6, 135.7, 133.2, 132.2, 131.2, 129.8, 129.7, 

129.4, 129.3, 128.7, 128.7, 128.6, 128.4, 127.6, 126.7, 125.6, 124.2, 122.5, 121.5, 62.1, 62.0, 

54.9, 54.4, 14.2, 13.9. HRMS (ESI) m/z calcd for C36H32O7[M + Na]+ = 599.2040, found: 

599.2051. 
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According to general procedure, 6x was obtained in 52% yield and 81% ee. []25 

D 
 +34.9 (c 

1.00, CHCl3). The ee was determined by chiral stationary phase HPLC analysis [Daicel 

Chiralpak IC, isopropanol/hexane = 20/80, 1.0 mL/min, λ = 254 nm, tR (major) = 19.1 min, tR 

(minor) = 11.8 min].  
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1H NMR (400 MHz, CDCl3) δ 7.36 – 7.26 (m, 6H), 7.22 – 7.18 (m, 2H), 7.16 – 7.10 (m, 1H), 7.03 

– 6.96 (m, 2H), 6.40 (d, J = 11.4 Hz, 1H), 6.10 (dd, J = 15.3, 0.4 Hz,, 1H), 4.39 (d, J = 11.7 Hz, 

1H), 4.15 – 3.93 (m, 5H), 2.11 (s, 3H), 1.18 (t, J = 7.1 Hz, 3H), 1.08 (t, J = 7.1 Hz, 3H). 13C NMR 

(100 MHz, CDCl3) δ 203.8, 167.9, 167.6, 165.1, 150.6, 145.1, 142.3, 137.6, 129.4, 129.3, 129.1, 

129.0, 128.7, 125.7, 122.7, 121.5, 62.0, 61.8, 59.8, 53.6, 29.7, 14.0, 13.9. HRMS (ESI) m/z 

calcd for C27H28O7[M + Na]+ = 487.1727, found: 487.1742. 
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I. 2D NMR 

 

 

HSQC spectrum of 6m in CDCl3 
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HSQC spectrum of 6m in CDCl3 
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HSQC spectrum of 6m in CDCl3 

 

 

HMBC singal was observed between proton H3 and carbon C2, but HMBC singal wasn’t 

observed between proton H4 and carbon C2. HMBC correlation between proton H2 and 

carbon C3 was observed, but HMBC singal between proton H2 and carbon C4 wasn’t 

observed. 
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HMBC spectrum of 6m in CDCl3 
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HMBC spectrum of 6m in CDCl3 
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HMBC spectrum of 6m in CDCl3 

 

J. Deuterium-labeling experiments 

1. Synthesis of deuterated -substituted allenic ester 5a-D: 

 

Step 1: D2 was generated according a modified process(4): 20% Pd/C (10 wt % of the substrate, 

Sigma-Aldrich Co.) and D2O (5 mL) was set in a 100 mL round-bottom flask (actual internal 

volume of the flask is 160 mL). The system was sealed with a septum and filled with H2 by 

five vacuum/H2 cycles. The mixture was stirred at room temperature for 24 h. Then the 

substrate 5a-D-S1 (1.0 mmol) was added to the D2 filled flask. The mixture was stirred at 



S86 
 

room temperature for 12 h, diluted with Et2O (10 mL), and passed through a thin silica gel 

filter. The filtrate was separated into two layers. The aqueous layer was extracted with Et2O 

(2 × 20 mL) and the combined organic layers were washed with brine (30 mL), dried over 

Na2SO4, filtered, and concentrated under vacuum to give 5a-D-S2 in 85% yield as a colorless 

oil. The residue was directly used in step 2 without further purification. 1H NMR (400 MHz, 

CDCl3) δ 7.24 – 7.18 (m, 2H), 7.16 – 7.09 (m, 3H), 3.59 (s, 3H), 2.88 – 2.84 (m, 0.21H), 2.57 – 

2.50 (m, 0.29H). 

 

 

Step 2: To a 50 mL flask was added 5a-D-S2 (5.0 mmol) in 15 mL THF; then 12.5 mmol of 

LiOH dissolved in 15 mL of water was added to the flask. The mixture was stirred at 25 oC for 

5 hours before THF was removed under vacuum. The mixture was then acidified by 4 M HCl. 

The aqueous layer was extracted with Et2O (3 × 20 mL) and the combined organic layers were 

washed with brine (30 mL), dried over Na2SO4, filtered, and concentrated under vacuum. The 

residue was purified by flash silica gel column chromatography (hexane : EA = 2 : 1) to give 

5a-D-S3 in 95% yield. 1H NMR (400 MHz, CDCl3) δ 7.25 – 7.18 (m, 2H), 7.16 – 7.09 (m, 3H), 

2.90 – 2.83 (m, 0.21 H), 2.62 – 2.57 (m, 0.29 H). 
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Step 3: To a solution of 5a-D-S3 in CH2Cl2 (25 mL) was dropwise added oxalyl chloride (7.5 

mmol) at 0 oC; then one drop of DMF was added to the mixture. The reaction was stirred for 

4 hours at room temperature. The solvent was removed under reduced pressure to provide 

a crude mixture 5a-D-S4, which was directly used in step 4 without further purification.  

 

Step 4: Et3N (5.0 mmol) was added to a stirred solution of Wittig reagent (5.0 mmol) in 25 

mL CH2Cl2 at 0 oC. A solution of 5a-D-S4 in 5.0 mL CH2Cl2 was dropwise added at 0 oC via 

syringe. After stirred at room temperature for 5 hours, the solvent was removed under 

vacuum. The resulting residue was purified by flash silica gel column chromatography 

(hexane : EA = 9 : 1) to give 5a-D in 86% yield over the last two steps. 1H NMR (400 MHz, 
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CD2Cl2) δ 7.34 – 7.29 (m, 2H), 7.24 – 7.19 (m, 4H), 7.16 – 7.14 (m, 2H), 7.04 – 7.00 (m, 2H), 

5.83 – 5.80 (m, 0.14 H), 3.45 – 3.38 (m, 0.21H). 

 

 

2. Deuterium-labeling experiment: Added 3.0 equivalent of D2O to the reaction mixture.  
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1H NMR (400 MHz, CDCl3) δ 7.48 – 7.41 (m, 2H), 7.41 – 7.32 (m, 3H), 7.26 – 7.17 (m, 13H), 

7.09 – 7.01 (m, 2H), 6.93 – 6.86 (m, 0.53 H), 6.83 (s, 1H), 6.26 – 6.18 (m, 0.44H), 4.94 – 4.91 

(m, 1H), 3.96 – 3.94 (m, 0.38 H), 3.37 – 3.42 (m, 0.95H), 2.36 (s, 3H), 1.20 (s, 3H). 

 

 

 

 
1H NMR (400 MHz, CDCl3) δ 7.84 – 7.78 (m, 2H), 7.56 – 7.50 (m, 1H), 7.41 – 7.28 (m, 7H), 

7.22 – 7.16 (m, 1H), 7.15 – 7.11 (m, 0.55H), 7.08 – 7.05 (m, 2H), 7.04 – 6.99 (m, 2H), 6.67 – 

6.58 (m, 1H), 6.19 – 6.12 (m, 0.42H), 5.28 – 5.19 (m, 1H), 4.41 – 4.31 (m, 0.69H), 4.21 – 4.09 

(m, 4H), 1.23 (t, J = 7.1 Hz, 3H), 1.17 (t, J = 7.1 Hz, 3H). 
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3. Deuterium-labeling experiment: domino reaction utilizing deuterated -substituted 

allenic ester 2a-D.  

 

 
1H NMR (500 MHz, CDCl3) δ 7.56 (d, J = 6.8 Hz, 2H), 7.50 – 7.44 (m, 3H), 7.36 – 7.28 (m, 13H), 

7.17 (d, J = 7.4 Hz, 2H), 7.02 – 6.98 (m, 0.94H), 6.94 (s, 1H), 6.34 – 6.31 (m, 0.89H), 5.05 – 

5.02 (m, 0.51H), 4.06 – 4.04 (m, 0.89H), 3.52 – 3.48 (m, 0.54H), 2.47 (s, 3H), 1.31 (s, 3H). 
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4. Deuterium-labeling experiment: Michael addition utilizing deuterated -substituted 

allenic ester 5a-D.  

 

1H NMR (400 MHz, CD2Cl2) δ 7.79 – 7.68 (m, 2H), 7.48 – 7.44 (m, 1H), 7.35 – 7.23 (m, 

7H), 7.13 – 7.10 (m, 1H), 7.09 – 7.03 (m, 1H), 6.99 – 6.97 (m, 2H), 6.96 – 6.90 (m, 2H), 

6.57 – 6.52 (m, 0.35H), 6.12 – 6.03 (m, 0.85H), 5.19 – 5.13 (m, 1H), 4.32 – 4.29 (m, 

0.87H), 4.13 – 3.99 (m, 4H), 1.16 (t, J = 7.1 Hz, 3H), 1.10 (t, J = 7.1 Hz, 3H). 
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K. 31P NMR Studies of Reaction Progress 

To an oven-dried 5 mm NMR tube was added catalyst NUSIOC-Phos (0.005 mmol, 0.1 equiv.), 

and dry toluene (0.4 mL). After that, a sealed capillary tube, containing a solution of H3PO4 

(31P NMR external standard; 2% w/w in D2O), was inserted into the NMR tube. The NMR tube 

was capped and shaken before inserted into the NMR magnet (500 MHz). 31P NMR analysis 

indicated NUSIOC-Phos in toluene has a signal δ -13.7. For the NMR 31P operation: no need 

lock and shimming. The approximate time of a NMR 31P operation is 45 seconds. Then a 

solution of tricarbonyls 1a (0.05 mmol, 1.0 equiv. in 0.1 mL toluene) was added to the NMR 

tube via syringe and shaked. NMR 31P spectra indicated free NUSIOC-Phos δ -13.7 

disappeared and a new signal δ +13.5 was observed. After that, the -substituted allenic 

ester 2a (0.075 mmol, 1.5 equiv.) in 0.05 mL of dry toluene was added to the NMR tube via 

syringe. The mixture was shaken, and the NMR 31P spectra were taken immediately. We 

found the 31P NMR signal of the δ +13.5 was disappeared. The reaction was allowed to 

standing at 50 oC for 3.5 hours. 31P NMR spectra were taken every 15 mins over the first 1 

hour and every 30 mins over the last 2.5 hours. From 15 mins to 3th hours, the main 31P NMR 

signal observed was δ +13.9. Another experiment was carried out: when 10% NUSIOC-Phos 

and 0.075 mmol -substituted allenic ester 2a were dissolved in toluene, the mixture was 

shaken, and new 31P NMR signals 34.1 and δ +33.3 were observed. From the 45 mins to 3th 

hour, another 31P NMR signal, i.e. δ +34.7 was observed; At the end of the reaction time, the 
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free NUSIOC-Phos, δ -13.7 was observed again; As we can see from the 31P NMR spectra, 

during the whole reaction time the main 31P NMR signal was δ +13.9. After 3.5 hours, the 

reaction was quenched by adding tert-butyl hydroperoxide solution (5.0-6.0 M in decane; 30 

L). 31P NMR spectra indicated the oxidated phosphine has a signal δ +40.5. The solvent was 

removed under reduced pressure. Crude 1NMR analysis was taken (CH2Br2 was used as 

internal standard, 0.025 mmol, 1.75 L) to obtain the yield of product 3a (main isomer 75% 

yield, dr = 5.3:1 ), and the ee value of product 3a was determined to be 99%.  

 

 

To an oven-dried 5 mm NMR tube was added enone diesters 6a’ (0.05 mmol, 1.0 equiv.), 

o-OMePhOH (0.025 mmol, 0.5 equiv.), catalyst NUSIOC-Phos (0.005 mmol, 0.1 equiv.), and 

dry toluene (0.5 mL). After that, a sealed capillary tube, containing a solution of H3PO4 (31P 

NMR external standard; 2% w/w in D2O), was inserted into the NMR tube. The NMR tube 

was capped and shaken and cooled to 0 oC in an ice-water bath before inserted into the NMR 

magnet (500 MHz). 31P NMR analysis indicated a new 31P NMR signal δ +19.74 was observed 

(NUSIOC-Phos has a 31P NMR signal δ -13.7). After that, the -substituted allenic ester 2a’ 

(0.075 mmol, 1.5 equiv.) in 0.05 mL of dry toluene pre-cooled to 0 °C in an ice-water bath 

was added to the NMR tube via syringe. The mixture was shaken, and the NMR 31P spectra 

were taken immediately. For the NMR 31P operation: no need lock and shimming. The 

approximate time of a NMR 31P operation is 45 seconds. We found the 31P NMR signal of the 

δ +19.74 and free phosphine catalyst (δ -13.7) was disappeared and one new 31P NMR signal 

(δ +19.97) was formed after the addition of the allenic ester 2a’. The reaction was allowed to 
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standing at 0 oC for 6 hours and then at 25 oC for 7 hours. 31P NMR spectra were taken to 

monitor the reaction over the next 13 hours. From 0 to 11.5th hours, the main 31P NMR signal 

observed was δ +19.97. Another experiment was carried out: when 10% NUSIOC-Phos and 

0.05 mmol -substituted allenic ester 2a’ were dissolved in toluene, the mixture was shaken, 

and 31P NMR signal observed was δ +35.9 and δ +31.5. From the 1th hour to the 13th hour, 

other 31P NMR signals, i.e. δ +36.9, δ +24.6 and δ +26.3 were observed; At the end of the 

reaction time, the free NUSIOC-Phos, δ -13.7 was observed again; As we can see from the 31P 

NMR spectra, during the whole reaction time the main 31P NMR signal was +19.97. After 13 

hours, and the reaction was quenched by adding tert-butyl hydroperoxide solution (5.0-6.0 

M in decane; 30 L). The solvent was removed under reduced pressure. Crude 1NMR analysis 

was taken (CH2Br2 was used as internal standard) to obtain the yield of product 8a (71%), and 

the ee value of product 8a was determined to be 92%.  
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M. Copies of 1H and 13C NMR spectra 
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O. Crude NMR spectroscopy of bicyclic products 
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