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1. Instrumentation and materials 

Materials: All used reagents, solvents, and materials were purchased from Tokyo Chemical 

Industry (TCI), FUJIFILM Wako Pure Chemical Corporation, Sigma-Aldrich, Kanto Chemical, 

Nakalai Tesque, BLDpharm, or Alfa Aesar. Unless otherwise noted, materials obtained from 

commercial suppliers were used without further purification. CBBC 11 and [MePPh3]I2 were 

synthesized according to the literature.1 Dry THF was supplied from the Glass Countor solvent 

purification system. TiCl4 was distilled before use. If not mentioned otherwise, all reactions were 

performed under standard conditions (at room temperature, at ambient pressure, and under air). 

Chromatography: Analytical thin layer chromatography was performed using fluorescent-

labeled silica-coated plates (TLC silica gel 60 F254, Merck). Detection was conducted using UV 

light (λex = 254 nm). Flash column chromatography was performed using silica gel (Wakogel 60N 

(particle size: 63–212 μm), C-300 (particle size: 45–75 μm), or C-400HG (particle size: 20–

40 μm)). The preparative resolution was conducted using a JAI LabACE LC-7080 plus 

preparative HPLC with a chiral column (DAICEL CHIRALPAK IA, φ 20 mm × 250 mm). 

Analytical HPLC separation was performed on a Shimadzu CBM-20A system with a UV detector 

(SPD-20A), and Daicel Chiralpak IA-3 placed in a column oven (CTO-20AC). 

Nuclear magnetic resonance (NMR) spectroscopy: 1H NMR (500 MHz) and 13C NMR 

(126 MHz) spectra were recorded on a Bruker AVANCE III HD spectrometer. Chemical shifts 

were reported as the delta scale in ppm relative to tetramethylsilane (δ = 0.00 ppm) and residual 

solvent signals (δ = 1.94 ppm for CD3CN and 2.05 ppm for acetone-d6) for 1H NMR and CDCl3 

(δ = 77.16 ppm) and CD3CN (δ = 1.32 ppm) for 13C NMR. The following abbreviations were used 

to describe the multiplicities: s = singlet, d = doublet, t = triplet, m = multiplet. 

Mass spectrometry (MS): High-resolution atmospheric pressure chemical ionization time-of-

flight (APCI-TOF) and electrospray ionization time-of-flight (ESI-TOF) mass spectra were taken 

on a Bruker micrOTOF instrument using a positive ionization mode. 

X-ray diffraction analysis: X-ray data were obtained using a Rigaku XtaLAB Synergy-R/NLN 

diffractometer with a MicroMax007HFMR X-ray generator and a HyPix-6000HE detector. The 

structures were solved using a direct method (SHELXT) and refined by a full-matrix least-squares 

method on F2 for all reflections using the programs of SHELXL-2014. All nonhydrogen atoms 

were refined with anisotropic displacement parameters. The hydrogen atoms were placed in 

idealized positions and refined as riding models with the relative isotropic displacement 

parameters. Crystallographic data have been deposited with the Cambridge Crystallographic Data 
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Centre as a supplementary publication. 

Spectroscopic measurements: UV–vis/NIR absorption spectra were recorded on a Shimadzu 

UV-2550 or JASCO V 670 spectrometer. Emission spectra were recorded on a JASCO FP-8550 

spectrometer. Fluorescence lifetimes were recorded on a HAMAMATSU Quantaurus-Tau 

spectrometer. Circular dichroism (CD) spectra were recorded on a JASCO J-1500 CD 

spectrometer. Fourier transform infrared (FT-IR) spectra were recorded on a Shimadu IRSpirit-X 

spectrometer. 

DFT calculations: All calculations were carried out using the Gaussian 16 software package.3 

The structural optimization and frequency calculations were performed with the density 

functional theory (DFT) method with the restricted B3LYP4 level, employing the 6-31G(d) basis 

sets. The TD-DFT calculations were conducted at the B3LYP/6-31G(d) level. Calculations for 

transition states were conducted using the GRRM17.5 Geometry optimizations and vibration 

frequency calculations were performed at the B3LYP/6-31G level to confirm whether the 

stationary point structures are transition states. 
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2. Experimental procedures and compound data 

Wittig reaction of CBBC 1 with 1.2 equiv of methylenetriphenylphosphorane 

   

To a 50-mL Schlenk tube were added sodium tert-butoxide (0.16 g, 1.7 mmol) and 

methyltriphenylphosphonium iodide (0.67 g, 1.7 mmol) in an argon-filled glovebox. To the 

mixture, degassed dry THF (15 mL) was added. The mixture was stirred at 0 °C for 1 h. To the 

Schlenk tube was added CBBC 1 (0.50 g, 1.4 mmol). The mixture was stirred at 70 °C for 24 h. 

The reaction was quenched with HCl aq. (1 M). The organic materials were extracted with CH2Cl2. 

The organic extract was dried over anhydrous Na2SO4. After removal of the solvent in vacuo, the 

residue was separated by silica gel column chromatography (eluent: CH2Cl2/hexane 3:2), 

affording compound 3 (249 mg, 0.69 mmol, 49%) as a white solid and compound 4 (28 mg, 

0.07 mmol, 5%) as a white solid.  

Compound 3: 1H NMR (500 MHz, CDCl3, 298 K): δ = 7.34 (dd, J1 = 7.7 Hz, J2 = 1.1 Hz, 2H), 

7.23 (ddd, J1 =7.6 Hz, J2 = 7.6 Hz, J3 = 1.4 Hz, 2H), 7.13–7.02 (m, 10H), 6.96 (dd, J1 = 7.1 Hz, 

J2 = 1.4 Hz, 2H), 5.33 (s, 2H) ppm; 13C NMR (126 MHz, CDCl3, 298 K): δ = 199.4, 148.6, 141.2, 

139.8, 139.3, 138.7, 130.8, 130.4, 130.2, 129.4, 128.5, 127.7, 127.6, 127.1, 122.7 ppm; HRMS 

(APCI): [M]+ Calcd for C27H18O 358.1352; Found 358.1336; IR νmax (neat)/cm–1 3057(m), 

1660(m), 1591(m), 1436(m), 1293(m), 925(m) 770(s), 747(s), 695(m), 638(s), 552(s), 517(m); 

The preparative resolution was conducted by recycling HPLC using a chiral column (Daicel 

Chiralpak IE: 20×250 mm, 254 nm UV detector, rt, eluent: CH2Cl2/hexane = 3/2, flow rate: 6 

mL/min, injected substrate: 12 mg, obtained enantiomers: 4.7 mg as the 1st fraction and 3.7 mg 

as the 2nd fraction). Purities of the obtained enantiomers were determined by HPLC analysis 

using a chiral column (Daicel Chiralpak IE-3: 4.6×250 mm, 254 nm UV detector, 293 K, eluent: 

60% CH2Cl2 in hexane, flow rate: 1 mL/min, retention time: 6.4 min for (Sa,Sa)-3 and 8.3 min 

for (Ra,Ra)-3. 
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Compound 4: 1H NMR (500 MHz, acetone-d6, 298 K): δ = 8.07 (dd, J1 =7.9 Hz, J2 = 1.4 Hz, 

2H), 8.00–7.92 (m, 3H), 7.89 (dd, J1 =7.9 Hz, J2 = 1.2 Hz, 1H), 7.83 (dd, J1 =7.8 Hz, J2 = 1.3 Hz, 

1H), 7.61–7.51 (m, 4H), 7.29 (ddd, J1 =7.4 Hz, J2 = 7.4 Hz, J3 = 1.4 Hz, 1H), 7.19 (ddd, J1 =7.3 

Hz, J2 = 7.3 Hz, J3 = 1.4 Hz, 1H), 7.09–7.03 (m, 2H), 6.97 (dd, J1 =7.6 Hz, J2 = 1.1 Hz, 1H), 6.87 

(dd, J1 =7.9 Hz, J2 = 1.0 Hz, 1H) 3.76 (ddd, J1 =9.9 Hz, J2 = 8.2 Hz, J3 = 1.9 Hz, 1H), 3.52 (ddd, 

J1 = 9.8 Hz, J2 = 8.1 Hz, J3 = 7.2 Hz, 1H), 2.99 (ddd, J1 =12.4 Hz, J2 = 6.7 Hz, J3 = 1.7 Hz, 1H), 

2.34 (ddd, J1 =12.9 Hz, J2 = 9.9 Hz, J3 = 9.9 Hz, 1H) ppm; 13C NMR (126 MHz, CDCl3, 298K): 

δ = 137.5, 136.8, 135.6, 134.0, 133.4, 133.2, 132.7, 132.6, 130.2, 129.5, 129.1, 123.0, 128.6, 

128.4, 128.1, 128.0, 127.8, 127.8, 127.5, 127.5, 125.1, 124.3, 124.1, 123.9, 84.1, 77.4, 65.8, 37.7 

ppm; HRMS (APCI): [M+H]+ Calcd for C28H21O 373.1587; Found 373.1573; IR νmax (neat)/cm–

1 2878(m), 1477(m), 1436(m), 1264(m), 1224(m), 1028(m), 988(m), 948(m), 758(s), 730(s), 

552(m). 

 

  

Figure S1. (a–c) HPLC charts of isolated (a) rac-3, (b) (Sa,Sa)-3, and (c) (Ra,Ra)-3. (d) HPLC chart 

of compound 3 synthesized from (P,P)-1.  
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Wittig reaction of CBBC 1 with 5.0 equiv of methylenetriphenylphosphorane 

   

To a 50-mL Schlenk tube were added sodium tert-butoxide (0.67 g, 7.0 mmol) and 

methyltriphenylphosphonnium iodide (2.8 g, 7.0 mmol) in an argon-filled glovebox. To the 

mixture, degassed dry THF (15 mL) was added. The mixture was stirred at 0 °C for 1 h. To the 

Schlenk tube was added CBBC 1 (0.50 g, 1.4 mmol). The mixture was stirred at 70 °C for 24 h. 

The reaction was quenched with HCl aq. (1 M). The organic materials were extracted with CH2Cl2. 

The organic extract was dried over anhydrous Na2SO4. After removal of the solvent in vacuo, the 

residue was separated by silica gel column chromatography (eluent: CH2Cl2/hexane 1:9 to 6:4), 

affording compound 5 (11 mg, 0.031 mmol, 2%) as a white solid and compound 4 (263 mg, 

0.70 mmol, 50%) as a white solid. 

Compound 5: 1H NMR (500 MHz, CDCl3, 298 K): δ = 7.11–6.99 (m, 16H), 5.16 (s, 4H) ppm; 

13C NMR (126 MHz, CDCl3, 298K): δ = 149.6, 140.3, 140.2, 130.6, 128.9, 127.2, 127.0, 120.9 

ppm; HRMS (APCI): [M+H]+ Calcd for C28H21 357.1638; Found 357.1647; IR νmax (neat)/cm–1 

3051(m), 1614(m), 1471(m), 1436(m), 1321(m), 902(m), 764(s), 741(s), 609(m), 546(m), 

523(m); The preparative resolution was conducted by recycling HPLC using a chiral column 

(Daicel Chiralpak IE: 20×250 mm, 254 nm UV detector, rt, eluent: CH2Cl2/hexane = 1/9, flow 

rate: 6 mL/min, injected substrate: 4.4 mg, obtained enantiomers: 1.9 mg as the 1st fraction and 

2.3 mg as the 2nd fraction). Purities of the obtained enantiomers were determined by HPLC 

analysis using a chiral column (Daicel Chiralpak IC-3: 4.6×250 mm, 254 nm UV detector, 293 K, 

eluent: 10% CH2Cl2 in hexane, flow rate: 1 mL/min, retention time: 4.8 min for (Ra,Ra)-5 and 5.5 

min for (Sa,Sa)-5). 
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Figure S2. (a–c) HPLC charts of isolated (a) rac-5, (b) (Ra,Ra)-5, and (c) (Sa,Sa)-5. (d) HPLC chart 

of compound 5 synthesized from (P,P)-1. 

 

Synthesis of compound 6 

  

A Schlenk tube containing zinc powder (20 mg, 0.30 mmol) and compound 3 (18 mg, 

0.050 mmol) was purged with N2. To the mixture, degassed dry THF (1 mL) was added. After 

stirring at 0 °C, TiCl4 (0.02 mL, 0.2 mmol) was added. The reaction mixture was stirred at 65 °C 

for 12 h. The reaction was quenched with NaHCO3. The organic materials were extracted with 
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CH2Cl2. The organic extract was dried over anhydrous Na2SO4. After removal of the solvent in 

vacuo, the residue was separated by silica gel column chromatography (eluent: CH2Cl2/hexane 

1:1), affording compound 6 (11 mg, 0.030 mmol, 60%) as a white solid. 

Compound 6: 1H NMR (500 MHz, CDCl3, 298 K): δ = 7.99 (dd, J1 = 6.8 Hz, J2 = 1.8 Hz, 1H), 

7.83 (ddd, J1 = 7.3 Hz, J2 = 4.6 Hz, J3= 2.1 Hz, 1H), 7.79–7.75 (m, 2H), 7.63 (dd, J1 = 7.9 Hz, J2 

= 1.1 Hz, 1H), 7.56 (dd, J1 = 7.8 Hz, J2 = 1.2 Hz, 1H), 7.54–7.47 (m, 4H), 7.16 (ddd, J1 = 7.7 Hz, 

J2 = 7.7 Hz, J3= 1.4, 1H), 7.05 (ddd, J1 = 7.5 Hz, J2 = 7.5 Hz, J3= 1.3, 1H), 6.91 (ddd, J1 = 7.4 Hz, 

J2 = 7.4 Hz, J3= 1.3, 1H), 6.87 (ddd, J1 = 7.7 Hz, J2 = 7.7 Hz, J3= 1.3, 1H), 6.61 (dd, J1 = 7.8 Hz, 

J2 = 1.2 Hz, 1H), 6.52 (dd, J1 = 7.8 Hz, J2 = 1.1 Hz, 1H), 2.22 (s, 1H), 1.58 (s, 3H) ppm; 13C NMR 

(126 MHz, CD3CN, 298 K): δ = 143.8, 140.4 140.0, 140.0, 134.8, 134.0, 133.7, 133.5, 129.7, 

129.3, 128.7, 128.6, 128.5, 128.5, 128.2, 128.0, 127.8, 126.3, 125.3, 124.5, 124.0, 123.8, 77.3, 

48.8, 19.8 ppm (Two peaks are missing due to the overlapping.); HRMS (APCI): [M]+ Calcd for 

C27H20O 360.1509; Found 360.1513; IR νmax (neat)/cm–1 3459(m), 3062(m), 1482(m), 1442(m), 

1362(m), 1195(m), 1017(m), 758(s), 735(s), 643(m), 580(m), 506(m), 442(m). 
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Figure S27. VT 1H NMR spectra of (a) 3 and (b) 5 in toluene-d8. Activation barriers were estimated 

according to the literature.6 
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