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a) General: 1H and 13C NMR spectra were recorded on a BRUKER-SPECTROSPIN-400 with a 5 
mm QNP probe at 400 MHz and 100 MHz, respectively. Chemical shift values, reported in 
parts per million (ppm), were indirectly referenced to external tetramethylsilane employing 
resonances due to trace monoprotio-solvent as an internal reference. Optical rotations were 
taken with a JASCO DIP-370 digital polarimeter. Abbreviations are as follows: s, singlet; d, 
doublet; t, triplet; q, quartet; m, multiplet. 31P NMR spectra were taken with a 
BRUKER-SPECTROSPIN-400 at 162 MHz. The 31P NMR data are given relative to external 
85% H3PO4. Elemental analyses were performed with Yanaco MT-5 CHN-Corder. Mass spectra 
were reported on a Bruker Daltonics esquire-2000T (for ESI), a JEOL JMS-SX102A (for EI), 
and JEOL GC-mate II (for FAB). Column chromatography was carried out with silica gel, 
Silica Gel 60N (Kanto Chemical Co.). Thin-layer chromategraphy analyses were performed on 
Merck silica gel 60 F254. Reactions were performed under an argon atmosphere unless 
otherwise noted. Materials were purchased from Kanto Chemicals, Co., Inc., and Wako Pure 
Chemicals, and Tokyo Chemical Industry Co., LTD., and Acros Organics. All the chemical 
materials were used without further purification.  

b) Materials: In the starting materials for the cross-coupling reactions, arylboronic acid 
compounds were purchased from Tokyo Chemical Industry Co., LTD. and used without further 
purification. The dehydrated THF, toluene, and potassium fluoride were purchased from Wako 
Chemicals, Co., Inc., and used without further purification. Other bases were purchased and 
used without further purification. The compounds of 2-chloro-3-methoxybenzaldehyde and 
2-chloro-3-methoxy benzonitrile were purchased from Tokyo Chemical Industry Co., LTD., and 
Aldrich, respectively. The palladium source Pd2(dba)3·CHCl3 (dba; dibenzylideneacetone) was 
purchased from Strem Chemicals.  
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c) Preparation of 2-(2-chloro-3-methoxyphenyl)-1,3-dioxolane: To the flask charged with 
2-chloro-3-methoxybenzaldehyde (6.80 g, 40 mmol) equipped with Dean-Stark apparatus was 
added ethylenegrycol (14 mL, 248 mmol) and para-toluenesulfonic acid (344 mg, 2 mmol) in 
distilled benzene (180 mL), and the mixture was refluxed for 16 h, and it was allowed to cool to 
room temperature. The solvent was thoroughly evaporated, and to the mixture was added 
EtOAc (100 mL) and water (100 mL), and the resultant solution was extracted with EtOAc (30 
mL x 3). Combined organic phase were washed with brine (100 mL) and then dried over 
Na2SO4 and concentrated to give the crude. The crude was purified by silica gel column 
chromatography (hexane/ CH2Cl2 = 2/1) and recrystallized from EtOAc to afford 
2-(2-chloro-3-methoxyphenyl)-1,3-dioxolane (6.62 g, 77%) as colorless needles. 1H NMR (400 
MHz, CDCl3) δ 7.30-7.24 (m, 2H), 6.96 (dd, J = 7.3, 2.3 Hz, 1H), 6.22 (s, 1H), 4.20 – 4.05 (m, 
4H), 3.92 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 155.2 (s, 1C), 136.9 (s, 1C), 127.4 (d, J = 4.0 
Hz, 1C), 121.9 (s, 1C), 119.2 (d, J = 3.0 Hz, 1C), 119.1 (d, J = 2.0 Hz, 1C), 112.7 (s, 1C), 100.8 
(d, J = 10.0 Hz, 1C), 65.5 (dd, J = 10.0, 10.0 Hz, 2C), 56.3 (q, J = 8.0 Hz, 1C). MS (EI) m/z: 
214 (M+). Anal. Calcd For C10H11ClO3: C, 55.96; H, 5.17. Found: C, 55.75; H, 5.24. 

d) Physical data of phosphonite 2 and 3, for 2: To a solution of 6 (682 mg, 1.0 mmol) in THF 
(13 mL) at –78 °C was added n-BuLi (0.71 mmol, 1.57 M in hexane) dropwise over 5 min and 
the mixture was stirred for 5 min. PCl3 (149 mg, 1.1 mmol) was slowly added over 2 min, and 
the reaction was allowed to warm to room temperature. After stirring for 2 h, the solvent was 
thoroughly removed in vacuo, and to the residue was added THF (10 mL) and 
(R)-(+)-1,1’-bi-2-naphthol (343 mg, 1.2 mmol), and then Et3N (212 mg, 2.1 mmol). After 
stirring for 10 h at ambient temperature, all the volatiles were evaporated. The mixture was 
dissolved in benzene (100 mL), and washed with water (50 mL), and brine (50 mL), and dried 
over Na2SO4. Purification by silica gel column chromatography gave a desired molecule. Date 
of 2 is as follows: Yield 43% as a white solid material; [α]25

D + 158.5 (c 1.04, C6H6). 
1H NMR 

(400 MHz, C6D6) δ 7.78-7.67 (m, 4H), 7.62-7.48 (m, 5H), 7.32-6.93 (m, 15H), 6.87-6.62 (m, 
11H), 6.32 (ddd, J = 0.9, 7.6, 7.8 Hz, 1H), 1.94 (s, 3H), 1.80 (s, 3H), 1.79 (s, 3H), 1.76 (s, 3H), 
1.75 (s, 3H). 13C NMR (100 MHz, C6D6) δ 151.4, 150.21, 150.17, 147.2, 146.8, 142.7, 142.02, 
142.01, 141.9, 141.8, 141.4, 139.32, 139.27, 139.1, 139.0, 138.3, 137.9, 135.7, 135.6, 135.3, 
135.2, 133.9, 133.7, 133.4, 133.33, 133.29, 132.73, 132.69, 132.53, 132.47, 132.43, 132.39, 
132.1, 132.0, 131.4, 130.7, 130.0, 129.5, 129.4, 129.2, 129.0, 128.9, 128.8, 128.6, 128.5, 128.3, 
127.7, 127.6, 127.0, 126.8, 126.2, 126.0, 125.5, 125.3, 124.5, 124.4, 123.8, 122.3, 21.5, 21.39, 
21.36, 21.35, 21.3. 31P NMR (162 MHz, C6D6) δ 178.8. MS (ESI) m/z: 919 ([M+H]+). Anal. 
Calcd For C67H51O2P: C, 87.56; H, 5.59. Found: C, 87.37; H, 5.65. for 3: To a solution of 6 
(682 mg, 1.0 mmol) in THF (13 mL) at –78 °C was added n-BuLi (1.3 mmol, 1.67 M in 
hexane) dropwise over 3 min and the mixture was stirred for 10 min. PCl3 (149 mg, 1.1 mmol) 
was slowly added over 2 min, and the reaction was allowed to warm to room temperature. After 
stirring for 2 h, the solvent was thoroughly removed in vacuo, and to the residue was added 
THF (10 mL) and (R)-(+)-3,3’-dimethyl-1,1’-bi-2-naphthol (408 mg, 1.3 mmol), and then Et3N 
(212 mg, 2.1 mmol). After stirring for 10 h at ambient temperature, all the volatiles were 
evaporated. The mixture was dissolved in benzene (110 mL), and washed with water (100 mL), 
and brine (50 mL), and dried over Na2SO4. Purification by silica gel column chromatography 
gave a desired molecule. Date of 3 is as follows: Yield 69% as a white solid material; [α]27

D + 
378 (c 1.00, C6H6).

 1H NMR (400 MHz, C6D6) δ 7.69-7.46 (m, 6H), 7.35-6.57 (m, 27H), 6.34 
(dd, J = 7.4, 7.4 Hz, 1H), 2.81 (s, 3H), 1.90 (s, 3H), 1.79-1.74 (m, 12H), 1.34 (s, 3H). 13C NMR 
(100 MHz, C6D6) δ 150.7, 150.5, 150.4, 147.3, 146.9, 142.9, 141.77, 141.75, 141.44, 141.41, 
141.2, 139.6, 139.5, 139.4, 139.2, 139.1, 139.0, 138.9, 135.9, 135.6, 135.5, 135.4, 135.3, 135.4, 
133.7, 133.4, 133.2, 133.05, 132.98, 132.9, 132.7, 132.6, 132.4, 132.3, 132.1, 132.0, 131.9, 
131.5, 131.1, 130.8, 130.1, 129.9, 129.3, 128.9, 128.0, 126.8, 126.45, 126.38, 126.3, 126.2, 
125.8, 125.6, 124.0, 21.7, 21.61, 21.58, 21.5, 18.9 17.9. 31P NMR (162 MHz, C6D6) δ 176.4. 
MS (FAB) m/z: 947.77 ([M+H]+). Anal. Calcd For C69H55O2P: C, 87.50; H, 5.85. Found: C, 
87.46; H, 5.77. 
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e)  NMR spectra and HPLC charts for Table 1  
Table 1, entry 2: Purification by silica gel column chromatography (hexane/EtOAc = 9/1) gave 
a desired biaryl (129 mg, 96%) as white needles. The ee value was determined by HPLC 
analysis to be 33% with Daicel Chiralcel OJ (eluted with hexane-iPrOH 75/25, 254 nm, flow 
rate 0.5 mL/min, column temperature 25 ºC, retention times: 14.24 min for (−) with 33.67%, 
18.95 min for (+) with 66.33%).  
 
1. NMR spectrum  
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2. HPLC chart of the biaryl with 33% ee. 
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3. HPLC chart of the racemic biaryl.  
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Table 1, entry 7: Purification by silica gel column chromatography (hexane/EtOAc/benzene = 
8/1/1) gave a desired biaryl (1.33 g, 99%) as white needles. The ee value was determined by 
HPLC analysis to be 40% with Daicel Chiralcel OJ (eluted with hexane-iPrOH 75/25, 270 nm, 
flow rate 0.5 mL/min, column temperature 25ºC, retention times: 15.0 min for (−) with 30.0 %, 
19.96 min for (+) with 69.98%).  
 
1. NMR spectrum  
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2. HPLC chart of the biaryl with 40% ee. 
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3. HPLC chart of a racemic biaryl. 
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Table 1, entry 6: Purification by silica gel column chromatography (hexane/EtOAc/benzene = 
8/1/1) gave a desired biaryl (113 mg, 84%) as white needles. The ee was determined by HPLC 
analysis to be 47% with Daicel Chiralcel OJ (eluted with hexane-iPrOH 75/25, 270 nm, flow 
rate 0.5 mL/min, column temperature 25 ºC, retention times: 15.48 min for (−) with 26.29 %; 
20.99 min for (+) with 73.71 %).  
 
1. NMR spectrum  
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2. HPLC chart of the biaryl with 47% ee. 
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3. HPLC chart of a racemic biaryl. 
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Table 1, entry 9: Purification by silica gel column chromatography (hexane/EtOAc/benzene = 
8/1/1) gave a desired biaryl (22 mg, 16%) as white needles. The ee was determined by HPLC 
analysis to be 59% with Daicel Chiralcel OJ (eluted with hexane-iPrOH 75/25, 270 nm, flow 
rate 0.5 mL/min, column temperature 25 ºC, retention times: 15.04 min for (−) with 20.51%， 
20.11 min for (+) with 79.49%).  
 
1. NMR spectrum  
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2. HPLC chart of the biaryl with 59% ee. 
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3. HPLC chart of a racemic biaryl. 
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Table 1, entry 11: Purification by silica gel column chromatography (hexane/EtOAc/benzene = 
8/1/1) gave a desired biaryl (129 mg, 96%) as white needles. The ee value was determined by 
HPLC analysis to be 46% with Daicel Chiralcel OJ (eluted with hexane-iPrOH 75/25, 270 nm, 
flow rate 0.5 mL/min, column temperature 25 ºC, retention times: 14.83 min for (−) with 
27.17%, 19.87 min for (+) with 72.83%).  
 
1. NMR spectrum  
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2. HPLC chart of the biaryl with 46% ee. 
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3. HPLC chart of a racemic biaryl. 
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Table 1, entry 14: Purification by silica gel column chromatography (hexane/EtOAc/benzene = 
8/1/1) gave a desired biaryl (1.24 mg, 92%) as white needles. The ee biaryl was determined by 
HPLC analysis to be 45% with Daicel Chiralcel OJ (eluted with hexane-iPrOH 75/25, 270 nm, 
flow rate 0.5 mL/min, column temperature 25 ºC, retention times: 15.68 min for (−) with 
27.63%, 21.32 min for (+) with 72.37%).  
 
1. NMR spectrum  
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2. HPLC chart of the biaryl with 45% ee. 
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3. HPLC chart of a racemic biaryl. 
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NMR spectra and HPLC charts for Table 2  
Table 2, entry 1: Purification by silica gel column chromatography (hexane/EtOAc/benzene = 
8/1/1) gave a desired biaryl (228 mg, 84%) as white needles. The ee value was determined by 
HPLC analysis to be 41% with Daicel Chiralcel OJ (eluted with hexane-iPrOH 75/25, 270 nm, 
flow rate 0.5 mL/min, column temperature 25 ºC, retention times, 14.77 min for (−) with 
29.26%, 19.80 min for (+) with 70.74%).  
 
1. NMR spectrum  
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2. HPLC chart of the biaryl with 41% ee. 
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3. HPLC chart of a racemic biaryl. 
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Table 2, entry 2: Purification by silica gel column chromatography (hexane/EtOAc/benzene = 
8/1/1) gave a desired biaryl (213 mg, 79%) as white needles. The ee value was determined by 
HPLC analysis to be 65% with Daicel Chiralcel OJ (eluted with hexane-iPrOH 75/25, 270 nm, 
flow rate 0.5 mL/min, column temperature 25 ºC, retention times, 14.78 min for (−) with 
17.54%， 19.24 min for (+) with 82.46%).  
 
1. NMR spectrum  



S25 

 

2. HPLC chart of the biaryl with 65% ee. 
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3. HPLC chart of a racemic biaryl. 
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Table 2, entry 3: Purification by silica gel column chromatography (hexane/EtOAc/benzene = 
8/1/1) gave a desired biaryl (243 mg, 90%) as white solid materials. The ee value was 
determined by HPLC analysis to be 69% with Daicel Chiralcel OJ (eluted with hexane-iPrOH 
75/25, 270 nm, flow rate 0.5 mL/min, column temperature 25 ºC, retention times: 14.18 min for 
(−) with 15.46%, 18.68 min for (+) with 84.54%).  
 
1. NMR spectrum  
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2. HPLC chart of the biaryl with 69% ee. 
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3. HPLC chart of a racemic biaryl. 
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Table 2, entry 4: Purification by silica gel column chromatography (hexane/EtOAc/benzene = 
8/1/1) gave a desired biaryl (252 mg, 94%) as white solid materials. The ee value was 
determined by HPLC analysis to be 72% with Daicel Chiralcel OJ (eluted with hexane-iPrOH 
75/25, 270 nm, flow rate 0.5 mL/min, column temperature 25 ºC, retention times: 14.16 min for 
(−) with 86.02%, 19.18 min for (+) with 13.98%). 

 
1. NMR spectrum  
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2. HPLC chart of the biaryl with 72% ee. 
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3. HPLC chart of a racemic biaryl. 
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Table 2, entry 5: Purification by silica gel column chromatography (hexane/EtOAc/benzene = 
8/1/1) gave a desired biaryl (251 mg, 93%) as white solid materials. The ee value was 
determined by HPLC analysis to be 74% with Daicel Chiralcel OJ (eluted with hexane-iPrOH 
75/25, 270 nm, flow rate 0.5 mL/min, column temperature 25 ºC, retention times, 14.2 min for 
(−) with 13.1%, 18.7 min for (+) with 86.92%). 

 
1. NMR spectrum  
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2. HPLC chart of the biaryl with 74% ee. 
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3. HPLC chart of a racemic biaryl. 
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Table 2, entry 6: Purification by silica gel column chromatography (hexane/EtOAc/benzene = 
8/1/1) gave a desired biaryl (246 mg, 91%) as white solid materials. The ee value was 
determined by HPLC analysis to be 78% with Daicel Chiralcel OJ (eluted with hexane-iPrOH 
75/25, 270 nm, flow rate 0.5 mL/min, column temperature 25 ºC, retention times: 14.02 min for 
(−) with 89.07%, 18.98 min for (+) with 10.93%). 

 
1. NMR spectrum  
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2. HPLC chart of the biaryl with 78% ee. 
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3. HPLC chart of a racemic biaryl. 
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Table 2, entry 7: Purification by silica gel column chromatography (hexane/EtOAc/benzene = 
8/1/1) gave a desired biaryl (1.0 g, 75%) as white solid materials. The ee value was determined 
by HPLC analysis to be 76% with Daicel Chiralcel OJ (eluted with hexane-iPrOH 75/25, 270 
nm, flow rate 0.5 mL/min, column temperature 25 ºC, retention times: 13.96 min for (−) with 
87.78 %, 19.0 min for (+) with 12.22%). 

 
1. NMR spectrum  



S40 

 

2. HPLC chart of the biaryl with 76% ee. 
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3. HPLC chart of a racemic biaryl. 
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Table 2, entry 8: Purification by silica gel column chromatography (toluene/EtOAc = 19/1) 
gave a desired biaryl (263 mg, 92%) as white solid materials. The ee value was determined by 
HPLC analysis to be 37% with Daicel Chiralcel OJ (eluted with hexane-iPrOH 60/40, 270 nm, 
and flow rate 0.5 mL/min, column temperature 25 ºC, and retention times: 16.11 min with 
68.28%, 25.62 min with 31.72%). 

 
1. NMR spectrum  
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2. HPLC chart of the biaryl with 37% ee. 
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3. HPLC chart of a racemic biaryl. 
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Table 2, entry 9: Purification by silica gel column chromatography (toluene/EtOAc = 19/1) 
gave a desired biaryl (260 mg, 91%) of []D

21 = -16.9 (c 0.50, CDCl3) as white solid materials. 
The ee value was determined by HPLC analysis to be 47% with Daicel Chiralcel OJ (eluted 
with hexane-iPrOH 60/40, 270 nm, and flow rate 0.5 mL/min, column temperature 25 ºC, and 
retention times: 16.41 min with 26.35%, 25.52 min with 73.65%). 

 
1. NMR spectrum  
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2. HPLC chart of the biaryl with 47% ee. 
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3. HPLC chart of a racemic biaryl. 
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Table 2, entry 10: Purification by silica gel column chromatography (toluene/ 
methoxycyclopentane = 200/1) and recrystallization gave a desired biaryl (193 mg, 63%) of as 
white solid materials. The ee value was determined by HPLC analysis to be 47% with Daicel 
Chiralcel IC-3 (eluted with hexane-iPrOH 90/10, 270 nm, and flow rate 0.5 mL/min, column 
temperature 25 ºC, and retention times: 12.48 min with 26.39%, 14.71 min with 73.61%). 

 
1. NMR spectrum  
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2. HPLC chart of the biaryl with 47% ee. 
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3. HPLC chart of a racemic biaryl. 
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Table 2, entry 11: Purification by silica gel column chromatography (toluene/ 
methoxycyclopentane = 200/1) and recrystallization gave a desired biaryl (168 mg, 55%) of 
[]D

22 = -2.24 (c 0.49, CDCl3) as white solid materials. The ee value was determined by HPLC 
analysis to be 52% with Daicel Chiralcel IC-3 (eluted with hexane-iPrOH 90/10, 270 nm, and 
flow rate 0.5 mL/min, column temperature 25 ºC, and retention times: 12.48 min with 75.99%, 
14.76 min with 24.01%). 

 
1. NMR spectrum  
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2. HPLC chart of the biaryl with 52% ee. 
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3. HPLC chart of a racemic biaryl. 
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Table 2, entry 12: Purification by silica gel column chromatography (toluene/ Hexane = 1/1) 
and gave a desired biaryl (225 mg, 87%) of []D

22 = +39.8 (c 0.50, CDCl3) as white solid 
materials. The ee value was determined by HPLC analysis to be 33% with Daicel Chiralcel 
IC-3 (eluted with hexane-iPrOH 90/10, 270 nm, and flow rate 0.5 mL/min, column temperature 
25 ºC, and retention times: 20.25 min with 33.66%, 24.27 min with 66.34%). 

 
1. NMR spectrum  
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2. HPLC chart of the biaryl with 33% ee. 
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3. HPLC chart of a racemic biaryl. 


