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General Chemistry:

1H NMR spectrum were recorded on a 500 MHz spectrometer. Chemical shift for 1H NMR 

spectrum (in parts per million) relative to internal tetramethylsilane (Me4Si, δ = 0.00 ppm) with 

CDCl3. 
13C NMR spectrum were recorded at 126 MHz. Chemical shifts for 13C NMR spectrum are 

reported (in parts per million) relative to CDCl3 (δ = 77.0 ppm). 31P NMR spectrum were recorded 

at 202 MHz, and chemical shifts reported (in parts per million) relative to external 85% 

phosphoric acid (δ = 0.0 ppm). TLC plates were visualized by UV. All products were further 

characterized by HRMS (high resolution mass spectrum). Copies of their 1H, 31P and 13C NMR 

spectrum were provided. Melting points were determined on a Reichert Thermovar melting point 

apparatus and are uncorrected.

Reagent and solvents:

All the solvents used were dried and freshly distilled prior to use. Toluene, chloroform and 

dichloromethane distilled under calcium hydride. THF, ether and hexane were distilled under 

sodium and benzophenone. Unless otherwise stated, the commercially available reagents were 

used without further purification. Some of the Grignard reagent was prepared according standard 

procedure in ca. 1 M solution in ether or THF. All reactions were carried out under N2 atmosphere 

in dry glassware using Schlenk-line techniques. Air and moisture sensitive liquids and solutions 

were transferred via syringe.
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Part 1. Examination of the stereoselective cleavage of P-O bond.

Preparation of 2a/2a’

O
P
Cl

i) (L)-MenMgCl

1 2a (50%) 2a' (50%)

+
ii) BH3-THF

O
P

Men
BH3

O
P

Men
BH3

To the ice-cooled solution of 1 (5.00 g, 21.31 mmol) in THF (10 mL), was added dropwise 

the solution of (-)-menthyl magnesium chloride (prepared according standard procedure, 0.8 M 

solution in THF, 40 mL, 32 mmol). The mixture was stirred at room temperature for 8 hours, and 

the solution of borane (4.0 mL, 1.0 mol/L in THF) was added dropwise. After stirring for 2 hours, 

the reaction was quenched with diluted hydrochloric acid (8%, 3 mL). Most of solvent was 

removed in vacuo, and the residue was extracted with dichloromethane (3×30 mL), washed with 

water (3×30 mL), dried over magnesium sulfate. After removing solvent, the residue was purified 

with recrystallization from dichloromethane-petroleum ether (60-90 °C) to afford 2a/2a’ (4.48 g, 

59%, 50:50 dr).

RP/SP-6-(-)-Menthyl-6H-dibenzo[c,e][1,2]oxaphosphinine-borane complex (2a/2a’)

The compound 2a/2a’ was obtained as white solid, m.p. 123.4 – 124.8 °C. 

31P NMR (162 MHz, CDCl3) δ = 112.28 (s, 50%), 109.47 (s, 50%); 1H NMR 

(400 MHz, CDCl3) δ = 7.91 (ddd, J=17.4, 14.9, 8.2, 2H), 7.85 – 7.71 (m, 1H), 

7.63 (dd, J=14.5, 7.5, 1H), 7.47 (td, J=7.2, 3.8, 1H), 7.42 – 7.31 (m, 1H), 7.30 

– 7.21 (m, 1H), 7.16 (dd, J=15.1, 8.1, 1H), 2.64 (dt, J=13.3, 6.5,0.5H), 2.19 – 1.88 (m, 1.5H), 1.88 

– 1.53 (m, 4H), 1.33 (ddd, J=25.0, 12.4, 6.0, 1H), 1.16 – 0.94 (m, 4H), 0.94 – 0.78 (m, 6H), 0.72 

(d, J=6.2, 2H), 0.65 (d, J=6.8, 1.6H), 0.06 (d, J=6.8, 1.4H); 13C NMR (126 MHz, CDCl3) δ = 

149.27 (dd, J=12.2, 8.8), 134.16 (s), 133.56 (s), 132.58 (d, J=17.1), 131.88 (d, J=18.3), 130.60 (s), 

130.27 (s), 128.14 (dd, J=27.5, 12.3), 126.30 (s), 125.79 (s), 125.16 (d, J=10.8), 124.60 (s), 

124.13 (dd, J=11.3, 5.7), 123.79 (s), 123.31 (d, J=9.9), 121.18 (d, J=4.3), 120.62 (d, J=4.3), 43.61 

(d, J=4.1), 43.06 (d, J=2.7), 38.21 (s), 37.96 (s), 35.94 (s), 35.69 (s), 35.44 – 34.92 (m), 34.13 (d, 

J=19.0), 32.84 (dd, J=11.7, 7.4), 28.98 (d, J=3.5), 24.47 (dd, J=12.3, 4.9), 22.43 (d, J=12.3), 21.46 

(s), 21.21 (s), 16.64 (s), 14.24 (s). HRMS (ESI+) Calcd for C22H28OP [M-BH3+H+]: 339.1878, 

Found: 339.3457.

O
P BH3
Men(-)
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The cleavage of P-O bond of 2a/2a’ and stereoselective formation of 4/4’. 

2a/2a'
(50:50)

+
Naphth-M
solvent

H3O

3 4a 4a'

P
Men

BH3O
P

Men

BH3HO

H P

H

BH3HO

Men
Condition 1

Condition 2

Typical procedure (entry 4 of Table 1):

To the solution of 2a/2a’ (50 mg, 0.14 mmol) in toluene (1 mL) was added lithium-naphthalene 

(0.5 mL, 0.50 mmol, 1M solution in THF) slowly, and the solution was stirred at room 

temperature for 1 hours. The reaction was quenched with dilute hydrochloric acid (8%) and the 

solvent was removed in vacuo. The mixture was extracted with dichloromethane (3×3 mL), 

washed with water (3×3 mL), and dried with anhydrous magnesium sulfate. After removing the 

solvents, the residue was analyzed with NMR spectrum. The peaks at -15.7/-16.5 (bm, 86%) and -

2.3 ppm (bm, 14%) were observed on 31P NMR spectrum, which were used to estimate the ratio of 

4a/ 4a’ as 86:14. 

Entry 1 of Table 1: Similar to entry 4, THF (1 mL) was used and the mixture was stirred at room 

temperature for 10 hours. Two peaks at -15.7 / -16.5 (bm, 80%) and -2.3 (bm, 20%) ppm were 

observed. 

Entry 2 of Table 1: Similar to entry 4, THF (1 mL) was used, lithium naphthalene (0.5 mL) was 

added at -30oC and stirred for 14 h at the same temperature. Two peaks at -15.7 / -16.5 (bm, 80%) 

and -2.3 (bm, 20%) ppm were observed. 

Entry 3 of Table 1: Similar to entry 4, THF (1 mL) was used, lithium naphthalene (0.5 mL) was 

added at 0 oC and the reaction was quenched after 3min. Two peaks at -15.7 / -16.5 (bm, 72%) and 

-2.3 (bm, 28%) ppm were observed. 

Entry 5 of Table 1: Similar to entry 4, after being stirred at room temperature for 1 hour, the 

mixture was stirred at -45 oC for 10 mins, then quenched with tert-butyl alcohol (1 mL). Two 

peaks at -15.7 / -16.5 (bm, 86%) and -2.3 (bm, 14%) ppm were observed. 

Entry 6 of Table 1: Similar to entry 4, after being stirred at room temperature for 3 hours, the 

mixture was stirred at -80 oC for 10 hs, then quenched with acetic acid/toluene (25%, 0.5 mL) at 

the same temperature. After quenching, the solution was warmed slowly to room temperature. 

Two peaks located at -15.7 /-16.5 (bm, 85%) and -2.3 (bm, 15%) ppm were observed. 
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Entry 7 of Table 1: Similar to entry 4, lithium naphthalene (0.5 mL) was added at -20 oC and 

quenched by acetic acid/toluene (25%, 0.5 mL) immediately after stirring for 1 min. Two peaks 

located at -15.7 / -16.5 (bm, 50%) and -2.3 (bm, 50%) ppm were observed. 

Entry 8 of Table 1: Similar to entry 4, lithium naphthalene (0.5 mL) was added at -20 oC, and 

quenched by acetic acid/toluene (25%, 0.5 mL) after stirring at the same temperature for 30 mins 

at the same temperature. Two peaks located at -15.7 / -16.5 (bm, 70%) and -2.3 (bm, 30%) ppm 

were observed. 

Entry 9 of Table 1: Similar to entry 4, lithium naphthalene (0.5 mL) was added at -20oC, and 

quenched by acetic acid/toluene (25%, 0.5 mL) after stirring at the same temperature for 2 hs. 

Two peaks located at -15.7 /-16.5 (bm, 81%) and -2.3 (bm, 19%) ppm were observed. 

Fig. S1. The comparison of NMR spectrum of entries 4, 7, 8 and 9.
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Fig. S2. The 1H-NMR spectrum of entries 4a/4a’.
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The cleavage of P-O bond of 2a/2a’ and stereoselective formation of 5ab/5ab’. 

2a/2a'
(50:50)

Naphth-M
solvent P

Men

BH3O

Condition 1
Condition 2

+EtBr

3 5ab 5ab'

P

Men

BH3HO

Et P

Et

BH3HO

Men

Typical procedure (entry 1 of Table 2):

To the solution of 2a/2a’ (50 mg, 0.14 mmol) in toluene (1 mL) was added lithium naphthalene 

reagent (0.5 mL, 0.50 mmol, 1M solution in THF) slowly. The solution was stirred at room 

temperature for 1 hour, ethyl bromide (42 μL, 0.56 mmol) was added and the stirring was 

continued for 4 hours at the same temperature. After quenched with dilute hydrochloric acid (8%), 

the mixture was extracted with dichloromethane (3×5 mL), washed with water (3×5 mL), dried 

over magnesium sulfate. After removing the solvents, the sample was analyzed with NMR 

spectrum. The peaks at 35.7 (bm, 94%) and 28.4 / 27.3 (bm, 6%) ppm were observed on 31P NMR 

spectrum, which were used to estimate the ratio of 5ab/ 5ab’ as 94:6. 

Entry 2 of Table 2: Similar to entry 1, petroleum ether (1 mL) was used. After addition of 

naphthalene lithium, the mixture was stirred at room temperature for 10 hours. After addition of 

ethyl bromide, the mixture was stirred at room temperature for other 10 hours. Two peaks at 35.7 

(bm, 94%) and 28.4 / 27.3 (bm, 6%) ppm were observed. 

Entry 3 of Table 2: Similar to entry 1, ethyl bromide was added at 0 oC. After the addition, the 

mixture was stirred for 10 hours at the same temperature. Two peaks at 35.7 (bm, 96%) and 28.4 / 

27.3 (bm, 4%) ppm were observed.

Entry 4 of Table 2: Similar to entry 1, petroleum ether (1 mL) was used. After addition of ethyl 

bromide at 0 oC, the mixture was stirred at the same temperature for 4 hours. Two peaks at 35.7 

(bm, 96%) and 28.4 / 27.3 (bm, 4%) ppm were observed.

Entry 5 of Table 2: Similar to entry 1, after adding lithium naphthalene (0.5 mL) at room 

temperature for 1 minute, ethyl bromide was added, and the reaction was quenched after stirring 

for 2 hours at the same temperature. Two peaks at 35.7 (bm, 93%) and 28.4 / 27.3 (bm, 7%) ppm 

were observed.

Entry 6 of Table 2: Similar to entry 1, petroleum ether (1 mL) was used, lithium naphthalene 

(0.25 mL, 3M solution in THF) was added at room temperature, Two peaks at 35.7 (bm, 91%) and 
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28.4 / 27.3 (bm, 9%) ppm were observed.

Entry 7 of Table 2: Similar to entry 1, petroleum ether (1 mL) was used, lithium naphthalene 

(0.25 mL, 3M solution in THF) was added and the mixture was stirred for 1 hour at room 

temperature, then ethyl bromide was added at 0 oC. Two peaks at 35.7 (bm, 94%) and 28.4 / 27.3 

(bm, 6%) ppm were observed.

Entry 8 of Table 2: Similar to entry 1, lithium naphthalene (0.25 mL, 3M solution in THF) was 

added and the mixture was stirred for 1 hour at room temperature, then ethyl bromide added at 0 

oC. Two peaks at 35.7 (bm, 94%) and 28.4 / 27.3 (bm, 6%) ppm were observed.

Entry 9 of Table 2: Similar to entry 1, toluene (3 mL) was used, lithium naphthalene (0.25 mL, 

3M solution in THF) was added and the mixture was stirred for 10 hour at room temperature, then 

ethyl bromide was added at room temperature. Two peaks at 35.7 (bm, 87%) and 28.4 /27.3 (bm, 

13%) ppm were observed.

Entry 10 of Table 2: Similar to entry 1, 0.5 M solution Nap-Li (0.25 mL) was used. Two peaks at 

35.7 (bm, 94%) and 28.4 / 27.3 (bm, 6%) ppm were observed. 

Entry 11 of Table 2: Similar to entry 1, petroleum ether (1 mL) and 0.5 M solution Nap-Li (0.25 

mL) were used. Two peaks at 35.7 (bm, 95%) and 28.4 / 27.3 (bm, 5%) ppm were observed.

Entry 12 of Table 2: Similar to entry 1, Nap-Li was prepared in the presence of of TMEDA 

(v/v=1:1 to THF). Two peaks at 35.7 (bm, 94%) and 28.4 / 27.3 (bm, 6%) ppm were observed.

Stereoselective alkylation of aryl menthyl phosphine-boran in the presence of LDA

+

R
P

Men

BH3

H

R
P

H

BH3

Men +

R
P

Men

BH3

Et

R
P

Et

BH3

Men

R = o-OHPh, 4a (50) : 4a' (50) 5ab (93) : 5ab' (7)
R = H, 4b (31) : 4b' (69) 5bb (69) : 5bb' (31)

i) LDA,
THF/rt

ii) EtBr

Typical procedure (entry 1 of Scheme 3):

To the solution of 4a/4a’ (43:57, 80 mg, 0.23 mmol) in THF (1 mL), LDA (345 μL, 0.69 mmol, 2 

mol/L in heptane/THF/ethylbenzene) was added at -30 °C. The mixture was warmed slowly to 

room temperature, then ethyl bromide (67 μL, 0.90 mmol) was added and the mixture was stirred 

at room temperature for 10 h. The reaction was quenched with dilute hydrochloric acid (8%) and 

the solvent was removed. The mixture was extracted with dichloromethane (3×10 mL), washed 
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with water (3×10 mL), and dried over anhydrous magnesium sulfate. After removing the solvents, 

the sample was analyzed with 31P-NMR spectrum, two single peaks at 35.8 (bm, 97%), and 28.5 

(bd, 3%) ppm were observed. 

Entry 2 of Scheme 3: Similar to the above, phenyl menthyl phosphine-borane (31:69) was used. 

After removing the solvents, the sample was analyzed with 31P NMR spectrum. Two peaks of 25.1 

(bm, 69%) and 22.3 ppm (bm, 31%) were observed.
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Part 2. Cleavage of P-O bond and P-Alkylation of 2a/2a’ (Formation of 5)

2a/2a'
(50:50)

+Naphth-Li

THF, rt/2 h
RX

P

Men

BH3HO

Et P

Et

BH3HO

Men0 oC to rt

RP-5 SP-5'

Typical procedure, the preparation of 5ab:

To the solution of 2a/2a’ (80 mg, 0.23 mmol) in toluene (1.5 mL), was added lithium-naphthalene  

(0.8 mL, 0.81 mmol, 1M solution in THF) slowly, and the mixture was stirred at room 

temperature for 2 hours, then cooled with the ice-both. Ethyl bromide (68 μL, 0.92 mmol) was 

added, and the stirring was continued for 4 hours at the same temperature. After the reaction was 

completed, as monitored with TLC, the reaction was quenched with dilute hydrochloric acid (8%) 

and the solvent was removed in vacuo. The mixture was extracted with dichloromethane (3×10 

mL), washed with water (3×10 mL), and dried with anhydrous magnesium sulfate. After removing 

solvent, the residue was purified by preparative TLC (silica gel, petroleum ether/ethyl acetate = 

4/1 as eluent) to afford 5ab. RP-5ab was obtained by recrystallization from dichloromethane and 

petroleum ether (3/1).

(RP)-(–)-Menthyl ethyl (2’-hydroxy-1,1'-biphenyl-2-yl)phosphine borane (RP-5ab)

The crude 5ab was formed in a ratio of 95:5 (estimated by 31P-NMR 

spectrum), the pure RP-5ab was obtained as a white solid (56.2 mg, 71%, 

>99:1 dr) from preparative TLC (silica gel, petroleum ether/ethyl acetate 

= 5:1 as eluent); m.p. 153.9-156.2 °C; 31P NMR (202 MHz, CDCl3) δ = 

35.7 (bm); 1H NMR (500 MHz, CDCl3) δ = 8.21 – 8.13 (m, 1H), 7.59 – 7.54 (m, 1H), 7.51 (d, 

J=1.5, 1H), 7.38 – 7.33 (m, 1H), 7.29 (ddd, J=7.4, 3.6, 1.8, 1H), 7.15 (dd, J=7.5, 1.5, 0.5H), 7.01 

(dd, J=8.4, 5.4, 2.5H), 4.69 (d, J=14.2, 1H), 2.08 – 1.96 (m, 1H), 1.94 – 1.82 (m, 1.5H), 1.73 – 

1.66 (m, 1H), 1.66 – 1.53 (m, 4H), 1.48 (ddd, J=16.5, 12.6, 2.3, 0.5H), 1.34 – 1.21 (m, 1H), 1.21 – 

1.10 (m, 1H), 1.11 – 0.99 (m, 2H), 0.93 (dd, J=12.9, 5.3, 1H), 0.88 (dd, J=12.3, 5.5, 5H), 0.83 (d, 

J=6.8, 2H), 0.78 (d, J=6.4, 2H), 0.71 (d, J=6.3, 2H), 0.43 (d, J=6.9, 2H), 0.38 (d, J=6.9, 1H); 13C 

NMR (126 MHz, CDCl3) δ = 153.20 (d, J=3.0), 139.56 (s), 139.27 (s), 138.79 (dd, J=35.5, 16.2), 

131.94 (dd, J=15.8, 6.1), 131.18 (d, J=2.0), 130.34 (d, J=10.3), 130.12 (s), 129.81 (s), 128.48 (dd, 

J=12.0, 4.7), 127.27 (s), 44.16 (d, J=29.4), 37.52 – 37.20 (m), 37.11 (s), 35.85 (d, J=29.5), 34.20 

P
HO

Men(-)
Et

BH3
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(s), 33.11 (dd, J=30.7, 11.7), 28.69 (d, J=14.7), 24.90 (dd, J=11.7, 5.1), 22.40 (d, J=18.8), 21.54 – 

21.07 (m), 20.95 (s), 18.35 (d, J=33.7), 15.04 (d, J=15.8), 8.99 (s), 8.77 (s). HRMS (ESI+): The 

compound was reported, as seen in Y. Zhang; S.-Z. Nie, J.-J. Ye, J.-P. Wang, M.-M. Zhou, C.-Q. 

Zhao and Q. Li, J. Org. Chem., 2019, 84, 8423-8439.

(RP/SP)-(–)-Menthyl methyl (2’-hydroxy-1,1'-biphenyl-2-yl)phosphine borane (RP-5aa /SP-

5aa’)

The crude 5aa/5aa’ was formed in a ratio of 86:14 (estimated by 31P-

NMR spectrum). After isolation with preparative TLC (silica gel, 

petroleum ether/ethyl acetate = 5:1 as eluent), the compound was 

obtained as a white foamy solid (61.1 mg, 81%, 86:14 dr) m.p. 62.0-64.6 

°C; 31P NMR (202 MHz, CDCl3) δ = 21.40 (bm, 86%), 18.4 / 17.5 (bm, 14%); 1H NMR (500 

MHz, CDCl3) δ = 8.13 (dd, J=13.2, 7.8, 1H), 7.54 (dd, J=14.9, 7.5, 1H), 7.47 (dd, J=15.0, 7.6, 

1H), 7.39 – 7.31 (m, 1H), 7.26 (d, J=8.0, 1H), 7.18 (d, J=7.5, 0.5H), 7.06 – 6.97 (m, 2.5H), 4.98 (s, 

1H), 2.22 – 2.06 (m, 1H), 2.02 – 1.85 (m, 2H), 1.86 – 1.74 (m, 1H), 1.69 (d, J=10.5, 2.5H), 1.61 – 

1.50 (m, 1H), 1.41 (d, J=10.0, 1.5H), 1.21 (d, J=10.1, 3H), 1.13 (s, 1H), 0.89 (d, J=15.9, 3H), 0.87 

– 0.83 (m, 2H), 0.83 – 0.78 (m, 3H), 0.74 (s, 1H), 0.46 – 0.39 (m, 3H); 13C NMR (126 MHz, 

CDCl3) δ = 153.27 (d, J=16.8), 139.40 (s), 137.03 (d, J=17.2), 132.03 (d, J=6.1), 131.68 (s), 

131.59 – 131.12 (m), 130.92 (d, J=4.2), 130.47 (s), 130.02 (s), 128.34 (d, J=12.1), 127.55 (d, 

J=12.6), 119.91 (s), 115.99 (s), 44.32 (d, J=37.4), 37.86 (d, J=30.2), 36.99 (s), 34.27 (s), 33.34 (d, 

J=12.1), 28.50 (d, J=2.3), 24.83 (d, J=11.5), 22.50 (s), 21.29 (d, J=19.9), 15.07 (d, J=11.8), 11.90 

(d, J=36.8). HRMS (ESI+): The compound was reported, as seen in Y. Zhang; S.-Z. Nie, J.-J. Ye, 

J.-P. Wang, M.-M. Zhou, C.-Q. Zhao and Q. Li, J. Org. Chem., 2019, 84, 8423-8439.

(RP)-(–)-Menthyl butyl (2’-hydroxy-1,1'-biphenyl-2-yl)phosphine borane (RP-5ac)

The crude 5ac was formed in a ratio of 96:4 (estimated by 31P-NMR 

spectrum), the pure RP-5ac was obtained as a white solid (54.6 mg, 69%, 

>99:1 dr) from preparative TLC (silica gel, petroleum ether/ethyl acetate 

= 6:1 as eluent); m.p. 142.9-144.5 °C; 31P NMR (202 MHz, CDCl3) δ = 

32.2 (bm); 1H NMR (500 MHz, CDCl3) δ = 8.14 – 8.05 (m, 1H), 7.49 (td, J=7.4, 1.3, 1H), 7.43 (t, 

J=7.5, 1H), 7.31 – 7.25 (m, 1H), 7.22 (td, J=5.6, 2.0, 1H), 7.04 (dd, J=7.5, 1.4, 0.5H), 6.97 – 6.89 

(m, 2.5H), 4.68 (d, J=17.9, 1H), 2.03 – 1.93 (m, 0.5H), 1.90 – 1.79 (m, 1.5H), 1.77 – 1.68 (m, 

P
HO

Men(-)
CH3

BH3

P
HO

Men(-)
nBu

BH3
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0.5H), 1.67 – 1.51 (m, 3H), 1.51 – 1.36 (m, 3H), 1.31 – 1.17 (m, 2H), 1.18 – 1.02 (m, 3H), 1.01 – 

0.90 (m, 1.5H), 0.87 – 0.80 (m, 4H), 0.77 (d, J=7.2, 3H), 0.69 (dd, J=8.7, 6.9, 5H), 0.63 (d, J=6.3, 

1H), 0.39 (d, J=6.9, 2H), 0.32 (d, J=6.8, 1H); 13C NMR (126 MHz, CDCl3) δ = 153.16 (d, 

J=14.6), 139.74 – 138.15 (m), 132.19 – 131.72 (m), 131.14 (dd, J=8.7, 2.0), 130.34 (d, J=13.8), 

129.93 (d, J=4.1), 129.14 (s), 128.81 (d, J=10.6), 128.49 (dd, J=12.0, 8.6), 127.22 (d, J=1.8), 

119.96 (d, J=19.5), 115.99 (d, J=18.8), 44.50 – 43.79 (m), 37.55 (d, J=28.8), 37.19 (s), 35.90 (d, 

J=29.4), 34.19 (s), 33.29 (d, J=11.1), 32.98 (d, J=12.0), 28.86 – 28.49 (m), 27.66 (d, J=32.0), 

26.88 – 26.26 (m), 25.22 – 24.69 (m), 24.32 (dd, J=14.7, 6.7), 22.41 (d, J=18.4), 21.27 (d, J=26.9), 

15.09 (d, J=9.2), 13.62 (s). HRMS (ESI+): The compound was reported, as seen in Y. Zhang; S.-Z. 

Nie, J.-J. Ye, J.-P. Wang, M.-M. Zhou, C.-Q. Zhao and Q. Li, J. Org. Chem., 2019, 84, 8423-8439.

(RP)-(–)-Menthyl phenylethyl (2’-hydroxy-1,1'-biphenyl-2-yl)phosphine borane (RP-5ad)

The crude 5ad was formed in a ratio of 96:4 (estimated by 31P-

NMR spectrum), the pure compound RP-5ad was obtained as 

white solid (58.6 mg, 74%, >99:1 dr) from preparative TLC 

(silica gel, petroleum ether/ethyl acetate = 4:1 as eluent); m.p. 

185.4-186.2 °C; 31P NMR (202 MHz, CDCl3) δ = 32.2 (bm); 1H NMR (500 MHz, CDCl3) δ = 

8.23 (dd, J=12.8, 8.2, 1H), 7.62 – 7.50 (m, 2H), 7.36 – 7.25 (m, 3H), 7.25 – 7.17 (m, 2H), 7.15 (d, 

J=7.3, 0.5H), 7.11 (d, J=7.3, 0.5H), 7.05 (d, J=7.4, 1H), 7.01 (dd, J=7.4, 5.1, 1H), 6.96 – 6.89 (m, 

1H), 4.81 (s, 0.5H), 4.73 (s, 0.5H), 2.97 – 2.83 (m, 1H), 2.41 – 2.28 (m, 1H), 2.26 – 2.11 (m, 1H), 

2.10 – 2.01 (m, 0.5H), 2.01 – 1.75 (m, 2.5H), 1.75 – 1.51 (m, 4H), 1.35 – 1.12 (m, 2H), 1.11 – 

1.00 (m, 1.5H), 0.88 (t, J=7.0, 3.5H), 0.82 (d, J=6.8, 2H), 0.78 (d, J=6.4, 2H), 0.72 (d, J=6.3, 2H), 

0.43 (d, J=6.9, 2H), 0.37 (d, J=6.8, 1H); 13C NMR (126 MHz, CDCl3) δ = 152.96 (s), 141.80 (d, 

J=15.7), 141.38 (d, J=14.7), 139.71 (s), 138.70 (d, J=16.6), 138.41 (d, J=16.4), 132.26 – 131.77 

(m), 131.30 (d, J=2.1), 130.39 (d, J=2.8), 130.06 (d, J=24.6), 128.75 – 128.19 (m), 128.16 (d, 

J=13.3), 127.92 (d, J=4.3), 127.34 (d, J=15.6), 126.13 (d, J=39.9), 120.13 (d, J=18.2), 116.14 (d, 

J=14.9), 44.15 (d, J=29.6), 37.46 (d, J=28.7), 37.16 (d, J=4.8), 35.99 (d, J=29.2), 34.17 (s), 33.29 

(d, J=11.4), 33.03 (d, J=12.1), 30.67 (s), 29.85 (s), 29.35 (d, J=29.8), 28.74 (dd, J=13.0, 1.5), 

26.29 (d, J=31.1), 24.93 (dd, J=11.8, 3.8), 22.41 (d, J=19.0), 21.28 (d, J=23.0), 15.12 (d, J=4.8). 

HRMS (ESI+) Calcd. for C30H40BOP [M+Na+]: 481.2808, Found: 481.2826.  

(RP)-(–)-Menthyl benzyl (2’-hydroxy-1,1'-biphenyl-2-yl)phosphine borane (RP-5ae)
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The crude 5ae was formed in a ratio of 96:4 (estimated by 31P-NMR 

spectrum), the pure compound RP-5ae was obtained as white solid 

(49.1 mg, 62%, >99:1 dr) from preparative TLC (silica gel, 

petroleum ether/ethyl acetate = 5:1 as eluent); m.p. 143.1-146.2 °C; 

31P NMR (202 MHz, CDCl3) δ = 34.0 (bm, 51%), 32.4 (bm, 49%); 1H NMR (500 MHz, CDCl3) 

δ = 7.97 (dd, J=12.9, 7.8, 0.5H), 7.73 (dd, J=12.8, 7.5, 0.5H), 7.54 (t, J=7.5, 0.5H), 7.48 (t, J=7.5, 

0.5H), 7.45 – 7.40 (m, 1H), 7.35 (td, J=8.8, 1.6, 1H), 7.27 (d, J=1.2, 1H), 7.13 – 7.07 (m, 2H), 

7.06 (s, 1H), 7.04 – 6.97 (m, 1.5H), 6.93 (d, J=8.2, 0.5H), 6.91 – 6.88 (m, 2H), 4.77 (s, 0.5H), 4.48 

(s, 0.5H), 3.58 (t, J=14.5, 0.5H), 3.41 – 3.30 (m, 1H), 2.96 (dd, J=14.4, 8.2, 0.5H), 2.24 – 2.10 (m, 

1H), 1.97 (td, J=13.2, 2.7, 0.5H), 1.76 – 1.63 (m, 3H), 1.63 – 1.50 (m, 2H), 1.44 – 1.30 (m, 1.5H), 

1.15 – 1.01 (m, 2H), 0.90 (dd, J=6.7, 3.6, 4H), 0.88 – 0.83 (m, 1H), 0.78 (d, J=6.5, 2H), 0.74 (d, 

J=6.1, 2H), 0.59 (dd, J=13.1, 6.9, 3H); 13C NMR (126 MHz, CDCl3) δ = 152.97 (d, J=37.3), 

140.11 (d, J=75.6), 137.58 (dd, J=43.7, 14.7), 133.60 (d, J=3.6), 133.17 (d, J=5.3), 132.43 (d, 

J=6.5), 132.12 (d, J=6.4), 131.06 (s), 130.63 (s), 130.50 – 129.99 (m), 128.94 (dd, J=45.9, 18.3), 

128.45 – 127.94 (m), 127.76 (d, J=2.6), 126.59 (dd, J=14.3, 2.8), 120.11 (d, J=16.5), 116.35 (d, 

J=60.6), 44.28 (d, J=44.7), 37.54 (d, J=26.7), 37.17 (d, J=20.2), 36.36 (dd, J=51.3, 26.4), 34.23 

(s), 33.19 (dd, J=16.5, 11.7), 32.17 (s), 31.94 (s), 31.60 (s), 28.72 (d, J=51.7), 25.03 (dd, J=11.4, 

4.0), 22.34 (d, J=28.4), 21.32 (d, J=28.1), 15.38 (d, J=11.2), 14.12(s). HRMS (ESI+): The 

compound was reported, as seen in Y. Zhang; S.-Z. Nie, J.-J. Ye, J.-P. Wang, M.-M. Zhou, C.-Q. 

Zhao and Q. Li, J. Org. Chem., 2019, 84, 8423-8439.

(RP)-(–)-Menthyl p-methylbenzyl (2’-hydroxy-1,1'-biphenyl-2-yl)phosphine borane (RP-5af)

The crude 5af was formed in a ratio of 92:8 (estimated by 31P-

NMR spectrum), the pure compound RP-5af was obtained as white 

solid (51.5 mg, 65%, >99:1 dr) from preparative TLC (silica gel, 

petroleum ether/ethyl acetate = 4:1 as eluent); m.p. 57.9- 60.1 °C; 

31P NMR (162 MHz, CDCl3) δ = 34.2 (bm, 49%), 32.3 (bm, 51%); 1H NMR (400 MHz, CDCl3) 

δ = 7.93 (dd, J=12.9, 7.9, 1H), 7.76 – 7.68 (m, 1H), 7.47 (t, J=7.0, 1H), 7.43 – 7.29 (m, 2H), 7.29 

– 7.16 (m, 2H), 7.01 (t, J=7.9, 1H), 6.89 (dd, J=14.7, 8.6, 3H), 6.78 (dd, J=14.1, 7.3, 2H), 4.81 (s, 

1H), 3.56 (t, J=14.5, 1H), 3.41 – 3.24 (m, 1H), 2.86 (dd, J=14.2, 9.1, 1H), 2.23 (s, 3H), 2.16 – 

1.86 (m, 1H), 1.66 (s, 3H), 1.59 – 1.45 (m, 1H), 1.33 (dd, J=28.0, 20.4, 2H), 1.18 – 0.93 (m, 2H), 
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0.87 (t, J=15.3, 4H), 0.77 (d, J=6.4, 2H), 0.73 (d, J=5.1, 2H), 0.59 (d, J=6.7, 2H), 0.54 (d, J=6.7, 

2H); 13C NMR (126 MHz, CDCl3) δ = 153.08 (d, J=31.2), 140.59 (s), 139.94 (s), 137.62 (dd, 

J=43.7, 14.7), 136.08 (d, J=30.4), 132.45 (d, J=6.4), 132.14 (d, J=6.4), 130.98 (dd, J=4.1, 2.3), 

130.66 (s), 130.46 (d, J=3.8), 130.07 (dd, J=16.3, 4.4), 128.75 (d, J=6.3), 128.45 (dd, J=4.6, 2.4), 

128.25 – 127.74 (m), 127.53 (s), 120.01 (d, J=7.4), 116.37 (d, J=53.0), 53.47 (s), 44.30 (d, 

J=38.9), 37.46 (s), 37.18 (d, J=25.0), 36.48 (d, J=26.3), 35.66 (d, J=26.9), 34.26 (s), 33.16 (dd, 

J=15.0, 11.5), 31.52 (d, J=28.8), 28.90 (s), 28.48 (s), 25.04 (dd, J=11.4, 2.9), 22.38 (d, J=26.5), 

21.35 (d, J=26.7), 21.05 (d, J=3.6), 15.39 (d, J=10.0). HRMS (ESI+): The compound was reported, 

as seen in Y. Zhang; S.-Z. Nie, J.-J. Ye, J.-P. Wang, M.-M. Zhou, C.-Q. Zhao and Q. Li, J. Org. 

Chem., 2019, 84, 8423-8439.

(RP)-(–)-Menthyl p-tert-butylbenzyl (2’-hydroxy-1,1'-biphenyl-2-yl)phosphine borane (RP-

5ag)

The crude 5ag was formed in a ratio of 93:7 (estimated by 

31P-NMR spectrum), the pure compound RP-5ag was obtained 

as white solid (53.1 mg, 67%, >99:1 dr) from preparative TLC 

(silica gel, petroleum ether/ethyl acetate = 4:1 as eluent); m.p. 

145.8-149.4 °C; 31P NMR (202 MHz, CDCl3) δ = 34.0 (bm, 51%), 32.1 (bm, 49%); 1H NMR 

(500 MHz, CDCl3) δ = 7.97 (dd, J=12.6, 7.8, 0.5H), 7.70 (dd, J=12.6, 7.9, 0.5H), 7.52 (s, 0.5H), 

7.49 – 7.38 (m, 1.5H), 7.36 – 7.28 (m, 1H), 7.28 – 7.20 (m, 2H), 7.11 (d, J=8.2, 1H), 7.06 (d, 

J=8.2, 1H), 7.03 – 6.98 (m, 1H), 6.94 (t, J=7.5, 0.5H), 6.90 (d, J=8.1, 0.5H), 6.80 (dd, J=20.7, 7.7, 

2H), 4.89 (s, 0.5H), 4.56 (d, J=7.5, 0.5H), 3.53 (t, J=14.4, 0.5H), 3.37 – 3.25 (m, 1H), 2.95 (td, 

J=14.8, 4.3, 0.5H), 2.23 – 2.08 (m, 1H), 1.98 (td, J=12.9, 2.5, 1H), 1.78 – 1.62 (m, 3H), 1.63 – 

1.51 (m, 2H), 1.45 – 1.32 (m, 2H), 1.33 – 1.19 (m, 10H), 1.13 – 0.99 (m, 2H), 0.89 (t, J=7.3, 4H), 

0.77 (d, J=6.5, 2H), 0.73 (d, J=5.8, 2H), 0.58 (dd, J=12.1, 6.8, 3H); 13C NMR (126 MHz, CDCl3) 

δ = 153.07 (d, J=24.8), 149.49 (d, J=27.7), 140.66 (s), 139.85 (s), 137.66 (d, J=13.7), 137.03 (d, 

J=14.0), 132.47 (d, J=6.5), 132.08 (d, J=6.4), 130.94 (dd, J=6.8, 1.9), 130.62 (s), 130.15 (d, 

J=8.2), 129.96 (d, J=4.8), 129.73 (d, J=4.6), 129.56 – 128.34 (m), 128.18 – 127.77 (m), 127.55 (s), 

124.66 (s), 120.02 (d, J=5.8), 116.59 (s), 116.09 (s), 44.25 (d, J=46.1), 37.66 (d, J=26.6), 37.18 (d, 

J=20.6), 36.57 (d, J=26.3), 35.59 (d, J=26.8), 34.31 (d, J=12.1), 33.20 (dd, J=20.3, 11.3), 31.74 (d, 

J=28.7), 31.32 (d, J=5.6), 28.92 (s), 28.49 (s), 25.05 (dd, J=11.4, 6.4), 22.37 (d, J=28.0), 21.36 (d, 
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J=27.3), 15.41 (d, J=10.6). HRMS (ESI+): The compound was reported, as seen in Y. Zhang; S.-Z. 

Nie, J.-J. Ye, J.-P. Wang, M.-M. Zhou, C.-Q. Zhao and Q. Li, J. Org. Chem., 2019, 84, 8423-8439.

(RP/SP)-(–)-Menthyl m-methoxybenzyl (2’-hydroxy-1,1'-biphenyl-2-yl)phosphine borane 

(5ah/5ah’)

The crude 5ah was formed in a ratio of 95:5 (estimated by 

31P-NMR spectrum). After isolation with preparative TLC 

(silica gel, petroleum ether/ethyl acetate = 3:1 as eluent), the 

compound was obtained as white solid (59.4 mg, 75%, 96:4 

dr); m.p. 99.1-102.3 °C; 31P NMR (202 MHz, CDCl3) δ = 33.5 (bm, 45%) / 32.5 (bm, 51%), 

23.98 (bm, 4%); 1H NMR (500 MHz, CDCl3) δ = 7.94 (dd, J=13.0, 7.7, 0.5H), 7.76 (dd, J=12.8, 

7.7, 0.5H), 7.49 (dt, J=19.3, 7.5, 1H), 7.40 (d, J=7.6, 1H), 7.36 – 7.32 (m, 1H), 7.31 – 7.23 (m, 

1H), 7.05 – 6.96 (m, 2.5H), 6.95 (d, J=7.9, 0.5H), 6.91 (d, J=8.0, 1H), 6.68 – 6.62 (m, 1H), 6.54 – 

6.46 (m, 2H), 5.11 (s, 0.5H), 4.64 (s, 0.5H), 3.62 (s, 1.5H), 3.61 – 3.51 (m, 2H), 3.39 – 3.31 (m, 

1H), 2.95 (dd, J=14.3, 7.8, 0.5H), 2.24 – 2.08 (m, 1H), 1.95 (q, J=13.0, 1H), 1.69 (d, J=2.2, 3H), 

1.57 (dd, J=23.7, 12.0, 1H), 1.38 (ddt, J=20.8, 17.7, 7.9, 1H), 1.09 (ddd, J=19.5, 9.7, 3.7, 2H), 

0.94 – 0.87 (m, 5H), 0.78 (d, J=6.5, 3H), 0.73 (d, J=5.9, 2H), 0.59 (dd, J=13.8, 6.9, 3H); 13C 

NMR (126 MHz, CDCl3) δ = 157.87 (d, J=15.6), 152.01 (d, J=30.4), 139.72 (s), 138.89 (s), 

136.47 (dd, J=43.9, 14.7), 133.99 (s), 133.60 (s), 131.49 (d, J=6.4), 131.13 (d, J=6.4), 129.95 (d, 

J=12.1), 129.71 (s), 129.11 (d, J=4.4), 127.72 – 127.40 (m), 127.24 – 126.72 (m), 126.41 (d, 

J=1.4), 121.71 (dd, J=45.5, 5.1), 119.01 (d, J=9.0), 115.53 (s), 115.08 (s), 114.17 (dd, J=16.7, 4.7), 

111.98 (d, J=33.3), 54.07 (d, J=8.9), 43.23 (d, J=38.7), 35.77 (ddd, J=84.6, 46.3, 26.7), 33.18 (s), 

32.11 (t, J=11.5), 31.13 (d, J=28.3), 27.68 (dd, J=49.4, 1.6), 23.98 (d, J=12.1), 21.31 (d, J=26.1), 

20.31 (d, J=25.4), 14.34 (d, J=12.8). HRMS (ESI+) Calcd. for C30H40BO2P [M+Na+]: 497.2757, 

Found: 497.2772.  

(RP)-(–)-Menthyl o-chlorobenzyl (2’-hydroxy-1,1'-biphenyl-2-yl)phosphine borane (RP-5ai)

The crude 5ai was formed in a ratio of 95:5 (estimated by 31P-NMR 

spectrum), the pure compound RP-5ai was obtained as white solid 

(54.6 mg, 69%, >99:1 dr) from preparative TLC (silica gel, 

petroleum ether/ethyl acetate = 3:1 as eluent); m.p. 146.5-149.1 °C; 

31P NMR (202 MHz, CDCl3) δ = 33.54 (bm, 38%), 32.47 (bm, 62%); 1H NMR (500 MHz, 
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CDCl3) δ = 8.10 (dd, J=13.5, 7.8, 0.5H), 7.93 (dd, J=13.1, 7.8, 0.5H), 7.54 (dt, J=13.7, 7.5, 1H), 

7.46 (t, J=7.6, 0.5H), 7.40 – 7.31 (m, 1.5H), 7.30 – 7.21 (m, 2.5H), 7.09 – 6.99 (m, 3H), 6.99 – 

6.94 (m, 1H), 6.90 (t, J=7.7, 1H), 6.78 (d, J=7.8, 0.5H), 4.70 (s, 1H), 3.67 (t, J=15.1, 0.5H), 3.55 

(dd, J=14.9, 6.8, 0.5H), 3.34 (t, J=15.4, 0.5H), 3.24 (dd, J=15.4, 7.9, 0.5H), 2.40 – 2.22 (m, 1H), 

2.02 (td, J=13.2, 2.2, 1H), 1.69 (dd, J=9.3, 3.7, 4H), 1.39 – 1.25 (m, 2H), 1.14 – 1.01 (m, 2H), 

0.91 (dd, J=6.6, 1.5, 5H), 0.79 (d, J=6.3, 3H), 0.73 (d, J=5.9, 1H), 0.62 (t, J=7.5, 3H); 13C NMR 

(126 MHz, CDCl3) δ = 151.93 (d, J=38.7), 139.17 (s), 136.91 (d, J=16.3), 133.97 (dd, J=6.6, 2.7), 

131.65 (d, J=2.7), 131.42 (dd, J=12.8, 6.3), 130.92 (d, J=3.7), 130.36 (dd, J=13.8, 3.1), 130.20 (t, 

J=5.0), 129.82 (d, J=5.1), 129.35 (d, J=4.1), 129.18 (d, J=11.8), 128.27 (s), 127.83 (d, J=13.2), 

127.31 – 127.03 (m), 126.84 (dd, J=24.2, 2.1), 126.34 (dd, J=18.6, 1.7), 125.04 (s), 52.44 (s), 

43.47 (d, J=47.8), 36.04 (d, J=35.6), 35.39 (d, J=27.1), 33.18 (s), 32.27 (d, J=11.6), 30.75 (d, 

J=28.5), 27.73 (d, J=1.5), 27.29 (dd, J=16.2, 14.0), 24.02 (d, J=11.7), 21.35 (d, J=28.6), 20.22 (d, 

J=35.0), 14.28 (d, J=21.2). HRMS (ESI+): The compound was reported, as seen in Y. Zhang; S.-Z. 

Nie, J.-J. Ye, J.-P. Wang, M.-M. Zhou, C.-Q. Zhao and Q. Li, J. Org. Chem., 2019, 84, 8423-8439.
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Part 3. Cleavage of P-O bond and O,P-alkylation of 2a/2a’ (formation of 6)
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BH3HO
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BH3R1O
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R1`X
KOH

5 6

R = Et, R1 = Et, 6a, 98% (94:6)
Et, nBu, 6b, 97% (94:6)
pMeBn, Et, 6c, 98% (95:5)
Bn, Bn, 6d, 95% (94:6)
o-ClBn, 2-PhEt, 6e, 96% (93:7)
nBu, Bn, 6f, 98% (94:6)
Et, 2-PyCH2, 6g, 98% (94:6)

Typical procedure A, the preparation of 6b:

To the solution of 2a/2a’ (80 mg, 0.23 mmol) in toluene (1.5 mL), was added lithium-naphthalene 

reagent (0.8 mL, 0.81 mmol, 1M solution in THF) slowly, and the mixture was stirred at room 

temperature for 2 hours. Ethyl bromide (68 μL, 0.92 mmol) was added to the ice cooled mixture, 

and the stirring was continued for 4 hours at the same temperature. After the reaction was 

completed, as monitored with TLC, the solvent was removed in vacuo. The residue was dissolved 

in acetonitrile (1 mL), and potassium hydroxide (15 mg, 0.23 mmol) was added. After stirring for 

5 minutes, the solution was cooled with an ice bath, and n-butyl bromide (96 μL, 0.908 mmol) 

was added. After the reaction was completed, the reaction was quenched with dilute hydrochloric 

acid (8%). The solvent was removed in vacuo, and the mixture was extracted with 

dichloromethane (3×10 mL), washed with water (3×10 mL) and dried with anhydrous magnesium 

sulfate. After removing solvent, the residue was purified by preparative TLC (silica gel, petroleum 

ether/ dichloromethane = 2/1 as eluent) to afford 6b.

(RP/SP)-(–)-Menthyl ethyl (2’-butoxy-1,1-biphenyl-2-yl)phosphine borane (6b/6b’)

The crude 6b/6b’ was formed in a ratio of 94:6 (estimated by 

31P-NMR spectrum). After isolation with preparative TLC 

(silica gel, petroleum ether/ dichloromethane = 2:1 as eluent), 

the compound was obtained as colorless oil (58.2 mg, 75%, 

95:5 dr);  31P NMR (202 MHz, CDCl3) δ = 34.7 (bm, 95%), 27.5 (bm, 3%) / 26.4 (bm, 2%); 1H 

NMR (500 MHz, CDCl3) δ = 8.06 (dd, J=13.1, 8.0, 1H), 7.44 (t, J=7.5, 1H), 7.42 – 7.35 (m, 2H), 

7.23 – 7.13 (m, 1H), 7.05 – 6.94 (m, 3H), 3.99 – 3.94 (m, 0.5H), 3.90 (t, J=6.5, 1H), 3.87 – 3.83 

(m, 0.5H), 2.09 – 1.95 (m, 1H), 1.93 – 1.78 (m, 2H), 1.71 – 1.63 (m, 2H), 1.61 – 1.48 (m, 5H), 

1.40 – 1.31 (m, 2H), 1.26 (d, J=7.4, 3H), 1.09 (ddd, J=24.5, 12.5, 5.8, 1H), 0.99 – 0.91 (m, 2H), 

0.86 (dt, J=6.1, 3.9, 6H), 0.84 – 0.79 (m, 4H), 0.78 (d, J=6.4, 2H), 0.70 (d, J=5.7, 1H), 0.40 (dd, 

J=12.4, 6.9, 3H); 13C NMR (126 MHz, CDCl3) δ = 156.74 (d, J=26.4), 141.94 (s), 137.59 (d, 
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J=16.6), 132.32 (dd, J=16.7, 6.2), 130.09 (ddd, J=38.8, 28.9, 22.7), 127.05 (d, J=12.2), 126.35 (dd, 

J=48.8, 34.2), 119.44 (d, J=40.4), 112.59 (s), 111.55 (s), 68.41 (s), 67.60 (s), 43.92 (d, J=30.0), 

37.27 (t, J=14.7), 36.32 (s), 35.53 (d, J=30.1), 34.24 (d, J=18.1), 33.24 (d, J=11.5), 32.84 (d, 

J=12.2), 31.02 (d, J=9.8), 28.62 (d, J=9.4), 25.29 – 24.57 (m), 22.45 (d, J=14.7), 21.30 (d, J=21.5), 

19.03 (s), 18.55 (d, J=34.0), 15.10 (d, J=24.5), 13.69 (d, J=2.5), 9.05 (d, J=2.3), 8.43 (d, J=1.1). 

HRMS (ESI+) Calcd. for C28H44BOP [M+Na+]: 461.3121, Found: 461.3133.  

(RP/SP)-(–)-Menthyl ethyl (2’-ethoxy-1,1-biphenyl-2-yl)phosphine borane (6a/6a’)

The crude 6a/6a’ was formed in a ratio of 94:6 (estimated by 31P-NMR 

spectrum). After isolation from preparative TLC (silica gel, petroleum 

ether/ethyl acetate = 30:1 as eluent), the compound was obtained as 

white solid (54.9 mg, 70%, 94:6 dr); m.p. 119.8-121.5 °C; 31P NMR 

(202 MHz, CDCl3) δ = 34.7 (bm, 94%), 27.4 (bm, 3%) / 26.5 (bm, 3%);  1H NMR (500 MHz, 

CDCl3) δ = 7.90 (dd, J=13.5, 7.8, 1H), 7.28 (t, J=7.5, 1H), 7.22 (ddd, J=9.0, 3.2, 1.7, 2H), 7.07 – 

6.96 (m, 1.5H), 6.87 – 6.77 (m, 2.5H), 3.88 – 3.74 (m, 2H), 1.90 – 1.79 (m, 1H), 1.76 – 1.68 (m, 

1H), 1.63 (td, J=13.5, 2.4, 1H), 1.49 (d, J=1.9, 2H), 1.40 (dd, J=13.3, 5.0, 2H), 1.24 – 1.14 (m, 

1.5H), 1.03 (t, J=7.0, 3H), 1.00 – 0.88 (m, 1H), 0.79 (dd, J=12.3, 4.6, 2H), 0.76 – 0.66 (m, 6.5H), 

0.64 (d, J=6.7, 2H), 0.61 (d, J=6.4, 2H), 0.54 (d, J=6.1, 2H), 0.23 (t, J=6.9, 3H); 13C NMR (126 

MHz, CDCl3) δ = 156.58 (d, J=25.5), 142.09 (d, J=16.1), 137.56 (d, J=16.6), 132.31 (dd, J=11.7, 

6.3), 130.78 (s), 130.65 – 129.59 (m), 127.05 (d, J=12.2), 119.53 (d, J=42.2), 112.74 (s), 111.55 

(s), 77.78 – 76.65 (m), 64.32 (s), 63.48 (s), 43.93 (d, J=30.8), 37.25 (d, J=6.1), 36.99 (s), 36.33 (s), 

34.25 (d, J=19.3), 33.20 (d, J=11.5), 32.87 (d, J=12.2), 28.81 – 28.57 (m), 25.23 – 24.66 (m), 

22.45 (d, J=15.2), 21.58 – 21.01 (m), 18.62 (d, J=33.9), 15.10 (d, J=25.3), 14.61 (d, J=14.2), 9.06 

(d, J=2.2), 8.53 (s). HRMS (ESI+) Calcd. for C26H40BOP [M+Na+]: 433.2808, Found: 433.2820.

(RP/SP)-(–)-Menthyl p-methylbenzyl (2’-ethoxy-1,1-biphenyl-2-yl)phosphine borane (6c/6c’)

The crude 6c/6c’ was formed in a ratio of 93:7 (estimated by 31P-

NMR spectrum). After isolation from preparative TLC (silica gel, 

petroleum ether/ dichloromethane = 2:1 as eluent), the  

compound was obtained as colorless oil (61.2 mg, 78%, 95:5 dr); 

31P NMR (202 MHz, CDCl3) δ = 33.55 (bm, 96%), 23.86 (bm, 4%); 1H NMR (500 MHz, CDCl3) 

δ 7.82 – 7.75 (m, 0.7H), 7.65 (dd, J = 14.1, 7.9, 0.3H), 7.51 – 7.44 (m, 1H), 7.43 – 7.35 (m, 1H), 
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7.29 (dq, J = 7.6, 5.7, 1H), 7.23 (dd, J = 7.6, 2.8, 1H), 6.98 (dd, J = 18.8, 11.4, 3H), 6.87 (d, J = 

7.5, 2H), 6.68 (d, J = 7.9, 1.5H), 6.59 (dt, J = 8.1, 2.1, 0.5H), 3.97 (tq, J = 15.8, 7.2, 1.7H), 3.46 (q, 

J = 14.6, 1H), 3.33 – 3.26 (m, 0.3H), 2.82 (dd, J = 13.3, 7.4, 1H), 2.26 (d, J = 31.2, 4H), 2.14 – 

2.08 (m, 1H), 1.92 – 1.76 (m, 1H), 1.75 – 1.62 (m, 3H), 1.59 – 1.40 (m, 2H), 1.34 – 1.24 (m, 1H), 

1.18 (q, J = 8.3, 6.9, 3H), 0.89 (dd, J = 21.3, 7.0, 6H), 0.78 (d, J = 6.4, 3H), 0.70 (dd, J = 6.3, 1.5, 

1H), 0.54 (d, J = 6.8, 3H); 13C NMR (126 MHz, CDCl3) δ = 156.59 (s), 156.02 (s), 155.88 (s), 

142.44 (s), 141.61 (d, J=16.7), 137.24 (dd, J=32.7, 16.4), 135.88 (d, J=29.6), 133.59 (d, J=17.4), 

132.70 (dd, J=19.6, 6.4), 131.30 (s), 130.75 (dd, J=9.7, 6.5), 130.29 (dd, J=19.1, 12.8), 129.79 (d, 

J=18.5), 129.07 (s), 128.42 (s), 128.17 (d, J=2.6), 127.60 (s), 127.31 – 126.92 (m), 126.87 – 

126.47 (m), 70.01 (s), 63.73 (s), 44.32 (s), 37.36 (s), 37.07 – 35.28 (m), 34.34 (d, J=14.2), 33.14 

(d, J=11.3), 31.56 (d, J=28.3), 28.46 (s), 25.02 (dd, J=11.0, 7.4), 22.52 (s), 21.86 – 20.72 (m), 

15.51 (d, J=4.7), 15.28 (s), 14.66 (s). HRMS (ESI+) Calcd. for C32H44BOP [M+K+]: 525.2860, 

Found: 525.2874.

(RP/SP)-(–)-Menthyl o-chlorobenzyl (2’-phenylethoxy-1,1-biphenyl-2-yl)phosphine borane 

(6e/6e’)

The crude 6e/6e’ was formed in a ratio of 93:7 

(estimated by 31P-NMR spectrum). After isolation from 

preparative TLC (silica gel, petroleum ether/ 

dichloromethane = 1:1 as eluent), the compound was 

obtained as colorless oil (56.8 mg, 74%, 97:3 dr); 31P NMR (202 MHz, CDCl3) δ= 33.0 (bm, 

97%), 26.0 (bm, 2%) / 24.6 (bm, 1%); 1H NMR (500 MHz, CDCl3) δ = 8.04 – 7.93 (m, 1H), 7.54 

(t, J=7.5, 1H), 7.52 – 7.36 (m, 3H), 7.33 (d, J=7.5, 1H), 7.31 – 7.25 (m, 1H), 7.25 – 7.22 (m, 1H), 

7.18 (d, J=7.8, 1H), 7.16 – 7.06 (m, 3H), 7.07 – 7.00 (m, 2H), 6.97 (t, J=8.7, 1H), 6.94 – 6.90 (m, 

0.5H), 6.81 (t, J=7.7, 0.5H), 6.49 (d, J=7.8, 0.5H), 6.33 (t, J=7.5, 0.5H), 5.15 – 5.03 (m, 0.5H), 

4.99 (d, J=13.1, 1H), 4.73 (d, J=13.1, 0.5H), 3.66 – 3.51 (m, 0.5H), 3.32 (dd, J=15.1, 7.3, 1H), 

3.18 (t, J=15.6, 0.5H), 2.69 – 2.62 (m, 0.2H), 2.53 – 2.40 (m, 0.8H), 2.28 – 2.18 (m, 0.3H), 2.01 

(dd, J=25.2, 12.0, 1H), 1.72 (d, J=7.1, 3H), 1.60 – 1.50 (m, 0.7H), 1.48 – 1.29 (m, 3H), 1.18 – 

1.04 (m, 1H), 1.00 – 0.83 (m, 6H), 0.78 (d, J=6.4, 3H), 0.61 (dd, J=9.4, 7.0, 4H), 0.37 (d, J=6.2, 

1H); 13C NMR (126 MHz, CDCl3) δ = 154.42 (s), 140.84 (s), 136.52 (d, J=16.7), 133.59 (d, 

J=6.9), 133.05 (s), 131.78 (d, J=6.3), 131.38 (d, J=2.6), 131.14 (s), 130.63 (s), 130.36 (d, J=4.7), 
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129.86 (d, J=5.5), 129.29 (d, J=24.3), 128.89 (s), 128.06 (s), 127.96 – 127.55 (m), 127.33 (s), 

126.84 (s), 126.41 (dd, J=23.2, 10.7), 125.84 (s), 125.65 (s), 125.02 (s), 124.75 (s), 65.83 (s), 

52.40 (s), 43.43 (s), 36.26 (d, J=28.4), 35.28 (d, J=25.3), 33.28 (s), 32.33 (d, J=11.3), 31.92 (d, 

J=12.1), 30.50 (d, J=29.3), 27.78 (s), 27.15 (s), 26.77 (d, J=29.9), 24.09 (d, J=11.4), 21.48 (s), 

20.87 (s), 20.23 (d, J=33.5), 14.31 (d, J=34.7). HRMS (ESI+) Calcd. for C37H45BClOP [M+Na+]: 

605.2887, Found: 605.2903.

(RP/SP)-(–)-Menthyl butyl (2’-benzyloxy-1,1-biphenyl-2-yl)phosphine borane (6f/6f’)

The crude 6f/6f’ was formed in a ratio of 94:6 (estimated 

by 31P-NMR spectrum). After isolation from preparative 

TLC (silica gel, petroleum ether/ dichloromethane = 3:1 as 

eluent), the compound was obtained as colorless oil (56.4 

mg, 72%, 96:4 dr); 31P NMR (202 MHz, CDCl3) δ = 31.4 (bm, 96%), 23.2 (bm, 2%) / 22.8 (bm, 

2%); 1H NMR (500 MHz, CDCl3) δ = 8.05 – 7.97 (m, 1H), 7.42 (dd, J=16.2, 7.5, 1H), 7.39 – 

7.31 (m, 2H), 7.21 – 7.13 (m, 4H), 7.10 (dd, J=7.5, 1.5, 0.5H), 7.05 (t, J=6.5, 2H), 7.02 – 6.93 (m, 

2.5H), 4.96 (s, 2H), 2.03 – 1.94 (m, 0.5H), 1.83 (dd, J=23.8, 10.4, 1.5H), 1.66 – 1.54 (m, 2H), 

1.46 – 1.31 (m, 3H), 1.30 – 1.20 (m, 3H), 1.06 – 0.97 (m, 1H), 0.96 – 0.85 (m, 3H), 0.84 – 0.75 (m, 

6H), 0.72 (dd, J=10.2, 6.5, 4H), 0.68 – 0.60 (m, 1H), 0.42 (t, J=7.1, 2H), 0.38 (d, J=6.9, 2H), 0.32 

(d, J=6.8, 1H), 0.26 (d, J=5.8, 1H); 13C NMR (126 MHz, CDCl3) δ = 155.11 (d, J=32.7), 140.66 

(d, J=31.9), 136.42 (dd, J=34.8, 16.5), 135.58 (d, J=11.1), 131.27 (d, J=6.2), 129.61 (d, J=26.6), 

129.17 – 128.63 (m), 127.37 (d, J=5.0), 126.62 (d, J=1.5), 126.27 (d, J=12.1), 125.96 (d, J=27.6), 

125.39 (d, J=9.9), 119.04 (d, J=27.2), 111.71 (d, J=54.4), 68.97 (d, J=47.1), 42.88 (d, J=28.2), 

36.64 (d, J=29.3), 36.12 (s), 35.22 (s), 34.72 (d, J=29.8), 33.19 (d, J=17.9), 32.30 (d, J=11.2), 

31.98 (d, J=12.2), 27.56 (dd, J=13.7, 1.5), 26.89 (d, J=32.1), 25.71 (s), 24.91 (s), 24.26 (d, 

J=33.1), 24.05 – 23.48 (m), 23.30 (d, J=14.5), 21.49 (s), 20.96 (s), 20.24 (d, J=21.8), 14.11 (d, 

J=10.9), 12.50 (d, J=24.6). HRMS (ESI+) Calcd. for C33H46BOP [M+Na+]: 523.3277, Found: 

523.3291. 

(RP/SP)-(–)-Menthyl ethyl (2’-pyridinylmethoxy-1,1-biphenyl-2-yl) phosphine borane (6g/6g’)
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The compound was obtained as colorless oil (84 mg, 79%) from 

preparative TLC (silica gel, petroleum ether/ dichloromethane = 

1:2 as eluent); 31P NMR (202 MHz, CDCl3) δ = 35.25 (bm, 90%), 

-20.63 / -22.41 (bs, 1%), -25.53 / -28.32 (bs, 9%); HRMS (ESI+) 

Calcd. for C30H41BNOP [M+K+]: 512.2656, Found: 512.2664. 

(RP/SP)-(–)-Menthyl ethyl (2’-pyridinylmethoxy-1,1-biphenyl-2-yl) phosphine (7/7’)

To the solution of 6a/6a’ (35 mg, 0.059 mmol) in toluene (0.5 mL), 

was added triethylene diamine (10mg, 0.088 mmol) slowly, and the 

mixture was stirred at 70 oC for 5 hours. After removing solvent, 

The compound was obtained as colorless oil (23.6 mg, 81%) from a 

silica gel short column (petroleum ether as eluent); 31P NMR (202 MHz, CDCl3) δ = -20.66 (s), -

22.44 (s), -25.59 (s), -28.44 (s); 1H NMR (500 MHz, CDCl3) δ = 8.43 (dd, J=9.6, 4.2, 1H), 7.47 (t, 

J=7.7, 0.7H), 7.44 – 7.39 (m, 1.3H), 7.37 (d, J=7.4, 0.5H), 7.29 (dd, J=8.9, 3.8, 2.5H), 7.21 (dd, 

J=8.6, 7.7, 1H), 7.18 – 7.12 (m, 1H), 7.04 (t, J=7.1, 2H), 7.00 – 6.89 (m, 1.5H), 6.82 (d, J=8.2, 

0.5H), 5.11 (d, J=3.4, 1.5H), 5.05 (s, 0.5H), 1.86 – 1.77 (m, 0.5H), 1.74 – 1.63 (m, 2H), 1.57 (d, 

J=4.8, 2H), 1.49 – 1.42 (m, 0.5H), 1.43 – 1.35 (m, 0.5H), 1.31 (d, J=9.2, 1H), 1.16 – 1.07 (m, 1H), 

1.06 – 0.98 (m, 2H), 0.84 – 0.75 (m, 2H), 0.68 (d, J=6.4, 3H), 0.64 – 0.56 (m, 1H), 0.53 (d, J=6.8, 

1H), 0.46 (dd, J=10.3, 4.2, 4H), 0.37 (d, J=6.5, 2H), 0.34 – 0.28 (m, 0.5H), 0.27 – 0.12 (m, 1H); 

13C NMR (126 MHz, CDCl3) δ = 156.82 (d, J=65.6), 154.32 (d, J=60.2), 147.70 (d, J=14.7), 

135.53 (d, J=34.9), 132.01 (d, J=6.3), 131.57 (d, J=5.9), 130.82 (d, J=1.8), 130.29 (dd, J=12.0, 

4.8), 129.19 (d, J=6.1), 127.58 (d, J=6.8), 127.11 (s), 126.13 (s), 125.51 (d, J=12.0), 121.11 (d, 

J=22.6), 119.72 (d, J=6.7), 119.36 (s), 111.18 (d, J=48.7), 69.70 (s), 68.84 (s), 43.96 (d, J=13.5), 

43.58 (d, J=13.8), 38.50 (d, J=19.0), 37.00 (d, J=42.6), 33.80 (d, J=36.2), 32.92 (dd, J=20.7, 2.1), 

28.68 (s), 26.50 (d, J=18.0), 24.19 (s), 21.05 (dd, J=81.1, 38.8), 16.86 (dd, J=15.8, 12.4), 13.97 (d, 

J=16.7), 9.78 (t, J=20.3).

Typical procedure B, the preparation of 6d:

The residue of crude 5ab (as the above) was dissolved in toluene (0.5 mL), followed by the 

additions of tetrabutylammonium bromide (7.3 mg, 0.0227 mmol), potassium iodide (7.5 mg, 

0.0454 mmol), potassium hydroxide (0.5 mL, 50% solution in water) and ethanol (0.1 mL). The 
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mixture was stirred for 24 hours under air atmosphere. After the reaction was completed, dilute 

hydrochloric acid (8%) was added, and the solvent was removed in vacuo. The residue was 

extracted with dichloromethane (3×10 mL), washed with water (3×10 mL), dried with anhydrous 

magnesium sulfate, and the solvent was removed in vacuo. The crude products were purified by 

preparative TLC (silica gel, petroleum ether/ethyl acetate = 5/1 as eluent) to afford 6d.

(RP/SP)-(–)-Menthyl benzyl (2’- benzyloxy-1,1-biphenyl-2-yl)phosphine borane (6d/6d’)

The crude 6d/6d’ was formed in a ratio of 94:6 (estimated 

by 31P-NMR spectrum). After isolation from preparative 

TLC (silica gel, petroleum ether/ dichloromethane = 1:1 as 

eluent), the pure compound was obtained as white solid 

(60.8 mg, 80%, 98:2 dr); m.p. 118.6-119.5 °C; 31P NMR (202 MHz, CDCl3) δ = 33.4 (bm, 98%), 

23.7 (bm, 2%); 1H NMR (500 MHz, CDCl3) δ = 7.81 (dd, J=12.8, 8.2, 0.6H), 7.70 – 7.63 (m, 

0.4H), 7.55 (d, J=6.8, 0.3H), 7.49 (t, J=7.5, 0.7H), 7.46 – 7.35 (m, 1.5H), 7.33 – 7.26 (m, 2H), 

7.26 – 7.16 (m, 3.5H), 7.12 (dd, J=7.6, 5.2, 2H), 7.10 – 6.93 (m, 5H), 6.83 (t, J=7.6, 1H), 6.72 (d, 

J=6.8, 1H), 5.08 – 5.01 (m, 1H), 4.93 (d, J=12.3, 1H), 3.62 (t, J=14.5, 0.3H), 3.44 (t, J=15.0, 

0.7H), 3.38 – 3.30 (m, 0.3H), 2.92 – 2.83 (m, 0.7H), 2.27 (s, 0.7H), 2.13 (s, 0.3H), 1.92 (dd, 

J=24.3, 12.2, 1H), 1.79 – 1.58 (m, 3H), 1.58 – 1.40 (m, 2H), 1.29 (d, J=2.4, 1H), 1.14 (ddd, 

J=24.9, 12.3, 4.9, 1H), 0.96 – 0.83 (m, 5.5H), 0.75 (dd, J=6.4, 2.6, 2.5H), 0.73 – 0.66 (m, 1H), 

0.59 (dd, J=6.7, 3.5, 2H), 0.55 (dd, J=6.7, 3.5, 1H), 0.46 (dd, J=6.1, 2.9, 1H); 13C NMR (126 

MHz, CDCl3) δ = 156.02 (d, J=44.4), 142.31 (s), 141.52 (s), 137.02 (d, J=15.5), 136.62 (d, 

J=15.9), 133.64 (d, J=3.8), 132.65 (d, J=6.6), 131.21 (s), 130.71 (d, J=31.1), 130.51 – 130.22 (m), 

129.92 (d, J=12.6), 128.45 (d, J=3.4), 127.92 (s), 127.81 (s), 127.77 – 127.63 (m), 127.54 (s), 

127.44 (d, J=2.4), 127.26 (d, J=12.0), 127.06 (d, J=13.9), 126.51 (s), 126.20 (d, J=3.1), 120.24 (s), 

113.00 (d, J=76.2), 70.07 (s), 44.34 (s), 37.47 – 36.63 (m), 36.16 (d, J=56.5), 34.36 (d, J=8.2), 

33.24 (d, J=11.4), 32.11 (d, J=28.0), 28.71 (d, J=53.4), 25.10 (d, J=11.1), 22.35 (d, J=41.4), 21.41 

(d, J=22.6), 15.47 (d, J=16.9). HRMS (ESI+) Calcd. for C36H44BOP [M+K+]: 573.2860, Found: 

573.2858.

Preparation and cleavage of P-O bond of 2b/2b’
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R = Et, 6h, 99% (93:7)
2-PhEt, 6i, 99% (94:6)
Bn, 6j, 96% (95:5)
p-tBuBn, 6k, 98% (96:4)
m-MeOBn, 6l, 88% (97:3)
o-ClBn, 6m, 91% (95:5)

Preparation of 2b/2b’:

To the solution of 2a/2a’ (1.0 g, 2.84 mmol) in ethanol (4 mL), was added potassium hydroxide 

(375 mg, 5.68 mmol). After the mixture was stirred at room temperature for 10 h, the reaction was 

quenched with dilute hydrochloric acid (8%) and the solvent was removed. The mixture was 

extracted with dichloromethane (3×30 mL), washed with water (3×30 mL) and dried over 

anhydrous magnesium sulfate. After the solvent was removed, the crude product was obtained as a 

white foamy solid. The above crude (1.04 g, 2.81 mmol) was dissolved in acetonitrile (10 mL), 

then potassium hydroxide (371 mg, 5.62 mmol) was added. The mixture was stirred at room 

temperature for 5 minutes. Methyl iodide (0.7 mL, 11.24 mmol) was added. After the reaction was 

completed, as monitored with NMR spectrum, dilute hydrochloric acid (8%) was added. The 

solvent was removed and the residue was extracted with dichloromethane (3×20 mL), washed 

with water (3×20 mL), dried over anhydrous magnesium sulfate. After removing solvent, the 

yellowish oily residue was purified by column chromatography on silica gel (petroleum ether/ 

ethyl acetate = 8/1) to afford 2b/2b’.

(RP/SP)-(–)-Menthyl methoxy (2’-methoxy-1,1-biphenyl-2-yl)phosphine borane (2b/2b’)

The pure compound was obtained as colorless oil (0.87 g, 87%) 

from column chromatography on silica gel (petroleum ether/ethyl 

acetate = 6/1 as eluent); 31P NMR (202 MHz, CDCl3) δ = 131.16 

(bm, 72%), 122.61 (bm, 28%); 1H NMR (500 MHz, CDCl3) δ = 

8.18 – 8.11 (m, 0.4H), 8.10 – 8.03 (m, 0.3H), 8.03 – 7.88 (m, 0.3H), 7.56 – 7.47 (m, 1H), 7.44 (dd, 

J=4.8, 2.8, 1.1H), 7.40 – 7.34 (m, 1H), 7.30 – 7.27 (m, 0.5H), 7.25 – 7.20 (m, 0.9H), 7.08 (dd, 

J=7.5, 1.6, 0.2H), 7.02 – 6.89 (m, 2.3H), 3.75 – 3.69 (m, 3H), 3.53 – 3.33 (m, 3H), 2.14 – 1.99 (m, 

1H), 1.92 – 1.84 (m, 0.2H), 1.62 (dd, J=6.4, 3.8, 2.8H), 1.50 – 1.32 (m, 1H), 1.32 – 1.08 (m, 1.5H), 

1.07 – 0.95 (m, 0.9H), 0.93 – 0.85 (m, 1.6H), 0.83 (dd, J=6.9, 2.5, 3.3H), 0.81 – 0.75 (m, 4.2H), 

0.72 (d, J=6.4, 1.7H), 0.37 (d, J=6.8, 1.3H), 0.29 (d, J=6.8, 1H), 0.23 (dd, J=10.4, 3.6, 0.5H); 13C 

NMR (126 MHz, CDCl3) δ = 156.35 (s), 155.45 (s), 140.89 (d, J=5.6), 135.14 (s), 131.61 (d, 
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J=6.3), 130.98 (s), 130.55 (d, J=6.4), 130.33 (d, J=2.2), 129.98 (d, J=1.7), 129.36 (s), 128.32 (t, 

J=10.2), 125.84 (d, J=12.9), 118.28 (d, J=48.4), 109.01 (d, J=11.9), 54.07 (d, J=19.7), 52.20 (d, 

J=4.2), 51.56 (d, J=4.3), 42.53 (d, J=14.6), 37.60 (d, J=43.6), 36.56 (d, J=43.1), 33.64 – 32.79 (m), 

32.01 – 31.62 (m), 26.97 (s), 23.57 (t, J=12.4), 21.75 – 21.03 (m), 20.51 – 19.98 (m), 13.62 (d, 

J=22.2).

Typical procedure, the preparation of 6h/6h’:

To the solution of 2b/2b’ (80 mg, 0.20 mmol) in toluene (1.5 mL), lithium-naphthalene reagent 

(1M solution in THF, 0.8 mL, 0.80 mmol) was added slowly, and the mixture was stirred at room 

temperature for 2 hours. Ethyl bromide (60 μL, 0.80 mmol) was added to the ice-cooled mixture, 

and the stirring was continued for 6 hours at the same temperature. The reaction was quenched 

with dilute hydrochloric acid (8%). After the solvent was removed in vacuo, the mixture was 

extracted with dichloromethane (3×10 mL), washed with water (3×10 mL) and dried with 

anhydrous magnesium sulfate. The residue was purified with preparative TLC (silica gel, 

petroleum ether/ethyl acetate = 4/1 as eluent) to afford 6h/6h’.

(RP/SP)-(–)-Menthyl ethyl (2’-methoxy-1,1-biphenyl-2-yl)phosphine borane (6h/6h’)

The crude 6h/6h’ was formed in a ratio of 93:7 (estimated by 31P-

NMR spectrum). After isolation from preparative TLC (silica gel, 

petroleum ether/ ethyl acetate = 6:1 as eluent), the compound was 

obtained as white solid (64.9 mg, 82%, 94:6 dr); m.p. 164.7-165.3 °C; 

31P NMR (202 MHz, CDCl3) δ = 34.8 (bm, 94%), 26.7 (bm, 6%); 1H NMR (500 MHz, CDCl3) δ 

= 8.06 (dd, J=13.3, 7.7, 1H), 7.50 – 7.44 (m, 1H), 7.44 – 7.37 (m, 2H), 7.21 – 7.13 (m, 1.5H), 7.00 

(ddd, J=22.9, 12.3, 7.1, 2.5H), 3.71 (d, J=4.2, 3H), 2.01 (ddd, J=13.0, 11.2, 8.8, 1H), 1.87 (ddd, 

J=27.3, 13.3, 7.0, 1.5H), 1.79 – 1.71 (m, 1H), 1.71 – 1.54 (m, 4.5H), 1.54 – 1.43 (m, 1H), 1.34 – 

1.21 (m, 2H), 1.12 – 1.03 (m, 1.5H), 0.96 (dd, J=10.0, 5.8, 1H), 0.93 – 0.89 (m, 2H), 0.85 (d, 

J=6.1, 3H), 0.82 (d, J=6.7, 2H), 0.77 (d, J=6.3, 2H), 0.72 (d, J=6.0, 1.5H), 0.40 (d, J=6.9, 3H); 

13C NMR (126 MHz, CDCl3) δ = 156.99 (s), 141.88 (s), 137.58 (d, J=16.3), 132.69 – 131.78 (m), 

130.77 (s), 130.58 – 129.73 (m), 127.18 (dd, J=12.2, 7.6), 119.68 (d, J=14.6), 110.62 (d, J=53.3), 

55.50 (s), 54.86 (s), 43.86 (d, J=32.1), 37.19 (s), 37.07 – 36.42 (m), 36.64 (d, J=32.7), 35.89 – 

35.44 (m), 34.19 (d, J=21.1), 33.33 – 33.08 (m), 28.63 (d, J=13.7), 24.89 (d, J=11.8), 22.40 (d, 
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J=23.6), 21.36 (s), 21.23 (s), 18.89 (d, J=33.9), 15.06 (d, J=17.1), 8.97 (s), 8.23 (s). HRMS (ESI+) 

Calcd. for C25H38BOP [M+Na+]: 419.2651, Found: 419.2660.

(RP/SP)-(–)-Menthyl phenylethyl (2’-methoxy-1,1-biphenyl-2-yl)phosphine borane (6i/6i’)

The crude 6i/6i’ was formed in a ratio of 94:6 (estimated by 

31P-NMR spectrum). After isolation from preparative TLC 

(silica gel, petroleum ether/ ethyl acetate = 7:1 as eluent),  

the compound was obtained as white solid (62.6 mg, 79%, 

92:8 dr); m.p. 170.2 - 171.5 °C; 31P NMR (202 MHz, CDCl3) δ = 31.49 (bm, 92%), 23.46 (bm, 

8%); 1H NMR (500 MHz, CDCl3) δ = 8.14 (dd, J=13.5, 7.6, 1H), 7.52 – 7.42 (m, 2H), 7.42 – 

7.36 (m, 1H), 7.29 – 7.24 (m, 1H), 7.24 – 7.17 (m, 3H), 7.11 (dd, J=15.0, 7.4, 1.5H), 7.03 (dd, 

J=10.4, 4.4, 1H), 7.00 – 6.90 (m, 2H), 6.82 (d, J=8.3, 0.5H), 3.72 (s, 1H), 3.28 (s, 2H), 2.98 – 2.82 

(m, 1H), 2.48 (ddd, J=15.0, 12.2, 5.2, 1H), 2.33 – 2.21 (m, 1H), 2.16 – 2.03 (m, 1H), 2.02 – 1.86 

(m, 2H), 1.85 – 1.75 (m, 1H), 1.45 – 1.24 (m, 3H), 1.17 – 1.08 (m, 1H), 0.97 (dd, J=11.5, 5.1, 1H), 

0.89 (d, J=6.7, 4H), 0.80 (dd, J=9.5, 6.6, 5H), 0.73 (d, J=5.9, 2H), 0.48 (d, J=6.9, 2H), 0.39 (d, 

J=6.8, 1H); 13C NMR (126 MHz, CDCl3) δ = 156.95 (d, J=30.3), 142.05 (dd, J=25.9, 10.2), 

141.64 (d, J=14.7), 137.62 – 136.96 (m), 132.73 – 132.17 (m), 130.80 (s), 130.34 (s), 129.96 (s), 

128.53 (s), 128.21 (s), 127.96 (s), 127.57 (s), 127.34 (dd, J=12.3, 4.9), 126.17 (s), 125.82 (s), 

119.72 (d, J=36.1), 110.92 (d, J=10.5), 55.32 (d, J=53.5), 43.88 (d, J=43.5), 37.58 (d, J=29.1), 

37.12 (s), 36.38 (s), 35.88 (d, J=29.6), 34.18 (d, J=27.1), 33.24 (t, J=12.4), 30.57 (s), 29.35 (s), 

28.66 (d, J=1.6), 25.32 (d, J=32.1), 24.93 (dd, J=11.7, 5.8), 22.43 (d, J=24.2), 21.29 (d, J=15.2), 

15.17 (d, J=7.4). HRMS (ESI+) Calcd. for C31H42BOP [M+Na+]: 495.2964, Found: 495.2976.

(RP/SP)-(–)-Menthyl benzyl (2’-methoxy-1,1-biphenyl-2-yl)phosphine borane (6j/6j’)

The crude 6j/6j’ was formed in a ratio of 95:5 (estimated by 31P-

NMR spectrum). After isolation from preparative TLC (silica gel, 

petroleum ether/ dichloromethane = 2:1 as eluent), the compound 

was obtained as white solid (56.1 mg, 73%, 96:4 dr); m.p. 132.5 - 

133.1 °C; 31P NMR (202 MHz, CDCl3) δ = 33.2 (bm, 96%), 23.5 (bm, 4%); 1H NMR (500 MHz, 

CDCl3) δ = 7.74 (dd, J=13.1, 7.9, 0.7H), 7.66 (dd, J=13.5, 7.9, 0.3H), 7.50 – 7.36 (m, 2.5H), 7.29 

(t, J=7.6, 1H), 7.22 – 7.16 (m, 1H), 7.07 (dq, J=14.1, 7.0, 3 H), 7.03 – 6.93 (m, 2H), 6.88 (d, J=7.3, 

1H), 6.84 – 6.80 (m, 1.5H), 3.67 (d, J=10.4, 3H), 3.64 – 3.52 (m, 0.3H), 3.43 (t, J=14.9, 0.7H), 
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3.30 (dd, J=13.9, 6.9, 0.3H), 2.93 (dd, J=13.7, 7.0, 0.7H), 2.28 – 2.18 (m, 0.7H), 2.17 – 2.08 (m, 

0.3H), 1.84 – 1.60 (m, 4H), 1.60 – 1.40 (m, 2H), 1.30 – 1.19 (m, 1H), 1.13 (ddd, J=18.8, 11.9, 5.6, 

1H), 1.05 – 0.96 (m, 1H), 0.96 – 0.84 (m, 5H), 0.78 (d, J=6.4, 3H), 0.72 (d, J=6.2, 1H), 0.55 (dd, 

J=6.4, 4.7, 3H); 13C NMR (126 MHz, CDCl3) δ = 157.07 (s), 156.54 (s), 142.57 (s), 141.80 (s), 

137.01 (d, J=16.0), 136.65 (d, J=14.9), 133.85 (d, J=4.3), 132.73 (d, J=6.6), 132.42 (d, J=6.8), 

131.23 (s), 130.88 (s), 130.61 – 130.09 (m), 129.89 (t, J=12.5), 127.63 (dd, J=21.6, 3.0), 127.35 

(s), 127.02 (dd, J=27.8, 12.0), 126.64 – 126.19 (m), 119.88 (d, J=33.1), 111.02 (d, J=74.5), 54.88 

(d, J=2.9), 44.20 (s), 37.22 (s), 36.91 – 36.19 (m), 35.56 (d, J=26.8), 34.25 (d, J=20.9), 33.57 – 

32.91 (m), 32.55 (d, J=27.6), 28.70 (d, J=43.8), 25.02 (d, J=11.1), 22.42 (d, J=13.3), 21.39 (d, 

J=15.7), 15.39 (d, J=24.7). HRMS (ESI+) Calcd. for C30H40BOP [M+Na+]: 481.2808, Found: 

481.2812.

(RP)-(–)-Menthyl p-tert-butylbenzyl (2’-methoxy-1,1-biphenyl-2-yl)phosphine borane (RP-6k)

The crude 6k/6k’ was formed in a ratio of 96:4 (estimated by 

31P-NMR spectrum). After isolation from preparative TLC 

(silica gel, petroleum ether/ dichloromethane = 2:1 as eluent), 

the pure compound was obtained as white solid (53.9 mg, 

68%, >99:1 dr); m.p. 92.1 - 93.8 °C; 31P NMR (202 MHz, CDCl3) δ = 32.66 (bm); 1H NMR (500 

MHz, CDCl3) δ = 7.80 – 7.68 (m, 0.7H), 7.66 (dd, J=13.4, 7.9, 0.3H), 7.51 – 7.42 (m, 1H), 7.40 (t, 

J=7.9, 1H), 7.32 (t, J=7.6, 1H), 7.19 (dt, J=15.7, 8.0, 1H), 7.10 (d, J=8.1, 2H), 7.03 (dd, J=15.4, 

7.9, 1H), 6.94 (dd, J=11.8, 6.4, 1.5H), 6.88 (d, J=7.2, 0.5H), 6.75 (d, J=6.9, 2H), 3.69 (d, J=12.9, 

3H), 3.54 (t, J=14.5, 0.3H), 3.42 – 3.32 (m, 0.7H), 3.27 (dd, J=14.0, 6.9, 0.3H), 2.96 (dd, J=13.7, 

6.8, 0.7H), 2.30 – 2.20 (m, 0.8H), 2.16 – 2.08 (m, 0.2H), 1.83 (dd, J=23.0, 11.0, 1H), 1.78 – 1.62 

(m, 3H), 1.62 – 1.44 (m, 3H), 1.36 – 1.20 (m, 12H), 1.20 – 1.11 (m, 1H), 0.92 (d, J=6.7, 3H), 0.89 

(d, J=6.4, 1H), 0.80 (d, J=6.4, 3H), 0.73 (d, J=6.0, 1H), 0.59 (d, J=6.8, 2H), 0.55 (d, J=6.8, 1H); 

13C NMR (126 MHz, CDCl3) δ = 155.80 (d, J=47.8), 148.08 (d, J=3.1), 141.85 (s), 140.68 (s), 

135.91 (d, J=15.6), 135.03 (d, J=13.4), 131.25 (d, J=7.0), 130.11 (s), 129.90 (s), 129.51 (d, J=4.4), 

129.30 (t, J=6.4), 129.12 (d, J=2.2), 128.97 (d, J=4.7), 128.79 (d, J=4.3), 128.67 (d, J=5.9), 

127.01 (s), 126.63 (s), 125.99 (d, J=11.3), 125.76 (d, J=12.0), 123.46 (d, J=19.2), 118.75 (d, 

J=10.0), 109.87 (d, J=87.4), 54.13 (d, J=73.6), 43.08 (d, J=3.3), 36.18 (s), 35.85 (d, J=26.4), 

35.30 (s), 33.21 (d, J=22.4), 32.03 (dd, J=15.7, 11.7), 31.50 (d, J=27.9), 30.32 (d, J=6.8), 27.61 
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(dd, J=41.3, 1.5), 24.01 (d, J=11.0), 21.37 (d, J=14.6), 20.34 (d, J=15.0), 14.37 (d, J=20.6). 

HRMS (ESI+) Calcd. for C34H48BOP [M+Na+]: 537.3434, Found: 537.3436.

(RP/SP)-(–)-Menthyl m-methoxybenzyl (2’-methoxy-1,1-biphenyl-2-yl)phosphine borane 

(6l/6l’)

The crude 6l/6l’ was formed in a ratio of 95:5 (estimated 

by 31P-NMR spectrum). After isolation from preparative 

TLC (silica gel, petroleum ether/ dichloromethane = 1:1 

as eluent), the pure compound was obtained as white 

solid (53.5 mg, 76%, 96:4 dr); m.p. 98.7 - 101.8 °C; 31P NMR (202 MHz, CDCl3) δ = 33.4 (bm, 

96%), 23.4% (bm, 4%); 1H NMR (500 MHz, CDCl3) δ = 7.73 (ddd, J=20.8, 14.2, 7.6, 1H), 7.50 

– 7.37 (m, 2.5H), 7.31 (dd, J=9.0, 7.7, 1H), 7.23 – 7.17 (m, 1H), 7.06 – 6.94 (m, 3H), 6.89 (d, 

J=7.2, 1H), 6.69 – 6.63 (m, 1H), 6.56 – 6.51 (m, 0.5H), 6.48 (d, J=7.5, 0.5H), 6.35 (s, 0.5H), 3.69 

(d, J=8.4, 3H), 3.61 (s, 1H), 3.53 (s, 2H), 3.39 (dd, J=15.8, 14.0, 1H), 3.29 (dd, J=14.0, 6.8, 0.3H), 

2.93 (dd, J=13.6, 6.8, 0.7H), 2.26 – 2.17 (m, 0.7H), 2.14 – 2.06 (m, 0.3H), 1.83 – 1.42 (m, 7H), 

1.20 – 1.10 (m, 1H), 1.05 – 0.96 (m, 1H), 0.90 (dd, J=14.9, 6.7, 5H), 0.79 (d, J=6.4, 3H), 0.72 (d, 

J=6.2, 1H), 0.55 (d, J=6.9, 3H); 13C NMR (126 MHz, CDCl3) δ = 158.83 (d, J=2.7), 156.47 (s), 

142.16 (d, J=94.8), 136.85 (dd, J=44.0, 15.0), 135.06 (dd, J=20.4, 4.6), 132.56 (dd, J=35.1, 6.6), 

131.22 (s), 130.81 (s), 130.40 (d, J=2.2), 129.85 (s), 128.35 (d, J=2.5), 127.77 (s), 127.39 (s), 

127.03 (dd, J=25.8, 12.0), 123.06 (d, J=5.0), 119.99 (s), 114.97 (dd, J=13.1, 4.6), 112.98 (dd, 

J=14.8, 2.9), 111.22 (s), 110.66 (s), 55.47 (s), 55.07 (s), 54.90 (d, J=4.7), 44.12 (d, J=8.6), 37.19 

(s), 36.54 (d, J=26.5), 34.29 (s), 33.06 (d, J=11.5), 28.52 (d, J=1.9), 24.99 (d, J=11.3), 22.40 (d, 

J=13.4), 21.38 (d, J=14.8), 15.36 (d, J=26.2). HRMS (ESI+) Calcd. for C31H42BO2P [M+Na+]: 

511.2913, Found: 511.2921. 

(RP)-(–)-Menthyl o-chloride benzyl (2’-methoxy-1,1-biphenyl-2-yl)phosphine borane (RP-6m)

The crude 6m/6m’ was formed in a ratio of 95:5 (estimated by 

31P-NMR spectrum). After isolation from preparative TLC (silica 

gel, petroleum ether/ dichloromethane = 3:2 as eluent), the pure 

compound was obtained as white solid (54.6 mg, 75%, 97:3 dr); 

m.p. 89.1 - 90.4 °C; 31P NMR (202 MHz, CDCl3) δ = 33.89 (bm, 77%), 31.6 (bm, 23%); 1H 

NMR (500 MHz, CDCl3) δ = 7.93 (dd, J=29.5, 15.9, 1H), 7.55 (dd, J=42.0, 35.9, 1H), 7.48 – 
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7.42 (m, 1H), 7.41 – 7.32 (m, 1H), 7.28 (d, J=8.0, 1H), 7.23 (ddd, J=7.6, 2.5, 1.3, 0.7H), 7.17 (ddd, 

J=7.6, 2.7, 1.2, 0.3H), 7.09 – 7.01 (m, 3H), 6.96 (tt, J=15.0, 7.6, 1.5H), 6.87 (t, J=7.5, 1H), 6.62 (d, 

J=7.8, 0.5H), 3.71 (s, 1H), 3.53 (s, 2H), 3.50 – 3.44 (m, 0.4H), 3.37 (dd, J=14.6, 7.4, 0.8H), 3.28 (t, 

J=15.4, 0.8H), 2.50 – 2.42 (m, 0.8H), 2.29 – 2.20 (m, 0.2H), 1.91 – 1.79 (m, 1H), 1.75 – 1.53 (m, 

4.5H), 1.48 – 1.36 (m, 1H), 1.36 – 1.28 (m, 1H), 1.13 – 1.02 (m, 1.5H), 0.90 (dd, J=9.3, 6.7, 5.5H), 

0.79 (d, J=6.5, 2.5H), 0.74 (d, J=6.1, 1H), 0.60 (d, J=6.9, 1H), 0.57 (d, J=6.9, 2H); 13C NMR (126 

MHz, CDCl3) δ = 156.51 (s), 142.13 (s), 137.41 (d, J=16.4), 135.04 (s), 132.76 (d, J=3.3), 132.55 

(d, J=6.5), 131.22 (d, J=5.0), 130.79 (dd, J=33.1, 3.1), 130.38 (s), 130.08 (s), 129.91 – 129.76 (m), 

129.14 (d, J=1.9), 127.73 (s), 127.57 (d, J=2.7), 127.31 (d, J=12.1), 125.94 (d, J=2.3), 120.01 (d, 

J=13.3), 110.89 (d, J=23.3), 55.21 (d, J=94.2), 44.47 (d, J=1.4), 37.11 (s), 36.60 (d, J=27.2), 

36.44 – 36.06 (m), 34.30 (s), 33.23 (d, J=11.6), 30.97 (d, J=29.9), 28.77 (s), 27.92 (dd, J=46.9, 

15.7), 25.05 (d, J=11.4), 22.45 (d, J=16.2), 21.27 (d, J=25.0), 15.30 (d, J=31.4). HRMS (ESI+) 

Calcd. for C30H39BClOP [M+K+]: 531.2157, Found: 531.2167.
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Part 4. Formation of bis-phosphine-borane via O-alkylation.
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The preparation of 5ab in gram scale

To the solution of 2a/2a’ (1 g, 2.84 mmol) in toluene (20 mL), was added lithium-naphthalene 

reagent (10 mL, 9.94 mmol, 1 M solution in THF) slowly. The mixture was stirred at room 

temperature for 2 hours, then cooled with the ice-both. Ethyl bromide (0.85 mL, 11.36 mmol) was 

added, and the stirring was continued for 4 hours at the same temperature. After the reaction was 

completed, as monitored with TLC, the reaction was quenched with dilute hydrochloric acid (8%) 

and the solvent was removed in vacuo. The mixture was extracted with dichloromethane (3×20 

mL), washed with water (3×20 mL), and dried with anhydrous magnesium sulfate. After removing 

solvent, the residue was purified by column chromatography on silica gel (petroleum ether/ethyl 

acetate = 4/1 as eluent) to afford 5ab (0.91 g, 84%, 95:5 dr). RP-5ab was obtained (0.68 g, 63%, 

>99:1 dr) by recrystallization from dichloromethane and petroleum ether (3/1).

The preparation of 9a

To the solution of RP-5ab (100 mg, 0.26 mmol) in ethanol (1 mL), potassium hydroxide (22 mg, 

0.31 mol) was added. The mixture was warmed to 50 oC with stirring, then diethylene glycol di(p-

toluenesulfonate) (54 mg, 0.13 mmol) was added (in two portions by an interval of 12 hours). 

After the reaction was completed, as monitored by TLC, the mixture was quenched with saturated 

sodium bicarbonate, and the solvent was removed in vacuo. The residue was extracted with 

dichloromethane (3×10 mL), washed with water (3×10 mL), dried over anhydrous magnesium 

sulfate. After removing solvent, the residue was purified with preparative TLC (silica gel, 

petroleum ether/ dichloromethane = 1/3 as eluent) to afford 9a and 10a.

RP,RP-Diethylene glycol di[2-(-)-menthyl ethylphosphino-1,1'-biphenyl-2’-yl)]ether diborane 

(9a) 

The compound was obtained as a white foamy solid (60.4 mg, 57%) from preparative TLC (silica 
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gel, petroleum ether/ dichloromethane = 1:3 as 

eluent, Rf = 0.7); m.p. 89.1 - 90.4 °C; 31P NMR 

(202 MHz, CDCl3) δ = 34.65 (bm); 1H NMR 

(500 MHz, CDCl3) δ = 8.10 – 8.00 (m, 2H), 7.43 

– 7.37 (m, 2H), 7.37 – 7.31 (m, 4H), 7.18 – 7.12 (m, 2.6H), 7.02 (dd, J=3.5, 2.1, 3.4H), 6.92 (dd, J=8.2, 

5.8, 2H), 4.02 – 3.81 (m, 4H), 3.55 – 3.31 (m, 4H), 2.07 – 1.96 (m, 2H), 1.95 – 1.78 (m, 3H), 1.73 – 

1.64 (m, 3H), 1.56 – 1.40 (m, 7H), 1.38 – 1.22 (m, 5H), 1.05 (dddd, J=15.0, 12.3, 7.5, 4.9, 2H), 0.98 – 

0.91 (m, 2H), 0.91 – 0.84 (m, 10H), 0.82 (dd, J=6.1, 4.5, 4H), 0.80 – 0.76 (m, 6H), 0.65 (t, J=7.0, 4H), 

0.40 (dt, J=8.8, 5.6, 6H); 13C NMR (126 MHz, CDCl3) δ = 156.19 (d, J=2.2), 141.67 (d, J=2.0), 

137.64 (d, J=16.5), 132.21 (d, J=5.9), 130.72 (d, J=4.6), 130.46 – 130.16 (m), 129.89 (d, J=8.2), 

127.12 (d, J=12.1), 126.83 (d, J=9.3), 126.51 (dd, J=17.4, 6.7), 126.20 (d, J=4.5), 120.15 (s), 119.86 

(s), 112.75 (s), 111.76 (d, J=12.1), 69.58 (d, J=12.6), 69.46 (s), 68.31 (s), 67.78 (s), 44.01 (s), 37.26 (s), 

36.33 (s), 35.57 (dd, J=30.0, 6.9), 34.21 (d, J=13.8), 33.07 (d, J=62.2), 28.59 (s), 24.90 (d, J=11.7), 

22.50 (s), 22.40 (d, J=4.3), 21.29 (d, J=24.0), 18.41 (dd, J=34.0, 2.6), 15.11 (d, J=24.1), 9.05 (d, J=2.5), 

8.44(s). HRMS (ESI+) Calcd. for C52H78B2OP2 [M+Na+]: 857.5510, Found: 857.5533.

RP-(-)-Menthyl 2'-ethoxyethoxyethoxy-1,1'-biphenyl-2-yl ethylphosphine borane (10a)

The pure compound was obtained as colorless oil (12 

mg, 11%) from preparative TLC (silica gel, petroleum 

ether/ dichloromethane = 1:3 as eluent, Rf = 0.5); 31P 

NMR (202 MHz, CDCl3) δ = 34.64 (bm); 1H NMR 

(500 MHz, CDCl3) δ = 8.05 (dd, J=13.6, 6.8, 1H), 7.56 (dt, J=3.1, 1.7, 0.5H), 7.43 (tt, J=7.5, 1.5, 1H), 

7.41 – 7.35 (m, 2.5H), 7.32 (dd, J=7.5, 1.7, 0.4H), 7.31 – 7.27 (m, 0.6H), 7.22 – 7.19 (m, 0.7H), 7.15 

(dd, J=7.4, 1.7, 0.3H), 7.05 – 6.95 (m, 3H), 4.14 – 4.07 (m, 1.5H), 4.06 (t, J=4.7, 0.3H), 4.04 – 3.99 (m, 

0.7H), 3.77 (t, 0.5H), 3.70 – 3.64 (m, 1H), 3.62 (dd, J=6.5, 4.3, 0.6H), 3.59 (dd, J=6.2, 3.7, 1H), 3.54 – 

3.36 (m, 7H), 2.06 – 1.95 (m, 1H), 1.94 – 1.76 (m, 1.5H), 1.58 – 1.42 (m, 2.5H), 1.18 (dd, J=13.2, 7.0, 

4H), 1.12 – 1.03 (m, 1H), 0.96 – 0.90 (m, 2H), 0.90 – 0.82 (m, 6H), 0.81 (s, 1H), 0.77 (d, J=6.3, 2.5H), 

0.71 (s, 1H), 0.39 (dd, J=12.5, 6.9, 3H); 13C NMR (126 MHz, CDCl3) δ = 156.41 (d, J=27.6), 

141.79 (d, J=18.5), 137.66 (d, J=16.5), 132.39 (dd, J=25.3, 6.2), 131.28 – 129.49 (m), 128.56 (s), 

127.82 (s), 127.13 (d, J=12.1), 126.77 (s), 121.22 (s), 119.89 (d, J=38.2), 112.85 (d, J=27.5), 

111.68 (s), 71.00 (s), 69.82 (s), 69.25 (s), 68.41 (d, J=15.0), 67.87 (s), 66.64 (s), 44.01 (d, J=1.4), 
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37.23 (d, J=7.4), 35.56 (d, J=29.8), 34.27 (s), 33.26 (d, J=11.6), 28.58 (d, J=1.5), 24.94 (s), 22.46 

(d, J=10.2), 21.19 (s), 18.48 (d, J=34.0), 15.12 (dd, J=12.3, 10.6), 9.06 (d, J=2.4), 8.47 (d, J=1.3). 

HRMS (ESI+) Calcd. for C30H48BO3P [M+K+]: 537.3071, Found: 537.3087.

The preparation of 9b:

Potassium hydroxide (43 mg, 0.65mol) was dissolved in tert-butanol (2 mL) with stirring and 

heating at 70 oC. After removing tert-butanol in vacuo, RP-5ab (100 mg, 0.26 mmol) and fresh 

tert-butanol (1 mL) were added and the mixture was stirred at room temperature for 10 mins, then 

2,6-dichloromethylpyridine (23 mg, 0.13 mmol) was added (in two portions by an interval of 12 

hours). The mixture was heated at 50 oC with stirring. After the reaction was completed, as 

monitored by TLC, the mixture was quenched with saturated sodium bicarbonate, extracted with 

dichloromethane (3×10 mL), washed with water (3×10 mL), and dried over anhydrous magnesium 

sulfate. After removing solvent, the residue was purified with preparative TLC (silica gel, 

petroleum ether/ dichloromethane = 1/2 as eluent) to afford 9b and 10b.

RP,RP-2,6-Di[2-(-)-menthyl ethylphosphino-1,1'-biphenyl-2’-oxymethyl]pyridine diborane 

(9b)

The pure compound 9b was obtained as 

a colorless oil (52 mg, 46%) from 

preparative TLC (silica gel, petroleum 

ether/dichloromethane = 1:2 as eluent, 

Rf = 0.6); 31P NMR (202 MHz, CDCl3) δ = 34.99 (bm); 1H NMR (500 MHz, CDCl3) δ = 8.14 – 

8.04 (m, 1.8H), 7.54 – 7.38 (m, 7.2H), 7.30 (d, J=9.4, 1.6H), 7.26 – 7.22 (m, 1.2H), 7.12 – 6.97 (m, 

5.4H), 6.81 (dt, J=13.1, 6.0, 1.8H), 5.18 – 4.97 (m, 4H), 2.07 – 1.96 (m, 2H), 1.95 – 1.78 (m, 

3.2H), 1.68 (d, J=6.7, 2H), 1.58 – 1.40 (m, 6H), 1.30 (s, 2.8H), 1.15 – 1.03 (m, 1.6H), 1.00 – 0.89 

(m, 4.8H), 0.90 – 0.84 (m, 6.2H), 0.83 – 0.76 (m, 8H), 0.76 – 0.65 (m, 6.4H), 0.45 – 0.39 (m, 4H), 

0.36 (d, J=6.8, 2.6H), 0.25 (dd, J=9.5, 6.3, 1.4H), 0.19 (d, J=6.2, 1H). HRMS (ESI+) Calcd. for 

C55H77B2NO2P2 [M+Na+]: 890.5513, Found: 890.5534.

RP-2-[2-(-)-Menthyl ethyl phosphino-1,1'-biphenyl-2’-oxymethyl] 6-hydroxymetnylpyridine 

borane (10b)

The pure compound 10b was obtained as white foamy solid (11 mg, 10%) from preparative TLC 
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(silica gel, petroleum ether/ dichloromethane = 1:2 as 

eluent, Rf = 0.1); 31P NMR (202 MHz, CDCl3) δ = 35.09 

(bm); 1H NMR (500 MHz, CDCl3) δ = 8.16 – 8.08 (m, 

0.8H), 7.67 – 7.48 (m, 2.3H), 7.49 – 7.39 (m, 1.9H), 7.38 

– 7.27 (m, 2.2H), 7.24 (d, J=6.8, 0.4H), 7.12 – 6.99 (m, 2.6H), 6.86 (dd, J=14.8, 7.8, 0.8H), 5.23 – 

5.01 (m, 2H), 4.72 (dd, J=15.1, 5.0, 2H), 2.08 – 1.95 (m, 1H), 1.86 (s, 1.3H), 1.73 – 1.60 (m, 

3.2H), 1.52 (ddd, J=28.6, 13.2, 5.9, 3H), 1.31 (d, J=15.4, 3H), 1.09 (ddd, J=25.0, 12.5, 6.0, 1H), 

0.95 (dt, J=19.6, 5.7, 1.8H), 0.86 (d, J=6.6, 3H), 0.83 – 0.77 (m, 3.2H), 0.77 – 0.63 (m, 3H), 0.44 

– 0.40 (m, 1.5H), 0.37 (t, J=6.3, 1H), 0.29 – 0.24 (m, 1H). HRMS (ESI+) Calcd. for 

C31H43BNO2P [M+Na+]: 526.3022, Found: 526.3042.

The preparation of 12b:

To the solution of 9b (20 mg, 0.023 mmol) in toluene (0.5 mL), was added triethylene diamine 

(6.5 mg, 0.058 mmol) in one portion, and the mixture was stirred at 70 oC for 5 hours. After the 

solvent was removed, petroleum ether was added and the mixture was filtered through a silica gel 

short column, to afford 12b as colorless oil (18 mg, 92%).

RP,RP-2,6-Di[2-(-)-menthyl ethylphosphino-1,1'-biphenyl-2’-oxymethyl]pyridine (12b)

The pure compound 9b was obtained as 

a colorless oil (18 mg, 92%); 31P NMR 

(202 MHz, CDCl3) δ = -21.61 (m, 7%), 

-25.92 (d, 43%), -28.72 (d, 50%); 1H 

NMR (500 MHz, CDCl3) δ = 9.56 (d, J=7.1, 0.2H), 9.44 (d, J=7.3, 1.8H), 9.42 – 9.37 (m, 1.6H), 

9.37 – 9.28 (m, 6.2H), 9.28 – 9.24 (m, 1.5H), 9.21 – 9.17 (m, 1H), 9.08 (d, J=7.3, 1.1H), 9.04 – 

8.87 (m, 5H), 8.81 (dd, J=14.4, 8.2, 0.8H), 7.15 – 7.08 (m, 3H), 7.07 – 6.99 (m, 1H), 3.91 – 3.80 

(m, 1H), 3.76 – 3.65 (m, 3H), 3.58 (dd, J=29.7, 11.8, 5H), 3.17 – 2.99 (m, 9.8H), 2.88 – 2.76 (m, 

8H), 2.76 – 2.66 (m, 6H), 2.55 (dd, J=6.7, 3.5, 3H), 2.53 – 2.46 (m, 8H), 2.39 (dd, J=9.0, 6.6, 2H), 

2.26 – 2.13 (m, 2H).

The preparation of 9c:

Potassium hydroxide (43 mg, 0.65mol) was dissolved in tert-butanol (2 mL) with stirring and 
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heating at 70 oC. After removing tert-butanol in vacuo, RP-5ab (100 mg, 0.26 mmol) and fresh 

tert-butanol (1 mL) were added and the mixture was stirred at room temperature for 10 mins. Then 

N-methyldi(chloroethyl)amine hydrochloride salt (20.41 mg, 0.13 mmol ) was added (in two 

portions by an interval of 12 hours), and the mixture was heated in a 70 oC. After the reaction was 

completed, as monitored by TLC, the mixture was quenched with saturated sodium bicarbonate, 

extracted with dichloromethane (3×10 mL), washed with water (3×10 mL), and dried over 

anhydrous magnesium sulfate. After removing solvent, the residue was purified with preparative 

TLC (silica gel, petroleum ether/ ethyl acetate = 4/1 as eluent) to afford 9c and 9c/12c.

RP,RP-Di[2-(-)-menthyl ethylphosphino-1,1'-biphenyl-2’-oxyethyl] methylamine diborane (9c)

The pure 9c was obtained as colorless 

oil (14 mg, 12%) from preparative TLC 

(silica gel, petroleum ether/ 

dichloromethane = 1:2 as eluent, Rf = 

0.2); 31P NMR (202 MHz, CDCl3) δ = 34.69 (bm); 1H NMR (500 MHz, CDCl3) δ = 8.10 – 8.01 

(m, 1H), 7.44 – 7.32 (m, 3H), 7.19 – 7.11 (m, 1.3H), 7.06 – 6.97 (m, 1.7H), 6.88 (t, J=7.9, 1H), 

3.99 – 3.76 (m, 2H), 2.60 – 2.43 (m, 2H), 2.10 (s, 0.8H), 2.05 (s, 0.7H), 2.04 – 1.95 (m, 1H), 1.94 

– 1.74 (m, 1.6H), 1.72 – 1.50 (m, 5H), 1.47 – 1.38 (m, 1H), 1.12 – 1.02 (m, 0.9H), 0.99 – 0.91 (m, 

1.8H), 0.87 (dt, J=13.7, 10.9, 5.7H), 0.82 (s, 2.5H), 0.78 (d, J=6.3, 2H), 0.67 (dd, J=10.2, 5.9, 

1.5H), 0.45 – 0.36 (m, 3H); 13C NMR (126 MHz, CDCl3) δ = 155.22 (s), 140.68 (s), 136.58 (s), 

131.20 (s), 129.66 (s), 129.32 (s), 128.86 (t, J=4.1), 126.13 (d, J=12.4), 125.79 (s), 118.76 (d, 

J=30.4), 111.27 (s), 110.43 (s), 65.82 (s), 55.14 (d, J=8.6), 52.40 (s), 42.89 (d, J=23.4), 36.27 (t, 

J=14.6), 33.23 (s), 32.25 (d, J=11.5), 31.83 (d, J=12.3), 27.59 (d, J=7.7), 23.88 (d, J=11.4), 21.47 

(s), 20.26 (d, J=25.8), 17.38 (dd, J=34.0, 4.3), 14.07 (d, J=23.8), 7.53 (d, J=3.3).

RP,RP-Di[2-(-)-menthyl ethylphosphino-1,1'-biphenyl-2’-oxyethyl] methylamine diborane (9c) 

/ RP,RP-Di[2-(-)-menthyl ethylphosphino-1,1'-biphenyl-2’-oxyethyl] methylamine (12c)

The compounds were obtained as colorless oil (54 mg, 49%) 

from preparative TLC (silica gel, petroleum ether/ 

dichloromethane = 1:2 as eluent, Rf = 0.5); 31P NMR (202 

MHz, CDCl3) δ = 35.0 (bm, 90%), -18.2 - -28.9 (10%, 

complicated).
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The preparation of 11c:

To the solution of 9c (30 mg, 0.035 mmol) in THF (0.5 mL), the solution of borane (35 μL, 1.0 

mol/L in THF) was added. After the mixture was stirred for 10 mins, most of solvent was removed 

in vacuo. The residue was extracted with dichloromethane (3×3 mL), washed with water (3×3 

mL), dried over magnesium sulfate. After removing solvent, 11c was obtained.

RP,RP-Di[2-(-)-menthyl ethylphosphino-1,1'-biphenyl-2’-oxyethyl] methylamine triborane 

(11c)

The pure compound 11c was obtained as 

white foamy solid (28 mg, 92%); 31P 

NMR (202 MHz, CDCl3) δ = 34.84 

(bm); 1H NMR (500 MHz, CDCl3) δ = 

8.21 – 7.99 (m, 2H), 7.55 – 7.31 (m, 6.6H), 7.18 – 7.12 (m, 1H), 7.12 – 7.00 (m, 4.8H), 6.94 (t, 

J=8.6, 0.7H), 6.88 (d, J=8.3, 0.5H), 6.82 (d, J=8.3, 0.2H), 6.75 (d, J=8.4, 0.2H), 4.60 – 3.55 (m, 

4H), 3.06 – 2.60 (m, 4H), 2.20 (d, J=13.6, 3H), 2.09 – 1.97 (m, 2H), 1.95 – 1.78 (m, 3.6H), 1.75 – 

1.65 (m, 4H), 1.65 – 1.58 (m, 4H), 1.48 – 1.32 (m, 5H), 1.17 – 0.99 (m, 4H), 0.97 – 0.84 (m, 14H), 

0.84 – 0.79 (m, 4H), 0.77 (d, J=6.6, 5.2H), 0.73 – 0.67 (m, 3H), 0.66 – 0.62 (m, 1.4H), 0.47 – 0.35 

(m, 6.8H); 13C NMR (126 MHz, CDCl3) δ = 155.44 (d, J=3.4), 141.44 (d, J=28.9), 137.85 (d, 

J=1.2), 132.02 (d, J=13.5), 131.06 – 130.47 (m), 130.31 (s), 130.18 (s), 129.92 (s), 127.45 (d, 

J=3.5), 120.50 (t, J=16.4), 116.24 – 115.60 (m), 112.05 (s), 111.65 (s), 111.48 (s), 63.90 – 63.51 

(m), 63.33 (s), 62.21 (s), 60.60 (s), 59.12 (s), 53.11 (s), 52.11 (s), 44.34 – 43.47 (m), 37.53 (s), 

37.27 (d, J=7.1), 36.73 – 36.27 (m), 36.12 – 35.56 (m), 34.20 (s), 33.61 – 33.19 (m), 33.06 – 

32.74 (m), 29.71 (s), 28.60 (d, J=5.4), 24.89 (dd, J=11.8, 4.3), 22.66 (s), 22.49 (s), 21.40 (d, 

J=3.7), 21.17 (s), 18.25 (d, J=13.9), 18.04 (s), 15.19 (s), 15.01 (dd, J=6.3, 2.6). HRMS (ESI+) 

Calcd. for C53H84B3NO2P2 [M+K+]: 900.5894, Found: 900.5891.

The preparation of 12c:

To the solution of 9c (30 mg, 0.035 mmol) in toluene (0.5 mL), was added triethylene diamine 

(8.7 mg, 0.077 mmol) in one portion, and the mixture was stirred at 70 oC for 5 hours. After the 

solvent was removed, petroleum ether was added and the mixture was filtered through a silica gel 
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short column, to afford 12c as colorless oil (23 mg, 80%).

RP,RP-Di[2-(-)-menthyl ethylphosphino-1,1'-biphenyl-2’-oxyethyl] methylamine (12c)

The pure compound was obtained as 

colorless oil (23 mg, 80%); 31P NMR 

(202 MHz, CDCl3) δ = -20.92 (d, 8%), -

22.60 (d, 10%), -25.59 (d, 44%), -28.57 

(d, 38%); 1H NMR (500 MHz, CDCl3) δ = 7.49 – 7.32 (m, 3H), 7.33 – 7.24 (m, 5H), 7.22 (s, 3H), 

7.07 – 6.92 (m, 3H), 6.82 (d, J=8.2, 2H), 4.04 – 3.75 (m, 4H), 2.72 – 2.39 (m, 4H), 2.08 (dd, 

J=54.1, 17.6, 3H), 1.91 – 1.73 (m, 3H), 1.72 – 1.41 (m, 10.5H), 1.13 – 1.04 (m, 4H), 1.04 – 0.92 

(m, 4H), 0.93 – 0.72 (m, 9H), 0.72 – 0.59 (m, 7.5H), 0.58 – 0.48 (m, 7.5H), 0.45 – 0.26 (m, 1.5H), 

0.18 – 0.10 (m, 1H).
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Part 5. Crystallographic information 

Crystallography data of RP-5ab

The single crystal suited for the X-ray diffraction was obtained from the evaporation of the

solution of 5ab in dichloromethane and petroleum ether (60-90 oC).

P
HO

Men(-)
Et

BH3

Empirical formula C24 H36 B O P

Crystal system

space group

Formula weight

a, Å

b, Å

c, Å

α, deg

β, deg

γ, deg

V, Å3

Z

T, K

λ, Å

ρ, Mg m-3

Rint

R1 [I N 2σ(I)]

R1 (all data)

wR2 [I N 2σ(I)]

wR2 (all data)

Flack

CCDC

Monoclinic

P21

379.28

9.6028(9)

14.6741(13)

16.2270(15)

90

95.398(2)

90

2276.4(4)

4

298(2)

0.71073

1.107

0.0467

0.0608

0.1054

0.1396

0.1599

0.07(11)

2111497
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Crystallography data of RP-5ac

The single crystal suited for the X-ray diffraction was obtained from the evaporation of the

solution of 5ac in dichloromethane and petroleum ether (60-90 oC).

P
HO

Men(-)

BH3

Empirical formula C26 H40 B O P

Crystal system

space group

Formula weight

a, Å

b, Å

c, Å

α, deg

β, deg

γ, deg

V, Å3

Z

T, K

λ, Å

ρ, Mg m-3

Rint

R1 [I N 2σ(I)]

R1 (all data)

wR2 [I N 2σ(I)]

wR2 (all data)

Flack

CCDC

Orthorhombic

P212121

407.33

12.84(5)

13.69(5)

14.68(5)

90

90

90

2580(16)

4

298.15

0.71073

1.048

0.1116

0.1183

0.2276

0.2873

0.3500

0.10(12)

2111499
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 Crystallography data of RP-6h

The single crystal suited for the X-ray diffraction was obtained from the evaporation of the

solution of 6h in dichloromethane and petroleum ether (60-90 oC).

P
H3CO

Men(-)
Et

BH3

Empirical formula C25 H38 B O P

Crystal system

space group

Formula weight

a, Å

b, Å

c, Å

α, deg

β, deg

γ, deg

V, Å3

Z

T, K

λ, Å

ρ, Mg m-3

Rint

R1 [I N 2σ(I)]

R1 (all data)

wR2 [I N 2σ(I)]

wR2 (all data)

Flack

CCDC

Orthorhombic

P -1

393.31

9.1696(8)

10.0689(9)

25.845(2)

90

90

90

2386.2(4)

4

293(2)

0.71073

1.095

0.1006

0.1046

0.1715

0.2575

0.2980

-0.02(13)

2111303
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Part 6. Selected photocopies of 1H, 31P and 13C NMR spectrum

RP/SP-6-(-)-Menthyl-6H-dibenzo[c,e][1,2]oxaphosphinine-borane complex (2a/2a’)
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(RP/SP)-(–)-Menthyl methyl (2’-hydroxy-1,1'-biphenyl-2-yl)phosphine borane (5aa/5aa’)
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(RP)-(–)-Menthyl phenylethyl (2’-hydroxy-1,1'-biphenyl-2-yl)phosphine borane (RP-5ad)
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(RP)-(–)-Menthyl benzyl (2’-hydroxy-1,1'-biphenyl-2-yl)phosphine borane (RP-5ae)
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(RP)-(–)-Menthyl p-methylbenzyl (2’-hydroxy-1,1'-biphenyl-2-yl)phosphine borane (RP-5af)
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(RP)-(–)-Menthyl o-chlorobenzyl (2’-hydroxy-1,1'-biphenyl-2-yl)phosphine borane (RP-5ai)
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(RP/SP)-(–)-Menthyl ethyl (2’-ethoxy-1,1-biphenyl-2-yl) phosphine borane (6a/6a’)
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(RP/SP)-(–)-Menthyl ethyl (2’-pyridinylmethoxy-1,1-biphenyl-2-yl) phosphine (7/7’)
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