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General Experimental 

NMR spectra were recorded at 25 °C on Varian VNMRS 300, 400, and 500 MHz 

spectrometers. 13C NMR spectra (31P decoupled) were recorded on a VNMRS 600 MHz 

spectrometer. All NMR samples of potentially air-sensitive compounds were made up under 

nitrogen in dry CDCl3. CDCl3
 
was purchased from Aldrich, and dried by adding to a Young’s 

flask containing activated molecular sieves (4 Ǻ) under an atmosphere of nitrogen.  It was then 

stored under nitrogen in the Young’s flask over the molecular sieves.  

High-performance liquid chromatography was performed on an Agilent Technologies 1200 

series equipped with a 6 column switching device. HPLC grade solvents were purchased from 

Aldrich and Lennox Supplies Ireland and used as supplied. All samples were filtered through an 

Acrodisc CR 13 mm syringe filter with 0.2 µm PTFE prior to injection.  

Unless otherwise stated all reactions were carried out under N2 atmosphere in dry glassware 

using Schlenk-line techniques and all glassware was flame dried prior to use. Air and moisture 

sensitive liquids and solutions were transferred via syringe. All commercially available solvents 

were used as supplied unless otherwise stated. All “dry” solvents were dried and distilled by 

standard procedures[1] or were processed through a Grubbs type still, supplied by Innovative 

Technology Inc. Pure Solv-400-3-MD solvent purification system. Oxygen free nitrogen was 

obtained from BOC gases and was used without further drying. Thin layer chromatography (TLC) 

was performed on Merck pre-coated Kieselgel 60F254
 
aluminium plates with realization by UV 

irradiation. Flash column chromatography was performed on Merck silica 9385, particle size 

0.040-0.063 mm. 4Å Molecular sieves were kept stored in an oven at 180 °C at all times. Prior to 

use sieves were heated to ~300 °C, using a heat gun, for 2 minutes while under vacuum. They 

were allowed to cool to room temperature and this procedure was then repeated. Oxalyl chloride, 

LiAlH4, NaBH4, menthol and other chiral alcohols were purchased from Sigma-Aldrich, Fluka or 

Merck & Co., Inc. 
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A number of the required phosphines, and phosphine oxides were synthesised previously by us as 

follows. Details of these syntheses are given in the file “SI for Reviewer Only” 

Compound Reference 

Methyl(phenyl)-o-tolylphosphine oxide [2] 

o-Anisyl(methyl)phenylphosphine oxide [2]  

Methyl(phenyl)-2-trifluoromethylphenylphosphine oxide [3] 

2-Biphenyl(methyl)phenylphosphine oxide [3]  

Methyl(phenyl)-2-iso-propylphenylphosphine oxide [2] 

4-Fluoro-2-methylphenyl(methyl)phenylphosphine oxide [3]  

 
Experimental Procedure- Phosphine Boranes 
 

Determination of absolute configurations  

 
The phosphine boranes obtained from the reaction of methyl(phenyl)-o-tolylphosphine oxide, 

methyl(phenyl)-2-iso-propylphenylphosphine oxide and o-anisyl(methyl)phenylphosphine oxide  

with oxalyl chloride and (-)-menthol were confirmed to be (R)-enantiomer in excess by 

comparison with reported HPLC data[4,5]   

Scalemic Phosphine boranes 

Optimised Procedure for NaBH4 Reduction to give methyl(phenyl)-o-

tolylphosphine borane using (-)-menthol as chiral auxiliary  

Methyl(phenyl)-o-tolylphosphine borane : The water contents of the 

solvent and stock solutions were determined by Karl Fischer titration 

to be less than 5 ppm. A standard solution of methylphenyl(o-

tolyl)phosphine oxide (0.110 M) was prepared in anhydrous THF in a 

sealed vessel under nitrogen. Standard solutions of (-)-menthol (0.132 

M) and oxalyl chloride (0.110 M) were prepared in a similar manner. Oxalyl chloride solution 

(10.0 mL, 1.1 mmol) was added dropwise at room temperature to the phosphine oxide solution 

P

BH3
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(10.0 mL, 1.1 mmol) in a flame-dried degassed Schlenk tube. Analysis by 31P NMR showed the 

formation of the chlorophosphonium salt at 71.0 ppm. Following addition of alcohol solution 

(10.0 mL, 1.32 mmol) at -78 °C, the formation of the diastereomeric alkoxyphosphonium salts 

was confirmed by 31P NMR (δ = 67.8 and 67.3 ppm).  

Sampling DAPS (diasteromeric alkoxyphosphonium salts) for 
31

P-NMR 

When all the menthol had been added, the reaction was stirred at -78 °C for 5 minutes. After this 

time a 3 mL sample of reaction mixture was syringed from the reaction mixture into a separate 

flame dried degassed Schlenk tube. Solvent was completely removed under vacuum at room 

temperature and the residue was dissolved in dry CDCl3 (0.7 mL), this was then syringed into a 

NMR tube contained in a long Schlenk tube that was charged with an atmosphere of nitrogen. The 

% de was measured by 31P NMR with 128 scans and 3 second relaxation delay. 

NaBH4 solution (11.0 mL, 0.5 M in diglyme, 5.5 mmol) was added dropwise at -78 °C, the vessel 

removed from the cooling bath and allowed to warm to room temperature. The reaction was 

stirred for a further 60 min, at which point the diastereomeric salts were shown by 31P NMR to 

have been consumed and the phosphine borane formed (peak at δ 10.2 ppm). The reaction mixture 

was concentrated under reduced pressure and the residue diluted with ethyl acetate (100 mL) and 

water added (100 mL). The organic layer was separated and the aqueous layer extracted with ethyl 

acetate (50 mL). The combined extracts were dried over MgSO4 and concentrated under reduced 

pressure. The crude product was purified by column chromatography on silica gel (ethyl acetate: 

cyclohexane 1:1) yielding the phosphine borane as a colourless oil (0.22 g, 87%). CSP-HPLC 

analysis revealed it to have 76% ee.   

1H NMR (CDCl3, 300 MHz): δ = 7.72–7.14 (m, 9H, Ar), 2.17 (s, 3H, 

ArCH3), 1.82 (d, 2
JPH = 9.8 Hz, 3H, PCH3) 1.61–0.72 (brm, 3H, BH3) 

ppm. 31P NMR (CDCl3, 121 MHz): δ = 10.2 (lit[4] 10.9) ppm. HPLC 

(CHIRALPAK AS-H column, 98:2 heptane:EtOH, 1 mL/min) Rt: 9.3 

min(R), 11.2 min(S). 

 

 

 

P

BH3

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2012



5 

 

Optimised Procedure for LiAlH4 Reduction to give methyl(phenyl)-o-

tolylphosphine using (-)-menthol as chiral auxiliary 

DAPS was generated as described in the above procedure and their presence was confirmed by 31P 

NMR. To the mixture was added LiAlH4 solution (10.0 mL, 0.11M in toluene, 1.1 mmol.) was 

added dropwise at -78 °C, the vessel removed from the cooling bath and allowed to warm to room 

temperature. The reaction was stirred for a further 60 min., at which point the diastereomeric salts 

were shown by 31P NMR to have undergone full conversion to phosphine (δ -36.2 ppm). BH3-

THF complex (0.65 mL, 2.0 M solution in THF, 1.2 equiv) was added and 31P NMR of the clear 

solution revealed one peak at δ
 

10.2 ppm (phosphine borane). The reaction mixture was 

concentrated under reduced pressure, the residue diluted with ethyl acetate (100 mL) and water 

added (100 mL). The organic layer was separated and the aqueous layer extracted with ethyl 

acetate (50 mL). The combined extracts were dried over MgSO4 and concentrated under reduced 

pressure. The crude product was purified by column chromatography on silica gel (ethyl 

acetate:hexane 1:1) yielding the phosphine borane as a colourless oil (0.23 g, 91%). CSP HPLC 

analysis revealed it to have 78% ee. 

Similar procedures were followed to generate other scalemic phosphine boranes by both methods  

 

o-Anisyl(methyl)phenylphosphine borane : (0.22 g, 91%, 40% ee) 
1H NMR (CDCl3, 300 MHz): δ = 7.90–6.77 (m, 9H, Ar), 3.68 (s, 3H, 

Ar-OCH3), 1.94 (d, 2
JPH = 10.2 Hz, 3H, PCH3) 1.43–0.50 (brm, 3H, 

BH3) ppm. 31P NMR (CDCl3, 121 MHz): δ = 8.4 (lit[5] 9.2) ppm. 

HPLC (CHIRALPAK AS-H column, 98:2 heptane:EtOH, 1 

mL/min) Rt: 12.3 min(R), 13.1 min(S). 

 

2-Biphenyl(methyl)phenylphosphine borane : (0.26 g, 89%, 51% 

ee) 1H NMR (CDCl3, 300 MHz): δ = 7.89-7.82 (m, 5H, Ar), 7.70–7.19 

(m, 9H, Ar),  1.41 (d, 2
JPH = 10.1 Hz, 3H, PCH3), 1.56–0.73 (brm, 3H, 

BH3) ppm. 31P NMR (CDCl3, 121 MHz): δ = 13.3 (lit.[6] 14.4) ppm. 

HPLC (CHIRALPAK AS-H column, 98:2 heptane:EtOH, 1 mL/min) 

Rt: 8.7 min(R), 10.0 min(S). 

P

OMe
BH3

P

Ph
BH3
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 Methyl(phenyl)-2-trifluoromethylphenylphosphine borane (0.26 

g, 92%, 71 % ee) 
1H NMR (CDCl3, 300 MHz): δ = 7.70-7.02 (m, 

9H, Ar), 1.91 (d, 2
JPH = 9.9 Hz, 3H, PCH3), 0.65-1.53 (brm, 3H, 

BH3) ppm. 31P NMR (CDCl3, 121 MHz): δ = 18.3 (lit.[7] 18.7) ppm. 

HPLC (CHIRALPAK AS-H column, 98:2 heptane:EtOH, 1 

mL/min) Rt: 8.0 min(R), 9.0 min(S). 

 

Methyl(phenyl)-2-iso-propylphenylphosphine borane: (0.24 g, 92%, 

41% ee) 1H NMR (CDCl3, 300 MHz): δ = 7.67-7.26 (m, 9H, Ar) 3.18 

(m 1H, CH), 1.86 (d, 2
JPH

 
= 10.0 Hz, 3H, PCH3), 1.08 (d, 3

JHH = 6.8 

Hz, 3H, CHCH3), 0.73 (d, 3
JHH = 7.4 Hz, 3H, CHCH3); 1.62–0.51 

(brm, 3H, BH3) ppm. 31P NMR (CDCl3, 300 MHz) : δ = 9.0 (lit.[4] 9.7) 

ppm. HPLC (CHIRALPAK AS-H column, 98:2 heptane:EtOH, 1 mL/min) Rt: 6.7 min(R), 8.2 

min(S). 

 4-Fluoro-2-methylphenyl(methyl)phenylphosphine borane:  

(0.22 g, 84%, 58% ee) 1H NMR (CDCl3, 300 MHz): δ = 7.74-6.89 

(m, 8H, Ar), 2.18 (s, 3H, ArCH3), 1.84 (d, 2
JPH

 
= 9.9 Hz, 3H, CH3), 

0.90-1.57 (brm, 3H, BH3) ppm. 31P NMR (CDCl3, 121 MHz): δ = 

10.2 ppm. HPLC (CHIRALPAK AS-H column, 98:2 

heptane:EtOH, 1 mL/min) Rt: 9.0 min(R), 11.0 min(S). 

 

Overview of Mechanistic Hypotheses  

Plausible mechanisms for the three stages of the reaction are shown in Figure 1. In the first 

instance it is postulated that the phosphine oxide a reacts with oxalyl chloride to form a transient 

species b which collapses to give CPS with the release of CO and CO2. In the second stage of the 

reaction, species reacts with menthol to give unequal amounts of a pair of diastereomeric 

alkoxyphosphonium salts (DAPS). This could be by direct reaction (route B) or could go via the 

pentaco-ordinate species diastereomeric chloroalkoxy phosphoranes d (route A). The latter would 

also presumably exist as an unequal pair of diastereomers, rapidly interconverting by Berry 

pseudorotation. In the third stage of the reaction, borohydride attack on DAPS releases the 

alcohol, forming a H-phosphonium salt. Hydride attack on this salt by another molecule of 

P

CF3
BH3

P

BH3

F

P

BH3
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borohydride gives phosphine with release of hydrogen gas.  Boranation of the phosphine occurs in 

situ utilizing BH3 resulting from hydrogen transfer from borohydride. 

DAPS

P
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Figure 1. Proposed working reaction mechanism.  
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List of  31P-NMR Shifts of CPS and DAPS 

                  

P

Cl

Ph Ar

CPS DAPS

P
ArPh

OR* Cl
R*OH

Cl

P

O

ArPh room temp -78 °C

Racemic

(COCl)2
P

ArPh

Racemic

 HCA/ R*OH

 -78 °C

 

Entry Starting material CPS
a
 (ppm) 

DAPS
b 

(ppm) 

R*OH = (-)-menthol 

Starting material 

1 Ph
P

O

 

71.0 
Major: 67.3 

Minor: 67.8 
Ph

P

 

2 
Ph

P

OMeO

 

70.5 
Major: 66.8 

Minor: 66.6 
Ph

P

OMe

 

2 
Ph

P

PhO

 

67.1 
Major: 66.7 

Minor: 66.3 
Ph

P

Ph

 

3 Ph
P

O

 

70.8 
Major: 67.2 

Minor: 67.6 
Ph

P

 

4 Ph
P

CF3
O

 

66.8 
Major: 69.6 

Minor: 69.2 
Ph

P

CF3

 

5 Ph
P

O

F  

70.4 
Major: 67.2 

Minor: 67.8 
Ph

P

F  

  a: CPS: 31P NMR shift assigned as chlorophosphonium salt;     
  b: DAPS: 31P NMR shift assigned as diastereomeric alkoxyphosphonium salts prepared   
                 by both the routes 
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Exemplar NMR spectra of chlorophosphonium salt (CPS), diastereomeric 
alkoxyphosphonium salts (DAPS-A), (DAPS-B) and phosphine borane (from 

reaction of methyl(phenyl)-o-tolylphosphine oxide) 

 

31P-NMR of chlorophosphonium salt (CPS) 

1
.0
0

0
.1
1

6
7
.3
1

6
7
.8
6

 

31P-NMR diastereomeric alkoxyphosphonium salts 
(DAPS-A) 
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31P-NMR diastereomeric alkoxyphosphonium salts 

(DAPS-B) 

 

31P-NMR of phosphine borane 
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1H-NMR of phosphine borane 
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Supporting HPLC Traces Corresponding to 
Results in Table 1 Scalemic C 

Entry 1............................p.14 

Entry 2............................p.15 

Entry 3............................p.16 

Entry 4............................p.17 

Entry 5............................p.18 

Entry 6............................p.20 

Entry 7............................p.21 

Entry 8............................p.22 

Entry 9............................p.23 

Entry 10............................p.24 

Entry 11............................p.26 

Entry 12............................p.27 

Entry 13............................p.28 

Entry 14............................p.29 

Entry 15............................p.31 

Entry 16............................p.32 

Entry 17............................p.34 

Entry 18............................p.35 

Entry 19............................p.37 
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Racemic 
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Entry 1 

Enantioenriched using (-)-menthol 
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Entry 2 

Enantioenriched using (+)-menthol 
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Entry 3 

Enantioenriched using (+)-isomenthol 
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Entry 4 

Enantioenriched using (+)-neomenthol 
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Entry 5 

 Enantioenriched using (R)-BINOL 
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Ar = o-anisyl 

Racemic 

 

P

Me

BH3 O
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Entry 6 

Enantioenriched using (-)-menthol (NaBH4 
as reductant) 
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Entry 7 

Enantioenriched using (+)-menthol (NaBH4 
as reductant) 
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Entry 8 

 Enantioenriched using (-)-8-phenylmenthol 

(NaBH4 as reductant) 
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Entry 9 

Enantioenriched using (+)-isomenthol 
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Entry 10 

Enantioenriched using (+)-neomenthol 

(NaBH4 as reductant) 
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Ar = 2-trifluoromethylphenyl 

Racemic 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

P

Me

BH3 CF3
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Entry 11 

Enantioenriched using (-)-menthol 
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Entry 12 

 Enantioenriched using (+)-menthol 

 

 

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2012



28 

 

Entry 13 

 Enantioenriched using (+)-isomenthol 
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Entry 14 

 Enantioenriched using (+)-neomenthol 

 

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2012



30 

 

Ar = 2-isopropylphenyl 

Racemic  

P

Me

BH3
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Entry 15 

Enantioenriched using (-)-menthol 

(NaBH4 as reductant) 
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Entry 16 

 Enantioenriched using (+)-menthol  
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Ar = 2-biphenyl 

Racemic 
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Entry 17 

Enantioenriched using (-)-menthol (NaBH4 
as reductant) 

 

 

 

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2012



35 

 

Entry 18 

Enantioenriched using (+)-menthol (NaBH4 
as reductant) 
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Ar = 4-fluoro-2-methylphenyl 

     Racemic 

 

P

Me

BH3

F
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Entry 19 

 Enantioenriched using (-)-menthol 
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Supporting HPLC Traces Corresponding to 
Results in Table 1 Scalmeic D 

Entry 1............................p.39 

Entry 2............................p.40 

Entry 6............................p.41 

Entry 7............................p.42 

Entry 8............................p.43 

Entry 9............................p.44 

Entry 10............................p.45 

Entry 11............................p.46 

Entry 12............................p.47 

 Entry 15............................p.48 

 Entry 16............................p.49 

 Entry 17............................p.50 
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Entry 1 

Enantioenriched using (-)-menthol  
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Entry 2 

Enantioenriched using (+)-menthol  
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Entry 6 

Enantioenriched using (-)-menthol  
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Entry 7 

Enantioenriched using (+)-menthol  
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Entry 8 

Enantioenriched using (-)-8-phenylmenthol  
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Entry 9 

Enantioenriched using (+)-isomenthol  
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Entry 10 

Enantioenriched using (+)-neomenthol  
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Entry 11 

Enantioenriched using (-)-menthol  
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Entry 12 

Enantioenriched using (+)-menthol  
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Entry 15 

Enantioenriched using (-)-menthol (LiAlH4 
as reductant) 
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Entry 16 

Enantioenriched using (+)-menthol 
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Entry 17 

Enantioenriched using (-)-menthol 
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