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1. General Procedures 

All reactions were carried out in oven- or flame-dried glassware under an atmosphere of dry 

argon unless otherwise noted. Except as otherwise indicated, all reactions were magnetically stirred and 

monitored by analytical thin layer chromatography (TLC) using Whatman pre-coated silica gel glass 

plates (0.25 mm) with F254 indicator or Merck pre-coated silica gel plates with F254 indicator. 

Visualization was accomplished by UV light (254 nm), with combination of potassium permanganate 

and/or phosphomolybdic acid solution as an indicator. Flash column chromatography was performed 

according to the method of Still using silica gel 60 (mesh 230-400) supplied by Silicycle. Yields refer to 

chromatographically and spectrographically pure compounds, unless otherwise noted.  

Commercial grade reagents and solvents were used without further purification except as indicated below. 

Toluene (anhydrous, 99.8 %, 18 L in Pure-PacTM), dichloromethane (anhydrous, 99.9%, 18L in Pure-

PacTM), hexanes (anhydrous, 99.9%, 18L in Pure-PacTM), and THF (anhydrous, 99.9%, 18L in Pure-

PacTM) purchased from Aldrich were purified by M. BRAUN solvent purification system (A2 Alumina).  
1H NMR, 13C NMR, 19F NMR and 31P NMR spectra were recorded on a Bruker Avance 500 (500 MHz 
1H, 125 MHz 13C, 471 MHz 19F, 202 MHz 31P). Tetramethylsilane was used as an internal standard for 1H 

NMR (δ: 0.0 ppm), CDCl3 for 13C NMR (δ: 77.0 ppm), CFCl3 for 19F NMR (δ: 0.0 ppm) as an external 

standard, and H3PO4 for 31P NMR (δ: 0.0 ppm) as an external standard. The proton spectra are reported as 

follows δ (position of proton, multiplicity, coupling constant J, number of protons). Multiplicities are 

indicated by s (singlet), d (doublet), t (triplet), q (quartet), p (quintet), h (septet), m (multiplet) and br 

(broad). High performance liquid chromatography (HPLC) was performed on a Varian ProStar Series 

equipped with a variable wavelength detector using chiral stationary columns (0.46 cm x 25 cm) from 

Daicel. Optical rotations were measured on a JASCO DIP-1000 digital polarimeter. 

 

2. Synthesis of Chiral Brønsted Acids (1-3) 

All N-triflylphosphoramide 1,1 N-trflylthiophosphoramides 2a-2d,2 and N-

triflylselenophosphoramide 32 were synthesized following the reported procedure. 

 

Synthesis of N-triflylthiosphosphoramide 2e 

(S)-3,3’-Bis-(2,6-diisopropyl-4-(9-anthryl)-phenyl)-2,2’-dihydroxy-1,1’-dinaphthyl3 

This compound was synthesized following the reported procedure and 1H NMR was in agreement 

with the literature. 1H NMR (500 MHz, CDCl3) δ 1.16 (d, J = 7.0 Hz, 6H), 1.22 (d, J = 6.5 Hz, 6H), 1.26 

(d, J =7. 0 Hz, 6H), 1.31 (d, J = 6.5 Hz, 6H), 2.93-2.98 (m, 2H), 3.10-3.14 (m, 2H), 5.22 (s, 2H), 7.37-

7.55 (m, 18H), 7.78 (d, J = 8.5 Hz, 2H), 7.95 (d, J = 8.5 Hz, 2H), 8.04-8.13 (m,8H), 8.55 (s, 2H).  
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Preparation of 2e via thiophosphorylation followed by amidation sequence: 

 

Initial trial to synthesize N-triflylthiophosphoramide 2e carrying very bulky 2,6-(i-Pr)2-4-(9-

anthryl)-phenyl group at the 3,3’-position of the binaphthyl scaffold was conducted by the same method 

for the previous synthesis of N-triflylthiosphosphoramide.2 However, amidation between the resulting 

thiophosphoryl chloride and NH2Tf was very slow presumably due to steric effect of the bulky substituent 

at the 3,3’-position of the binaphthyl backbone and the thiophosphoryl chloride was obtained as a major 

product. Thus, we needed to develop other synthetic routes to synthesize thiosphosphoramide 2e. 

 

Preparation of 2e via phosphorylation, amidation followed by oxidation: 

In order to overcome the low reactivity in the amidation stop between the resulting 

thiophosphoryl chloride and NH2Tf, we chose an alternative method: phosphorylation, amdiation, 

followed by oxidation as shown the above scheme. 

 

 

 

The procedure was as shown below: To a solution of (S)-3,3’-bis-(2,6-diisopropyl-4-(9-anthryl)-

phenyl)-2,2’-dihydroxy-1,1’-dinaphthyl (0.582 g; 0,606 mmol; 1.0 eq) and NEt3 (0.613 g; 6.06 mmol; 10 

eq) was added PBr3 (0.180 g; 0.667 mmol; 1.1 eq) dropwise. The reaction mixture was stirred for 20 min 

and monitored by 31P NMR. After complete consumption of the starting material, NH2Tf (0.181 g; 1.21 

mmol; 2.0 eq) was added to the reaction mixture and the reaction mixture was allowed to stir for 

additional 2 h. After complete comsumption of the resulting phosphoryl bromide, element sulfur was 

added to the reaction mixture and the reaction mixture was stirred for 24 h at 80 oC. After 24 h, the 

reaction mixture was cooled to room temperature, quenched with NaHCO3 (aq), extracted with ether (50 

mL x 3), dried over Na2SO4, and concentrated. After purification by column chromatography on silica gel 
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(hexanes/EtOAc, 2/1), the product was re-dissolved in Et2O was washed with 4 N HCl (aq) twice, dried 

over anhydrous Na2SO4, and concentrated in vacuo. Foam-like pale brown solid was obtained in 65 % 

yield. 
 1H NMR (CDCl3, 500 MHz) δ: 0.97 (d, J = 6.7 Hz, 3H), 1.06 (d, J = 6.6 Hz, 3H), 1.16 (d, J = 6.7 Hz, 3H), 

1.24 (d, J = 6.7 Hz, 2H), 1.29 (d, J = 6.4 Hz, 6H), 1.42-1.46 (m, 6H), 2.80-2.85 (m, 1H), 2.92-2.97 (m, 

1H), 3.00-3.05 (m, 1H), 3.16-3.21 (m, 1H), 5.32 (s, 1H), 7.28-7.34 (m, 4H), 7.39-7.48 (m, 12H), 7.63 (t, J 

= 7.0 Hz, 2H), 7.78 (d, J = 9.0 Hz, 1H), 7.84 (d, J = 9.0 Hz, 2H), 7.92 (d, J = 8.0 Hz, 1H), 8.03-8.11 (m, 

6H), 8.24-8.27 (d, J = 17.0 Hz, 2H), 8.51-8.53 (d, J = 15.0 Hz, 2H);  13C NMR (CDCl3, 125 MHz) δ: 22.5, 

23.3, 23.7, 23.8, 25.6, 25.8, 27.8, 30.8, 31.2,31.3, 31.9, 117.8, 120.5 (q, J = 60 Hz), 122.2, 122.8 (2C), 

125.0, 125.1, 125.2, 125.3, 125.4 (2C), 125.5, 125.9, 126.4, 126.7 (2C), 126.8, 126.9, 127.0, 127.1 (2C), 

127.2, 127.3, 127.4, 127.5, 126.6, 127.7, 128.1, 128.3, 128.5, 128.6, 128.7, 130.0, 130.2 (2C), 130.4, 

130.8, 131.2, 131.4, 131.5, 131.6, 131.7, 132.3, 132,4 (2C). 133.2, 133.8, 134.3, 137.4, 138.4, 139.1, 

139.9, 144.9, 145.0, 146.2, 146.4, 146.6, 147.4, 148.2, 149.3; 19F NMR (CDCl3, 471 MHz) δ:-78.88; 31P 

NMR (202 MHz, CDCl3) δ: 52.7; [α]D
27 = +36.9 (c 1.2, CHCl3); MS (APCI) Exact mass calcd for 

C73H61F3NO4PS2 (M-1): 1166.3 Found: 1166.2. 

 

Other N-triflylthiophophoramides 2a and 2d were prepared by the same method for the synthesis 

of 2e. 

(S)-{3,3’-bis-(2,6-diisopropylphenyl)-1,1’-binaphthalen-2,2’-yl}-N-triflylthiophosphoramide (2a) 

O

O

P
S

NHTf

 
1H NMR (CDCl3, 500 MHz) δ: 0.82-0.83 (d, J = 6.8 Hz, 3H), 0.87-0.88 (d, J = 6.7 Hz, 3H), 1.16-1.27 (m, 

12H), 1.30-1.35 (m, 6H),  2.66-2.72 (h, J = 7.0 Hz, 1H), 2.77-2.83 (h, J = 7.0 Hz, 1H), 2.95-3.00 (h, J = 

7.0 Hz, 1H), 3.03-3.08 (h, J = 7.0 Hz, 1H), 7.08-7.09 (d, J = 8.0 Hz, 1H), 7.14-7.15 (d, J = 9.0 Hz, 1H), 

7.18-7.20 (d, J = 8.0 Hz, 2H), 7.23-7.34 (m, 6H), 7.46-7.50 (m, 2H), 7.85 (s, 1H), 7.91-7.93 (m, 3H);  13C 

NMR (CDCl3, 125 MHz) δ: 21.2, 21.7, 23.6, 23.8, 25.1, 25.6, 27.0, 27.5, 29.8, 30.8, 30.9, 31.1,  117.8, 

118.5 (q, J = 132 Hz), 121.9, 122.3 (2C), 122.6, 123.3, 123.7, 125.6, 125.7, 126.3, 126.4, 127.3, 128.3, 

128.4 (2C), 128.5, 130.8, 130.9, 131.6, 132.3, 132.8, 132.9, 133.0, 134.4, 135.4, 145.6, 145.7, 147.1, 
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147.2, 148.3, 148.4, 148.7, 149.1; 19F NMR (CDCl3, 471 MHz) δ:-78.84; 31P NMR (202 MHz, CDCl3) δ: 

64.2; [α]D
27 = +31.2 (c 1.0, CHCl3); MS (APCI) Exact mass calcd for C45H45F3NO4PS2 (M-1): 814.2 

Found: 814.1. 

 

(S)-{3,3’-bis-(2,6-diisopropyl-4-(2,4,6-triisopropylphenyl)-phenyl)-1,1’-binaphthalen-2,2’-yl}-N-triflyl-

thiophosphoramide (2d) 

 
1H NMR (CDCl3, 500 MHz) δ: 0.76-0.77 (d, J = 7.0 Hz, 3H), 0.86-0.88 (d, J = 6.5 Hz, 3H), 1.00-1.02 (d, 

J = 7.0 Hz, 3H), 1.05-1.22 (m, 36H), 1.30-1.34 (m, 15H), 2.60-2.66 (h, J = 7.0 Hz, 2H), 2.70-2.78 (m, 

3H), 2.92-2.98 (m, 3H), 3.04-3.10 (h, J = 7.0 Hz, 1H), 3.29-3.32 (h, J = 7.0 Hz, 1H), 7.03-7.05 (d, J = 9.5 

Hz, 4H),  7.09-7.12 (m, 5H), 7.16 (s, 1H), 7.26-7.28 (m, 2H), 7.47-7.50 (t, J = 7.0 Hz, 2H), 7.86 (s, 1H), 

7.93-7.96 (t, J = 7.0 Hz, 3H);  13C NMR (CDCl3, 125 MHz) δ: 22.2, 23.7, 24.0, 24.1, 24.2 (3C), 24.4, 24.5, 

24.6 (2C), 25.0, 26.6, 27.2, 30.4, 30.5 (3C), 30.6, 30.7, 30.8, 30.9 (2C), 34.4, 119.3  (q, J = 272 Hz), 

120.8, 120.9, 122.2 (2C), 123.3 (2C), 123.4 (2C), 124.2, 124.3, 124.9, 125.6, 125.6 (2C), 126.4 (2C), 

127.1, 127.2, 128.2, 128.3, 130.8, 131.1, 131.6 (2C), 132.4 (2C), 132.8, 133.1, 133.2, 137.8, 137.9, 140.6, 

146.5, 146.6, 146.8, 146.9, 147.5, 147.6, 147.7, 147.8, 147.9, 148.1; 19F NMR (CDCl3, 471 MHz) δ:-

78.50; 31P NMR (202 MHz, CDCl3) δ: 62.0; [α]D
27 = +36.4 (c 1.0, CHCl3); MS (APCI) Exact mass calcd 

for C75H89F3NO4PS2 (M-1): 1218.59 Found: 1218.58. 
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3. Catalytic Asymmetric Mukaiyama Aldol Reactions of Aldehydes and Silyl Enol Ethers of 

Ketones 

 

3-1. Optimization of Reaction Condition 

 

General Procedures: To a solution of benaldehyde 5a (0.10 mmol; 10.6 mg; 1.0 eq) and chiral 

Brønsted source (0.03 eq) was added silyl enol ether of acetophenone 4a (0.11 mmol; 21.1 mg; 1.1 eq) 

dropwise. The reaction mixture was monitored by TLC. When benzaldehyde 5a was completely 

consumed, the reaction mixture was quenched with saturated aqueous NaHCO3 and extracted with ether. 

The resulting aldol product was dissolved in ether and treated with 1 N HCl to deprotect the silyl ether. 

After the deprotection was over, the reaction mixture was extracted with ether. The organic layer was 

combined, washed with brine, dried over anhydrous Na2SO4, and concentrated. The residue was purified 

by flash column chromatography (EtOAc/hexanes, 1/5) on silica gel. Enantiomeric ratio (e.r.) was 

determined by HPLC with a chiral OD-H column. 

 

 

3-1-1. Reactivity Comparison 

Ph

OTMS

H Ph

O
+

cat. (3 mol %)

toluene, rt, time (h) Ph

O

Ph

OH

entry cat. time (h) yield (%)a erb

1 1 48 N, R. N. D.

2 2b 1 96 56.5:43.5

3 3 1 93 55:45

4a 5a

HCl (1N)

rt, 30 min
6aa

 
a Isolation yield after column chromatography separation.  
b Enantiomeric ratio (er) was determined using chiral HPLC using a chiral OD-H column. 
 

The reactivities of oxo-, thio-, and seleno-phosphoramides 1-3 were compared in enantioselective 

Mukaiyama aldol reaction of benzaldehyde 5a with silyl enol ether of acetophenone 4a. Unlike the 

previous protonation reaction,2 the reactivities of these acids showed dramatic difference in Mukaiyama 

aldol reaction. Thio- and seleno-phosphoramides 2b and 3 afforded the desired aldol product 6aa in 

excellent yields, whereas oxophosphoramide 1 did not give any product. In addition, thiophosphoramide 
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2b gave slightly better enantioselectivity than selenophosphoramide 3. Thus, thiophosphoramide 2 was 

chosen for the further investigation of enantioselective Mukaiyama aldol reaction. 

 

3-1-2. Effect of Substituents at 3,3’-Position of Binaphthyl Backbone 

 

 
a Isolation yield after column chromatography separation.  
b Enantiomeric ratio (er) was determined using chiral HPLC using a chiral OD-H column. 
 

We tried to optimize the catalyst structure. Although all the thiophosphoramides 2a-e provided 

the aldol product 6aa, the enantioselectivities highly depended on the size of the aryl substituents at the 

3,3’-position of the binaphthyl backbone. Particularly, the enantioselectivity increased with the size of 

para-substituent at the aryl substituent at the 3,3’-position of the binaphthyl backbone.2-5 

Thiophosphoramide 2e carrying bulky 9-anthryl substituent at the para-position of the aryl substituent 

gave the aldol product in 67:33 er. 

 

3-1-3. Effect of Size of Silyl Groups 

Ph

OSi

H Ph

O
+

2e (3 mol %)

toluene, rt, time (h) Ph

O

Ph

OH

4a 5a

HCl (1N)

rt, 30 min
6aa

entry time (h) yield (%)a erb

1 TMS 1 94 67:34

2c 2 96 56:14

3 PMDS 2 93 64:36

Si

TBS

4d 4 87 59:41TIPS
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a Isolation yield after column chromatography separation.  
b Enantiomeric ratio (er) was determined using chiral HPLC using a chiral OD-H column. 
c Deprotection of the aldol product was carried out at room temperature for 3 h. 
d TBAF was used for removal of the TIPS ether of the aldol adduct. 
 

We further investigated the effect of size of silyl groups on enantioselectivity. Although reactivity 

did not show significant dependence on the silyl groups, enantioselectivity exhibited strong dependence 

on the size of the silyl group. As the size of silyl group increased, the enantioselectivity decreased: 

Among silyl groups tested, TMS silyl enol ether of acetophenone gave the best enantioselectivity, and 

thus we chose the TMS group for the future investigation. 

 

3-1-4. Further optimization 

entry erbtemp (oC) time (h) yield (%)a

1

2 6 93 87:13

3

12 94 89:11

4

5

1 94 67:34rt

-78

solvent

toluene

toluene

toluene

CH2Cl2

hexanes

-78

-78 8 N. R. N. D.

4 95 62:38

6

-86

12 97 92:8toluene/hexanes -86

7c 12 96 92:8toluene/hexanes -86

Ph

OTMS

H Ph

O
+

2e (3 mol %)

solvent, temp (oC) Ph

O

Ph

OH

4a 5a

HCl (1N)

rt, 30 min
6aatime (h)

 
a Isolation yield after column chromatography. 
b Enantiomeric ratio (er) was determined by HPLC using a chiral OD-H column. 
c 1 mol % of catalyst was used. 
 

Then, we attempted to optimize the reaction conditions, such as temperature and solvent. The 

enantioselectivity highly depended on the temperature. Enantioselectivity increased from 67:33 to 87:13 

er when reaction was carried out at -78 oC (entry 2). Then, we screened solvent. Dichloromethane gave 

significantly lower enantioselectivity (62:38 er vs 87:13 er), although it increased the reactivity (4 h vs 6 

h) (entry 3). The reaction did not proceed at all in hexanes presumably poor solubility of catalyst 2e (entry 

4). Then we tried to increase the enantioselectivity further by decreasing reaction temperature. The 

enantioselectivity could be improved to 89:11 er at -86 oC (entry 5). It could further increase up to 92:8 er 
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in the 1:1 mixture of toluene and hexanes (entry 6). To our delight, the catalyst loading could be 

decreased to 1 mol % without any loss of enantioselectivity (entry 7). 

 

3-2. Enantioselective Mukaiyama Aldol Reaction of Aldehydes with Silyl Enol Ether of 

Acetophenone 

 

General procedure: To a solution of aldehyde (0.10 mmol; 1.0 eq) in toluene/hexanes (1:1 (v/v), 

0.5 mL) was added chiral Brønsted acid 2e (1.2 mg; 0.001 mmol; 0.01 eq) in toluene/hexanes (1:1 (v/v), 

0.5 mL) at room temperature. The mixture was stirred for 30 min at room temperature and them cooled to 

-86 oC. Silyl enol ether of acetophenone 4a (0.11 mmol; 21.1 mg; 1.1 eq) was added dropwise to the 

reaction mixture at -86 oC and the reaction mixture was monitored by TLC. When the aldehyde was 

completely consumed, the reaction mixture was quenched with saturated aqueous NaHCO3 and extracted 

with ether. The resulting aldol product was dissolved in ether and treated with 1 N HCl to deprotect the 

silyl ether. After deprotection was over, the reaction mixture was extracted with ether. The organic layer 

was combined, washed with brine, dried over anhydrous Na2SO4, and concentrated. The residue was 

purified by flash column chromatography (EtOAc/hexanes, 1/5) on silica gel. Enantiomeric ratio (e.r.) 

was determined by HPLC with a chiral column. 

 

3-2-1. Characterization of Compounds 6aa-6al 

       The product (6aa)6 was obtained as a white solid in 95 % yield and 92:8 er. 
1H NMR (CDCl3, 500 MHz) δ: 3.38-3.39 (d, J = 8.0 Hz, 2H), 3.59 (d, J = 3.0 Hz, 1H), 5.34-5.37 (td, J = 

6.0 Hz, 2.0 Hz, 1H), 7.29-7.32 (t, J = 7.5 Hz, 1H), 7.37-7.40 (t, J = 8.0 Hz, 2H), 7.44-7.48 (m, 4H), 7.57-

7.61 (t, J = 8.0 Hz, 1H), 7.95-7.97 (d, J = 9.0 Hz, 2H).; 13C NMR (CDCl3, 125 MHz) δ: 47.5, 70.2, 125.9, 

127.8, 128.3, 128.7, 128.8, 133.8, 136.7, 143.1. 200.3. Enantiomeric ratio (er) was determined by HPLC 

with a Chiralcel OD-H column equipped with an OD-H guard column (hexanes:2-propanol = 90:10, flow 

rate = 1.0 mL/min, λ= 254 nm), tr(major, R) = 11.3 min., tr(minor, S) = 10.5 min. [α]D
27 = +60.8 (c 1.0, 

CHCl3) (Lit. [α]D
20 = +60 (c 0.83, CHCl3) for (R) enantiomer (85:15 er)). 
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  The product (6ab)6 was obtained as a white solid in 94 % yield and 96:4 er. 
1H NMR (CDCl3, 500 MHz) δ: 3.31-3.43 (m, 2H), 3.87 (d, J = 3.0 Hz, 1H), 5.44-5.47 (dt, J = 9.0, 3.0 Hz, 

1H), 7.48 (t, J = 8.0 Hz, 2H), 7.61-7.63 (m, 3H), 7.95 (dd, J = 8.0, 1.5 Hz, 2H), 8.22 (dt, J = 8.0, 2.0 Hz, 

2H).; 13C NMR (CDCl3, 125 MHz) δ: 47.1, 69.3, 123.9, 126.7, 128.3, 128.9, 134.1, 136.3, 147.4, 150.4, 

199.6. Enantiomeric ratio (er) was determined by HPLC with a Chiralcel AD-H column equipped with an 

AD-H guard column (hexanes:2-propanol = 80:20, flow rate = 1.0 mL/min, λ= 254 nm), tr(major, R) = 

13.7 min., tr(minor, S) = 11.3 min. [α]D
27 = +52.3 (c 1.0, CHCl3) (Lit. [α]D

20 = +27 (c 2.88, CHCl3) for (R) 

enantiomer (73:27 er)). 

  

O OH

NO2

The product (6ac)6 was obtained as a white solid in 96 % yield and 94:6 er. 
1H NMR (CDCl3, 500 MHz) δ: 3.34-3.47 (m, 3H), 3.85 (d, J = 2.5 Hz, 1H), 5.45 (d, J = 9.0 Hz, 1H), 7.49 

(t, J = 7.5 Hz, 2H), 7.56 (t, J = 8.0 Hz, 1H), 7.62 (t, J = 6.8 Hz, 1H), 7.80 (d, J = 7.5 Hz, 1H), 7.96 (d, J = 

8.5 Hz, 2H), 8.16 (d, J = 8.5 Hz, 1H), 8.33 (s, 1H).; 13C NMR (CDCl3, 125 MHz) δ: 47.1, 69.2, 121.0, 

122.7, 128.3, 129.0, 129.7, 132.1, 134.1, 136.3, 145.2, 148.6, 199.7.  Enantiomeric ratio (er) was 

determined by HPLC with a Chiralcel AS-H column equipped with an AS-H guard column (hexanes:2-

propanol = 90:10, flow rate = 1.0 mL/min, λ= 254 nm), tr(major, R) = 35.7 min., tr(minor, S) = 27.9 min.. 

[α]D
27 = +60.2 (c 1.0, CHCl3). 

 

O OH NO2

      The product (6ad)7 was obtained as a white solid in 91 % yield and 94:6 er. 
1H NMR (CDCl3, 500 MHz) δ: 3.18-3.24 (dd, J = 18, 9.6 Hz, 1H), 3.69-3.73 (dd, J = 15 Hz, 2.5 Hz, 1H), 

4.00 (d, J = 3.0 Hz, 1H), 5.85-5.87 (dt, J = 7.5 Hz, 3.0 Hz, 1H), 7.45-7.49 (m, 3H), 7.60 (t, J = 7.5 Hz, 

1H), 7.70 (t, J = 7.5 Hz, 1H), 7.96-8.00 (m, 4H).; 13C NMR (CDCl3, 125 MHz) δ: 46.6, 66.1, 124.6, 128.4, 

128.5, 128.6, 128.9, 134.0, 136.5, 138.7, 147.4, 200.1.   Enantiomeric ratio (er) was determined by HPLC 

with a Chiralcel AS-H column equipped with an AS-H guard column (hexanes:2-propanol = 90:10, flow 

rate = 1.0 mL/min, λ= 254 nm), tr(major, R) = 36.1 min., tr(minor, S) = 28.6 min.. [α]D
27 = -58.0 (c 1.0, 

CHCl3). 
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  The product (6ae)8 was obtained as a white solid in 92 % yield and 91:9 er. 
1H NMR (CDCl3, 500 MHz) δ: 3.33-3.35 (m, 2H), 5.30-5.32 (dd, J = 8.0 Hz, 4.0 Hz, 1H), 7.31-7.33 (d, J 

= 8.0 Hz, 2H), 7.46-7.52 (m, 4H), 7.58-7.61 (t, J = 8.0 Hz, 1H), 7.93-7.96 (dd, J = 8.5 Hz, 1.5 Hz, 2H).; 

13C NMR (CDCl3, 125 MHz) δ: 47.3, 69.5, 121.5, 127.6, 128.3, 128.9, 131.7, 133.9, 136.5, 142.1. 200.0. 

Enantiomeric ratio (er) was determined by HPLC with a Chiralcel OD-H column equipped with an OD-H 

guard column (hexanes:2-propanol = 90:10, flow rate = 1.0 mL/min, λ= 254 nm), tr(major, R) = 16.2 

min., tr(minor, S) = 13.7 min.. [α]D
27 = +41.1 (c 1.0, CHCl3). 

 

  The product (6af)6 was obtained as a white solid in 93 % yield and 90:10 er. 
1H NMR (CDCl3, 500 MHz) δ: 3.33-3.37 (m, 2H), 5.32-5.34 (dd, J = 8.0 Hz, 4.0 Hz, 1H), 7.35-7.40 (m, 

4H), 7.46-7.49 (t, J = 7.5 Hz, 2H), 7.59-7.62 (t, J = 7.5 Hz, 1H), 7.94-7.96 (d, J = 8.0 Hz, 2H).; 13C NMR 

(CDCl3, 125 MHz) δ: 47.4, 69.5, 127.3, 128.3, 128.8, 128.9, 133.5, 133.9, 136.5, 141.5. 200.1. 

Enantiomeric ratio (er) was determined by HPLC with a Chiralcel AD-H column equipped with an AD-H 

guard column (hexanes:2-propanol = 90:10, flow rate = 1.0 mL/min, λ= 254 nm), tr(major, R) = 18.4 

min., tr(minor, S) = 15.1 min.. [α]D
27 = +47.3 (c 1.0, CHCl3). 

 

  The product (6ag)8 was obtained as colorless oil in 96 % yield and 92:8 er. 
1H NMR (CDCl3, 500 MHz) δ: 3.36-3.38 (m, 2H), 3.51 (d, J = 3.0 Hz, 1H), 3.82 (s, 3H), 5.30 (m, 1H), 

6.91-6.93 (d, J = 8.0 Hz, 2H), 7.36-7.38 (d, J = 8.0 Hz, 2H), 7.45-7.49 (t, J = 8.0 Hz, 2H), 7.58-7.60 (t, J 

= 7.5 Hz, 1H), 7.95-7.97 (dd, J = 8.0 Hz, 1.0 Hz, 2H).; 13C NMR (CDCl3, 125 MHz) δ: 47.5, 55.4, 69.8, 

114.1, 127.2, 128.3, 128.8, 133.7, 135.3, 136.7, 159.2, 200.4. Enantiomeric ratio (er) was determined by 

HPLC with a Chiralcel OD-H column equipped with an OD-H guard column (hexanes:2-propanol = 

90:10, flow rate = 1.0 mL/min, λ= 254 nm), tr(major, R) = 21.3 min., tr(minor, S) = 17.0  min.. [α]D
27 = 

+50.6 (c 1.0, CHCl3). 
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  The product (6ah)6 was obtained as a white solid in 94 % yield and 90:10 

er. 1H NMR (CDCl3, 500 MHz) δ: 3.42-3.49 (m, 2H), 3.73 (d, J = 2.5 Hz, 1H), 5.52-5.55 (m, 1H), 7.46-

7.53 (m, 4H), 7.54-7.56 (dd, J = 8.5 Hz, 2.0 Hz, 1H), 7.59-7.62 (t, J = 7.5 Hz, 1H), 7.84-7.88 (m, 3H), 

7.92 (s, 1H), 7.97-7.99 (dd, J = 8.5 Hz, 1.0 Hz, 2H).; 13C NMR (CDCl3, 125 MHz) δ: 47.5, 70.3, 124.0, 

124.6, 126.1, 126.4, 127.8, 128.2, 128.3, 128.5, 128.9, 133.1, 133.5, 133.9, 136.9, 140.4, 200.3. 

Enantiomeric ratio (er) was determined by HPLC with a Chiralcel OD-H column equipped with an OD-H 

guard column (hexanes:2-propanol = 95:5, flow rate = 1.0 mL/min, λ= 225 nm), tr(major, R) = 55.8 min., 

tr(minor, S) = 52.3 min.. [α]D
27 = +48.4 (c 1.0, CHCl3). 

 

  The product (6ai)6 was obtained as a white solid in 95 % yield and 81:19 er. 
1H NMR (CDCl3, 500 MHz) δ: 3.45-3.51 (dd, J = 18.0 Hz, 9.5 Hz, 1H), 3.56-3.60 (dd, J = 18.0 Hz, 2.0 

Hz, 1H), 3.71 (d, J = 3.0 Hz, 1H), 6.15-6.17 (m, 1H), 7.45-7.48 (t, J = 8.5 Hz, 2H), 7.50-7.55 (m, 3H), 

7.57-7.61 (t, J = 7.5 Hz, 1H), 7.80-7.83 (t, J = 8.0 Hz, 2H), 7.90-7.92 (m, 1H), 7.96-7.98 (dt, 7.0 Hz, 1.5 

Hz, 2H), 8.04-8.06 (d, 9.0 Hz, 1H).; 13C NMR (CDCl3, 125 MHz) δ: 46.9, 66.9, 122.9, 123.3, 125.7, 

125.8, 126.4, 128.2, 128.3, 128.9, 129.2, 130.0, 133.8, 133.9, 136.6, 138.6, 200.5. Enantiomeric ratio (er) 

was determined by HPLC with a Chiralcel OD-H column equipped with an OD-H guard column 

(hexanes:2-propanol = 90:10, flow rate = 1.0 mL/min, λ= 254 nm), tr(major, R) = 16.4 min., tr(minor, S) = 

12.9 min.. [α]D
27 = +84.5 (c 1.0, CHCl3). 

 

  The product (6aj) was obtained as colorless oil in 97 % yield and 84:16 er.  1H 

NMR (CDCl3, 500 MHz) δ: 2.36 (s, 3H), 3.32-3.34 (m, 2H), 3.53(d, J = 3.0 Hz, 1H), 5.567-5.60 (m, 1H), 

7.17 (d, J = 7.0 Hz, 1H), 7.21 (td, J = 7.0 Hz, 1.0 Hz, 1H), 7.29 (d, J = 7.0 Hz, 1H), 7.46-7.49 (t, J = 7.5 

Hz, 2H), 7.60 (t, J = 8.0 Hz, 2H), 7.96-7.98 (dt, J = 7.0 Hz, 1.0 Hz, 2H).; 13C NMR (CDCl3, 125 MHz) δ: 

19.2, 46.2, 66.6, 125.6, 126.5, 127.5, 128.3, 128.8, 130.5, 133.8, 134.2, 136.7, 141.1, 200.3. Enantiomeric 

ratio (er) was determined by HPLC with a Chiralcel OD-H column equipped with an OD-H guard column 

(hexanes:2-propanol = 95:5, flow rate = 1.0 mL/min, λ= 254 nm), tr(major) = 19.4 min., tr(minor) = 15.1 

min.. [α]D
27 = +60.9 (c 0.68, CHCl3). 
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  The product (6ak)9 was obtained as pale green oil in 87 % yield and 86:14 

er.  1H NMR (CDCl3, 500 MHz) δ: 3.28-3.31 (m, 2H), 3.38 (d, J = 3.5 Hz, 1H), 4.96 (br, 1H), 6.30-6.35 

(dd, J = 16.0 Hz, 6.0 Hz, 1H), 6.70-6.74 (d, J = 16.0 Hz, 1H), 7.25 (t, J = 7.0 Hz, 1H), 7.33 (t, J = 7.5 Hz, 

2H), 7.40 (d, J = 7.5 Hz, 2H), 7.49 (t, J = 8.0 Hz, 2H), 7.60 (t, J = 7.5 Hz, 1Hz), 7.97-7.99 (d, J = 7.0 Hz, 

2H).; 13C NMR (CDCl3, 125 MHz) δ: 45.3, 68.8, 126.7, 127.9, 128.3, 128.7, 128.9, 130.4, 130.6, 133.8, 

136.7, 137.8, 200.3. Enantiomeric ratio (er) was determined by HPLC with a Chiralcel IC column 

equipped with an IC guard column (hexanes:2-propanol = 99:1, flow rate = 1.0 mL/min, λ= 254 nm), 

tr(major, R) = 44.1 min., tr(minor, S) = 38.4 min.. [α]D
27 = +17.8 (c 1.0, CHCl3). 

 

 

O OH
S

         The product (6al)6 was obtained as colorless oil in 92 % yield and 85:15 er.  
1H NMR (CDCl3, 500 MHz) δ: 3.17-3.21 (dd, J = 16.0 Hz, 4.0 Hz, 1H), 3.63-3.68 (dd, J = 16.0 Hz, 8.5 

Hz, 1H), 5.66-5.69 (dd, J = 8.5 Hz, 4.5 Hz, 1H), 6.93-6.97 (m, 2H), 7.21-7.22 (dd, J = 5.0 Hz, 1.0 Hz, 1h), 

7.46 (t, J = 7.5 Hz, 2H), 7.56 (t, J = 7.5 Hz, 1H), 7.96 (d, J = 7.5 Hz, 2H).; 13C NMR (CDCl3, 125 MHz) 

δ: 47.3, 66.6, 123.7, 124.9, 126.9, 128.3, 128.9, 133.9, 136.6, 146.8, 199.8. Enantiomeric ratio (er) was 

determined by HPLC with a Chiralcel AS column equipped with an AS guard column (hexanes:2-

propanol = 90:10, flow rate = 1.0 mL/min, λ= 254 nm), tr(major, R) = 19.4 min., tr(minor, S) = 15.7 min.. 

[α]D
27 = +24.0 (c 1.0, CHCl3). 

 

 

3-3. Enantioselective Mukaiyama Aldol Reaction of Benzaldehyde with Silyl Enol Ethers of Ketones 

 

 

General Procedures: To a solution of benzaldehyde 5a (0.10 mmol; 10.6 mg, 1.0 eq) in 

toluene/hexanes (1:1(v/v); 0.5 mL) was added chiral Brønsted acid 2e (1.2 mg; 0.001 mmol; 0.01 eq) in 

toluene/hexanes (1:1(v/v); 0.5 mL). The mixture was stirred for 30 min at -86 oC. Silyl enol ether of 
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acetophenone (0.11 mmol; 21.1 mg; 1.1 eq) was added dropwise to the reaction mixture and the reaction 

mixture was monitored by TLC. When the aldehyde was completely consumed, the reaction mixture was 

quenched with saturated aqueous NaHCO3 and extracted with ether. The resulting aldol product was 

dissolved in ether and treated with 1 N HCl to deprotect the silyl ether. After deprotection was over, the 

reaction mixture was extracted with ether. The organic layer was combined, washed with brine, dried over 

anhydrous Na2SO4, and concentrated. The residue was purified by flash column chromatography 

(EtOAc/hexanes, 1/5) on silica gel. Enantiomeric ratio (e.r.) was determined by HPLC with a chiral 

column. 

 

3-3-1. Characterization of Compounds 6ba-6ga 

  The product (6ba)11 was obtained as a white solid in 97 % yield and 92:8 

er. 1H NMR (CDCl3, 500 MHz) δ: 3.29-3.34 (m, 2H), 3.76 (br, 1H), 3.89 (s, 3H), 5.31-5.34 (dd, J = 8.5, 

3.0 Hz, 1H), 6.93 (dt, J = 9.5 Hz, 2.5 Hz, 2H), 7.30 (t, J = 8.0 Hz, 1H), 7.38 (t, J = 7.0 Hz, 2H), 7.43 (d, J 

= 8.0 Hz, 2H), 7.92 (dt, J = 9.5, 2.5 Hz, 2H).; 13C NMR (CDCl3, 125 MHz) δ: 47.1, 55.7, 70.3, 114.0, 

125.9, 127.8, 128.7, 129.8, 130.6, 143.2, 164.1, 198.9.  Enantiomeric ratio (er) was determined by HPLC 

with a Chiralcel IB column equipped with an IB guard column (hexanes:2-propanol = 95:5, flow rate = 

1.0 mL/min, λ= 254 nm), tr(major) = 24.8 min., tr(minor) = 28.0 min.. [α]D
27 = +39.7 (c 1.0, CHCl3). 

 

 

  The product (6ca)12 was obtained as colorless oil in 98 % yield and 90:10 er. 
1H NMR (CDCl3, 500 MHz) δ: 3.32-3.38 (dd, J = 18.0 Hz, 9.5 Hz, 1H), 3.44-3.48 (m, 1H), 3.66 (d, J = 

2.5 Hz, 1H), 3.87 (s, 3H), 5.28-5.30 (d, J = 9.5 Hz, 1H), 6.95-6.97 (d, J = 8.5 Hz, 1H), 7.02 (t, J = 7.5 Hz, 

1H), 7.28 (tt, J = 7.5 Hz, 1.0 Hz, 1H), 7.37 (t, J = 8.0 Hz, 2H), 7.42-7.43 (d, J = 7.0 Hz, 2H), 7.49 (td, J = 

7.5 Hz, 2.0 Hz, 1H), 7.76-7.78 (dd, J = 8.0 Hz, 2.0 Hz, 1H).; 13C NMR (CDCl3, 125 MHz) δ: 52.6, 55.7, 

70.5, 111.7, 120.9, 126.0, 127.5, 127.6, 128.6, 130.6, 134.4, 143.3, 159.1, 202.4. Enantiomeric ratio (er) 

was determined by HPLC with a Chiralcel OD-H column equipped with an OD-H guard column 

(hexanes:2-propanol = 95:5, flow rate = 1.0 mL/min, λ= 254 nm), tr(major, R) = 33.7 min., tr(minor, S) = 

27.2 min.. [α]D
27 = +45.5 (c 1.0, CHCl3). 
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  The product (6da) was obtained as colorless oil in 98 % yield and 92:8 er. 1H 

NMR (CDCl3, 500 MHz) δ: 2.53 (s, 3H), 3.25-3.35 (m, 2H), 3.57 (d, J = 3.0 Hz, 1H), 5.31 (d, J = 8.5 Hz, 

1H), 7.22-7.30 (m, 3H), 7.34-7.42 (m, 5H), 7.62 (d, J = 8.0 Hz, 1H).; 13C NMR (CDCl3, 125 MHz) δ: 

21.7, 50.0, 70.5, 125.9 (2C), 127.8, 128.7, 129.1, 132.0, 132.3, 137.2, 138.8, 143.1, 204.0. Enantiomeric 

ratio (er) was determined by HPLC with a Chiralcel OD-H column equipped with an OD-H guard column 

(hexanes:2-propanol = 95:5, flow rate = 1.0 mL/min, λ= 254 nm), tr(major, R) = 18.5 min., tr(minor, S) = 

15.9 min.. [α]D
27 = +54.2 (c 1.0, CHCl3). 

 

O OH

  The product (6ea)6 was obtained as a white solid in 94 % yield and 92:8 

er. 1H NMR (CDCl3, 500 MHz) δ: 3.46-3.53 (m, 2H), 3.65 (br, 1H), 5.41 (t, J = 6.0 Hz, 1H), 7.32 (t, J = 

7.0 Hz, 1H), 7.41 (t, J = 7.5 Hz, 2H), 7.57 (t, J = 7.5 Hz, 1H), 7.62 (t, J = 7.5 Hz, 1H), 7.88-7.97 (m, 3H), 

8.05 (dd, J = 8.5 Hz, 1.5 Hz, 1H), 8.45 (s, 1H).; 13C NMR (CDCl3, 125 MHz) δ: 47.6, 70.3, 123.7, 125.9, 

127.1, 127.9, 128.0, 128.8, 128.9, 129.8, 130.4, 132.6, 134.0, 135.9, 143.1, 200.3. Enantiomeric ratio (er) 

was determined by HPLC with a Chiralcel OD-H column equipped with an OD-H guard column 

(hexanes:2-propanol = 85:15, flow rate = 0.8 mL/min, λ= 254 nm), tr(major, R) = 22.3 min., tr(minor, S) = 

15.1 min.. [α]D
27 = +59.2 (c 1.0, CHCl3) (Lit. [α]D

20 = +45 (c 4.0, CHCl3) for (R) enantiomer (79:21 er)). 

 

  The product (6fa)10 was obtained as a white solid in 86 % yield and 16:1 dr 

(syn:anti) and 95:5 er (for syn) and 97:4 er (for anti). 1H NMR (CDCl3, 500 MHz) δ: 1.68-2.38 (m, 14H), 

4.65 (d, J = 9.0 Hz, 1H), 5.23 (s, 1H), 7.18-7.29 (m, 10H).; 13C NMR (CDCl3, 125 MHz) δ: 20.3, 20.4, 

26.9 (anti), 29.6 (anti), 38.7 (anti), 39.1, 71.5, 75.2 (anti), 125.5, 126.5 (anti), 127.3, 127.9 (anti), 128.3, 

128.4 (anti), 142.6, 220.4. Enantiomeric ratio (er) was determined by HPLC with a Chiralcel OD-H 

column equipped with an OD-H guard column (hexanes:2-propanol = 95:5, flow rate = 1.0 mL/min, λ= 

220 nm), tr(syn-major) = 13.8 min., tr(syn-minor)  = 10.8 min, tr(anti-major) = 15.4 min., tr(anti-minor)  = 

19.2 min..  
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O OH

     The product (6ha)10 was obtained as colorless oil in 93 % yield 1.7:1 dr 

(syn:anti) and 76:24 er (for syn) and 73:27 er (for anti). 1H NMR (CDCl3, 500 MHz) δ: 2.33(d, J = 4.0 Hz, 

1H), 2.61-2.65 (m, 1H), 2.81-3.00 (m, 3H), 3.18-3.22 (dd, J = 17.0 Hz, 4.0 Hz, 1H), 4.72 (d, J = 10.0 Hz, 

1H), 5.53 (br, 1H), 7.20-7.38 (m, 14H), 7.49-7.56 (m, 2H), 7.69-7.74 (m, 2H).; 13C NMR (CDCl3, 125 

MHz) δ: 26.9, 30.1, 53.3, 54.9, 72.3, 75.9, 124.0, 124.4, 125.7, 126.7, 126.8, 127.2, 127.5, 127.6, 127.9, 

128.5, 128.7, 128.8, 135.2, 135.7, 136.4, 137.2, 141.5, 142.7, 154.2, 154.9, 207.4, 209.9.  Enantiomeric 

ratio (er) was determined by HPLC with a Chiralcel AS-H column equipped with an AS-H guard column 

(hexanes:2-propanol = 90:10, flow rate = 1.0 mL/min, λ= 240 nm), tr(syn-major) = 22.3 min., tr(syn-

minor)  = 18.5 min., tr(anti-major) = 26.3 min., tr(anti-minor)  = 28.3 min..  

 

4. Mechanistic Studies 

4-1. Effect of 2,6-di(t-butyl)pyridine (DTBP)  

In order to distinguish whether the actual catalyst for the Mukaiyama aldol reaction is Brønsted 

acid or silylated Brønsted acid, Mukaiyama aldol reaction was conducted in the presence of 2,6-di(t-

butyl)pyridine (DTBP), which is known to inhibit any potential Brønsted acid catalysis.13 

General Procedures: To a solution of benaldehyde 5a (0.10 mmol; 10.6 mg; 1.0 eq) and 

Brønsted acid 2e (0.001 mmol; 1.2 mg; 0.01 eq) in toluene/hexanes (1:1(v/v), 1 mL) was added a solution 

of DTBP (0.003 mmol; 0.57 mg; 0.03 eq). The mixture was allowed to stir for 1 h at room temperature 

and the reaction mixture was adjusted to the reaction temperature (either room temperature or -86 oC). 

Silyl enol ether 4a (0.11 mmol; 21.1 mg; 1.1 eq) was added dropwise to the reaction mixture. The 

reaction mixture was monitored by TLC. When 5a was completely consumed, the reaction mixture was 

quenched with saturated aqueous NaHCO3 and extracted with ether. The resulting aldol product was 

dissolved in ether and treated with 1 N HCl to deprotect the silyl ether. After the deprotection was over, 

the reaction mixture was extracted with ether. The organic layer was combined, washed with brine, dried 

over anhydrous Na2SO4, and concentrated. The residue was purified by flash column chromatography 

(EtOAc/hexanes, 1/5) on silica gel. Enantiomeric ratio (e.r.) was determined by HPLC with a chiral OD-

H column. 
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Ph

OTMS

H

O

Ph

2e (1 mol %)

toluene/hexanes (1:1)
Ph

O

Ph

OH
+

DTBP (3 mol %)
temp., time (h)

5a4a

HCl (1 N)

rt, 30 min

entry time (h) yield (%)a erb

1 - 2 96 67:33

2 3 mol % 2 95 67:33

3 - 12

N. R.

92:8

DTBP

4 12

93

N. D.

temp. (oC)

rt

rt

3 mol %

-86

-86
 

a Isolation yield after column chromatography. 
b Enantiomeric ratio (er) was determined by HPLC using a chiral OD-H column. 
 

At room temperature, DTBP has no effect on Mukaiyama aldol reaction in terms of reactivity as 

well as enantioselectivity (entries 1 and 2). However, at low temperature DTBP had a dramatic effect on 

the Mukaiyama aldol reaction (entries 3 and 4). DTBP completely inhibited Mukaiyama aldol reaction at 

low temperature (entry 4). Furthermore, when the reaction mixture at low temperature (from entry 4) was 

warmed up to room temperature, the aldol reaction proceeded again with the same yield and 

enantioselectivity of the reaction at room temperature with DTBP (eq. 1). 

 

These results suggest that the aldol reaction predominantly proceeds through the silylated 

Brønsted acid at room temperature (Lewis acid pathway), whereas the aldol reaction proceeds via 

Brønsted acid activation of carbonyl compounds (Brønsted acid pathway). 

 

4-2. Mukaiyama aldol reaction with the silylated Brønsted acid 

4-2-1. Generation of the silylated Brønsted acid 

To a solution of silyl enol ether 4a in chloroform-d was added a solution of Brønsted acid 2e in 

chloroform-d and the reaction was monitored by 1H NMR. As soon as 2e was added, the vinyl peaks (δ = 
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4.43, 4.93 ppm) from the silyl enol ether disappeared and a new methyl peak from acetophenone was 

observed at δ = 2.60 ppm.  In addition, the TMS peak (δ = 0.25 ppm) from 4a disappeared and two new 

peaks were observed at 0.15 and 0.07 ppm. Furthermore, a new signal from the silylated Brønsted acid 

was observed in 31P NMR.  

 

Furthermore, we examined the effect of DTBP on the protodesilylation between silyl enol ether 

4a and thiophosphoramide 2e. It was turned out that DTBP has no effect on the protodesilylation (eq. 3). 

 

4-2-2. Mukaiyama aldol Reaction with Silylated Brønsted Acid 

From the above reaction, the silyl enol ether 4a rapidly silylates Brønsted acid 2e. Based on this 

observation, we could generate the silylated Brønsted acid TMS-2e and apply this pre-silylated catalyst to 

Mukaiyama aldol reaction to further examine the reaction mechanism.  

At room temperature, the desired aldol product was obtained in same yield and enantioselectivity 

at the standard room temperature reaction (eq. 4). However, at low temperature, the silylated Brønsted 

acid could not catalyze Mukaiyama aldol reaction (eq. 5). 

 

 

These results are summarized in the table as shown below.  
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Ph

O
TMS

H

O

Ph

cat. (1 mol %)

toluene/hexanes (1:1) Ph

O

Ph

OTMS
+

temp., time (h)

entry time (h) yield (%)a erb

1 2e 2 96 67:33

2 TMS-2e 3 93 67:33

3 2e 12

N. R.

92:8

cat.

4 12

93

N. D.

temp. (oC)

rt

rt

TMS-2e

-86

-86

Ph

O
TMS

+
rt, <10 min

Ar

Ar

O

O

P
S

N Ph

O

H

Tf

2e

+

Ar

Ar

O

O

P
S

N

TMS

Tf

4a

toluene/hexanes
(1:1)

TMS-2e

 
a Isolation yield after column chromatography separation. 
b Enantiomeric ratio (ER) was determined using chiral HPLC after deprotection of silyl ether. 
 

This result also supported that two different reaction pathways are operative depending on 

reaction temperature, and that Lewis acid catalyzed pathway would be operative at room temperature and 

Brønsted acid catalyzed pathway would be in effect at low temperature. 
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