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1. General Remarks. 
1
H and 

13
C NMR spectra were recorded on a Bruker AM-300 

spectrometer for solution in CDCl3 with tetramethylsilane (TMS) as an internal standard; 

J-values are in Hz. Mass spectra were recorded by EI methods, and HRMS was measured on a 

Finnigan MA
+
 mass spectrometer. THF and toluene were distilled from sodium (Na) under 

argon (Ar) atmosphere. CH3CN and 1,2-dichloromethane were distilled from CaH2 under 

argon (Ar) atmosphere. Commercially obtained reagents were used without further 

purification. All reactions were monitored by TLC with Huanghai GF254 silica gel coated 

plates. Flash column chromatography was carried out using 300-400 mesh silica gel at 

increased pressure.  

 

2. General procedure for the preparation of difluoroenoxysilane 2.
1
 A mixture of 

chlorotrimethylsilane (TMSCl) (6.0 mmol), Mg (6.0 mmol) and THF (10 mL) was cooled 

down to 0 
o
C under argon atmosphere. Then trifluoroacetophenone (1.5 mmol) was added 

dropwise and the resulting mixture was stirred for an additional 1.0 h. After the solvent was 

removed under vacuum, hexane (15 mL) was added to the residue. The resulting salt was 

filtered and the filtrate was then concentrated to give the crude product of difluoroenoxysilane 

2 under reduced pressure. This crude product 2 was used for the Mukaiyama-aldol type 

reaction without further purification. 

 

((2,2-difluoro-1-phenylvinyl)oxy)trimethylsilane (2a). 
1
H NMR (300 MHz, CDCl3, TMS): δ 

0.18 (s, 9H, CH3), 7.25-7.29 (m, 1H, ArH), 7.34-7.39 (m, 2H, ArH), 7.47-7.50 (m, 2H, ArH); 

19
F NMR (282 MHz, CDCl3, TMS): δ -100.7 (d, 1F, J = 68 Hz), -112.2 (d, 1F, J = 68 Hz). 

 

((2,2-difluoro-1-(p-tolyl)vinyl)oxy)trimethylsilane (2b). 
1
H NMR (400 MHz, CDCl3, TMS): 

δ 0.18 (s, 9H, CH3), 2.35 (s, 3H, CH3), 7.16 (d, 2H, J = 8.4 Hz, ArH), 7.36 (d, 2H, J = 8.4 Hz, 

ArH); 
19

F NMR (376 MHz, CDCl3, TMS):  -100.7 (d, 1F, J = 69 Hz), -112.2 (d, 1F, J = 69 

Hz). 

 

((2,2-difluoro-1-(thiophen-2-yl)vinyl)oxy)trimethylsilane (2c). 
1
H NMR (400 MHz, CDCl3, 

TMS): δ 0.24 (s, 9H, CH3), 7.01-7.04 (m, 1H, ArH), 7.09 (d, 1H, J = 4.0 Hz, ArH), 7.36 (dd, 

1H, J = 4.0, 1.2 Hz, ArH); 
19

F NMR (376 MHz, CDCl3, TMS): δ -102.2 (d, 1F, J = 65 Hz), 

-112.2 (d, 1F, J = 65 Hz). 
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3. General procedure of the preparation of chiral imidazoline-phosphine type ligands 

L9-L14. 

 

Synthesis of the precatalysts SI-2. The solution of (R)-BINDPCA
2
 (0.5 mmol) in DMF (5.0 

mL) with 1-ethyl-3-(3-dimethyllaminopropyl)carbodiimide hydrochloride (EDCI) (1.0 mmol) 

and 1-hydroxy-benzotriazole (HOBt) (1.5 mmol) was stirred at 0 
o
C for 10 min, then a 

solution of SI-1 (0.75 mmol) in 2.0 mL DMF was added into the solution by syringe at 0 
o
C. 

The mixture was stirred at room temperature for 5 h. The reaction mixture was diluted by the 

addition of 10 mL of EtOAc, then washed with H2O and brine, dried over anhydrous Na2SO4 

and the solvent was removed under vacuum. The residue was purified by silica gel column 

chromatography to give the desired product SI-2 as pale yellow solid.  

 

(R)-2-(diphenylphosphoryl)-N-((1S,2S)-2-(4-methylphenylsulfonamido)-1,2-diphenylethyl)-1,

1'-binaphthyl-2-carboxamide SI-2a. Yield: (392 mg, 93%). A pale yellow solid, m.p. 133-136 

o
C; IR (CH2Cl2)  3209, 3059, 2924, 1659, 1566, 1497, 1453, 1439, 1373, 1332, 1262, 1202, 

1158, 1114, 1090, 1071, 1029, 1000, 972, 952 cm
-1

; 
1
H NMR (CDCl3, TMS, 400 MHz) δ 2.22 

(s, 3H, CH3), 5.05 (dd, 1H, J = 10.0, 4.0 Hz, CH), 5.28 (dd, 1H, J = 10.0, 4.0 Hz, CH), 6.35 

(d, 2H, J = 8.0 Hz, ArH), 6.46 (d, 1H, J = 8.4 Hz, ArH), 6.73-6.84 (m, 6H, ArH), 6.94 (br, 2H, 

ArH), 7.06-7.24 (m, 10H, ArH), 7.36-7.55 (m, 7H, ArH), 7.61 (d, 1H, J = 8.0 Hz, ArH), 
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7.80-7.88 (m, 4H, ArH), 7.95 (dd, 1H, J = 8.4, 2.0 Hz, ArH), 10.13 (d, 1H, J = 8.0 Hz, NH); 

31
P NMR (CDCl3, 162 MHz, 85% H3PO4) δ 30.34; MS (ESI) m/z (%): 847.7 (100) [M

+
+1]; 

HRMS (MALDI) Calcd. for C54H44N2O4PS
+1

(M
+
+1) requires 847.2755, Found: 847.2753. 

[α]
20

D = +108.6 (c 0.40, CHCl3).  

 

(R)-2-(bis(3,5-dimethylphenyl)phosphoryl)-N-((1S,2S)-2-(4-methylphenylsulfonamido)-1,2-di

phenylethyl)-1,1'-binaphthyl-2-carboxamide SI-2b. Yield: (297 mg, 78%). A pale yellow 

solid, m.p. 130-133 
o
C; IR (CH2Cl2)  3201, 3059, 3031, 2922, 1725, 1660, 1620, 1566, 1498, 

1452, 1422, 1375, 1334, 1305, 1272, 1224, 1203, 1159, 1122, 1092, 1065, 1007, 973, 953 

cm
-1

; 
1
H NMR (CDCl3, TMS, 400 MHz) δ 1.95 (s, 6H, CH3), 2.22 (s, 3H, CH3), 2.38 (s, 6H, 

CH3), 4.98 (dd, 1H, J = 11.6, 3.6 Hz, CH), 5.29 (dd, 1H, J = 11.6, 3.6 Hz, CH), 6.23 (d, 1H, J 

= 7.6 Hz, ArH), 6.45 (s, 1H, ArH), 6.55 (d, 1H, J = 7.6 Hz, ArH), 6.70-6.81 (m, 6H, ArH), 

6.88-7.03 (m, 3H, ArH), 7.10-7.24 (m, 9H, ArH), 7.39-7.50 (m, 4H, ArH), 7.57-7.72 (m, 4H, 

ArH), 7.86 (d, 1H, J = 8.4 Hz, ArH), 8.02 (dd, 1H, J = 8.4, 2.0 Hz, ArH), 8.22 (dd, 1H, J = 

8.4, 1.6 Hz, ArH), 10.28 (d, 1H, J = 9.2 Hz, NH); 
31

P NMR (CDCl3, 162 MHz, 85% H3PO4) δ 

29.39; MS (ESI) m/z (%): 903.7 (100) [M
+
+1]; HRMS (MALDI) Calcd. for 

C58H52N2O4PS
+1

(M
+
+1) requires 903.3388, Found: 903.3380. [α]

20
D = +48.0 (c 0.15, CHCl3).  

 

(R)-2-(bis(3,5-dimethoxyphenyl)phosphoryl)-N-((1S,2S)-2-(4-methylphenylsulfonamido)-1,2-

diphenylethyl)-1,1'-binaphthyl-2-carboxamide SI-2c. Yield: (319 mg, 75%). A pale yellow 

solid, m.p. 137-139 
o
C; IR (CH2Cl2)  3210, 3060, 3002, 2933, 2838, 1723, 1660, 1585, 1498, 

1453, 1419, 1373, 1335, 1303, 1289, 1257, 1206, 1161, 1091, 1063, 973, 953, 925 cm
-1

; 
1
H 

NMR (CDCl3, TMS, 400 MHz) δ 2.22 (s, 3H, CH3), 3.22 (s, 6H, OCH3), 3.78 (s, 6H, OCH3), 

4.99 (dd, 1H, J = 9.2, 3.6 Hz, CH), 5.30 (dd, 1H, J = 9.2, 3.6 Hz, CH), 5.89 (s, 1H, ArH), 

6.25-6.28 (m, 4H, ArH), 6.53 (d, 1H, J = 8.4 Hz, ArH), 6.66 (s, 1H, ArH), 6.75-6.91 (m, 4H, 

ArH), 6.93-7.04 (m, 3H, ArH), 7.14-7.21 (m, 9H, ArH), 7.38-7.45 (m, 3H, ArH), 7.53 (d, 1H, 

J = 8.0 Hz, ArH), 7.65-7.72 (m, 2H, ArH), 7.86 (d, 1H, J = 8.0 Hz, ArH), 7.95 (d, 1H, J = 9.6 

Hz, ArH), 8.02 (d, 1H, J = 6.8 Hz, ArH), 10.09 (d, 1H, J = 9.2 Hz, NH); 
31

P NMR (CDCl3, 

162 MHz, 85% H3PO4) δ 30.61; MS (ESI) m/z (%): 967.9 (100) [M
+
+1]; HRMS (MALDI) 

Calcd. for C58H52N2O8PS
+1

(M
+
+1) requires 967.3192, Found: 967.3177. [α]

20
D = +58.3 (c 

0.40, CHCl3).  
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Synthesis of the precatalysts SI-3.
3
 To a dried Schlenk tube was added triphenylphosphine 

oxide (1.5 mmol) and trifluoromethanesulfonic anhydride (1.5 mmol) in CH2Cl2 (5.0 mL) at 0 

o
C, and the mixture was stirred at 0 

o
C for 0.5 h. Then the solution of precatalyst SI-2 (0.50 

mmol) in CH2Cl2 (5.0 mL) was added slowly via syringe. After the completion of the addition, 

the mixture was stirred at 0 
o
C for 3 h. The reaction was quenched with saturated NaHCO3 

(aq), and the aqueous layer was extracted with CH2Cl2. The combined organic phase was dried 

over anhydrous Na2SO4, and the solvent was removed under vacuum. The residue was 

purified by silica gel column chromatography (PE/EA=1/1) to give crude product SI-3 (mixed 

with triphenylphosphine oxide).  

 

Synthesis of the chiral imidazoline-phosphine ligands L9-L14. To a dried Schlenk tube 

filled with argon was added crude precatalyst SI-3 with Et3N (10.0 equiv) in 15 mL anhydrous 

toluene. The mixture was stirred at 0 
o
C for 10 min, and 10.0 equiv of HSiCl3 was added at 0 

o
C and the mixture was stirred at that temperature for 0.5 h. Then the mixture was allowed to 

warm to room temperature and stirred under reflux overnight. After cooling to room 

temperature, the reaction was quenched with saturated NaHCO3 (aq), precipitates settled out, 

and the aqueous layer was extracted with EtOAc. The combined organic phase was washed 

with brine and dried over anhydrous Na2SO4, and the solvent was removed under vacuum. 

The residue was purified by silica gel column chromatography (PE/EA=5/1) to give the 

desired product as pale yellow solid. 

 

(4S,5S)-2-((R)-2'-(diphenylphosphino)-1,1'-binaphthyl-2-yl)-4,5-diphenyl-1-tosyl-4,5-dihydro-

1H-imidazoline L9. Yield: (110 mg, 55% for two steps). A pale yellow solid, m.p. 150-153 

o
C; IR (CH2Cl2)  3397, 3055, 2973, 2925, 1725, 1642, 1595, 1479, 1433, 1371, 1306, 1277, 

1247, 1205, 1185, 1167, 1089, 1026, 963 cm
-1

; 
1
H NMR (CDCl3, TMS, 400 MHz) δ 2.24 (s, 

3H, CH3), 4.49 (d, 1H, J = 6.0 Hz, CH), 4.54 (d, 1H, J = 6.0 Hz, CH), 5.85 (d, 2H, J = 7.2 Hz, 

ArH), 6.68 (d, 1H, J = 8.4 Hz, ArH), 6.78-6.89 (m, 9H, ArH); 6.91-7.01 (m, 5H, ArH), 

7.07-7.11 (m, 4H, ArH), 7.12-7.19 (m, 5H, ArH), 7.32 (q, 2H, J = 6.0 Hz, ArH), 7.53 (t, 2H, J 

= 8.8 Hz, ArH), 7.80 (d, 1H, J = 8.4 Hz, ArH), 7.91 (d, 1H, J = 8.4 Hz, ArH), 7.98-8.03 (m, 

3H, ArH), 8.15 (d, 1H, J = 8.0 Hz, ArH); 
31

P NMR (CDCl3, 162 MHz, 85% H3PO4) δ -14.82; 

MS (ESI) m/z (%): 813.6 (100) [M
+
+1]; HRMS (MALDI) Calcd. for C54H42N2O2PS

+1
(M

+
+1) 

requires 817.2702, Found: 817.2699. [α]
20

D = +36.5 (c 0.45, CHCl3).  
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(4R,5R)-2-((R)-2'-(diphenylphosphino)-1,1'-binaphthyl-2-yl)-4,5-diphenyl-1-tosyl-4,5-dihydro

-1H-imidazoline L10. Yield: (199 mg, 63% for two steps). A pale yellow solid, m.p. 147-150 

o
C; IR (CH2Cl2)  3401, 3055, 2970, 2925, 1725, 1655, 1590, 1479, 1433, 1389, 1306, 1271, 

1239, 1198, 1185, 1165, 1089, 1026, 969 cm
-1

; 
1
H NMR (CDCl3, TMS, 400 MHz) δ 2.20 (s, 

3H, CH3), 4.51 (d, 1H, J = 6.0 Hz, CH), 4.53 (d, 1H, J = 6.0 Hz, CH), 5.98 (d, 2H, J = 7.8 Hz, 

ArH), 6.68 (d, 1H, J = 7.8 Hz, ArH), 6.78-6.89 (m, 9H, ArH); 6.91-7.03 (m, 6H, ArH), 

7.07-7.13 (m, 3H, ArH), 7.12-7.19 (m, 5H, ArH), 7.32 (q, 2H, J = 6.0 Hz, ArH), 7.53 (t, 2H, J 

= 8.4 Hz, ArH), 7.80 (d, 1H, J = 8.0 Hz, ArH), 7.91 (d, 1H, J = 8.0 Hz, ArH), 7.98-8.01 (m, 

3H, ArH), 8.15 (d, 1H, J = 8.0 Hz, ArH); 
31

P NMR (CDCl3, 162 MHz, 85% H3PO4) δ -14.69; 

MS (ESI) m/z (%): 813.6 (100) [M
+
+1]; HRMS (MALDI) Calcd. for C54H42N2O2PS

+1
(M

+
+1) 

requires 817.2702, Found: 817.2698. [α]
20

D = -19.5 (c 0.35, CHCl3).  

 

(4S,5S)-2-((S)-2'-(diphenylphosphino)-1,1'-binaphthyl-2-yl)-4,5-diphenyl-1-tosyl-4,5-dihydro-

1H-imidazoline L11. Yield: (237 mg, 49% for two steps). A pale yellow solid, m.p. 151-153 

o
C; IR (CH2Cl2)  3358, 3075, 2900, 1755, 1642, 1602, 1598, 1459, 1430, 1361, 1300, 1277, 

1247, 1215, 1195, 1165, 1089, 1007, 960 cm
-1

; 
1
H NMR (CDCl3, TMS, 400 MHz) δ 2.20 (s, 

3H, CH3), 4.50 (d, 1H, J = 5.2 Hz, CH), 4.59 (d, 1H, J = 5.2 Hz, CH), 5.85 (d, 2H, J = 7.2 Hz, 

ArH), 6.68 (d, 1H, J = 8.4 Hz, ArH), 6.78-6.89 (m, 9H, ArH); 6.91-7.01 (m, 5H, ArH), 

7.07-7.11 (m, 4H, ArH), 7.12-7.19 (m, 4H, ArH), 7.22 (s, 1H, ArH), 7.32 (q, 2H, J = 6.0 Hz, 

ArH), 7.53 (t, 2H, J = 8.4 Hz, ArH), 7.80 (d, 1H, J = 8.0 Hz, ArH), 7.91 (d, 1H, J = 8.0 Hz, 

ArH), 7.98-8.03 (m, 3H, ArH), 8.15 (d, 1H, J = 8.0 Hz, ArH); 
31

P NMR (CDCl3, 162 MHz, 

85% H3PO4) δ -14.70; MS (ESI) m/z (%): 813.6 (100) [M
+
+1]; HRMS (MALDI) Calcd. for 

C54H42N2O2PS
+1

(M
+
+1) requires 817.2702, Found: 817.2698. [α]

20
D = +16.8 (c 0.45, CHCl3).  

 

(4R,5R)-2-((S)-2'-(diphenylphosphino)-1,1'-binaphthyl-2-yl)-4,5-diphenyl-1-tosyl-4,5-dihydro

-1H-imidazoline L12. Yield: (186 mg, 59% for two steps). A pale yellow solid, m.p. 155-158 

o
C; IR (CH2Cl2)  3411, 3380, 3055, 3020, 2973, 2925, 1725, 1642, 1608, 1479, 1433, 1371, 

1300, 1277, 1247, 1205, 1175, 1157, 1089, 1026, 960, 895 cm
-1

; 
1
H NMR (CDCl3, TMS, 400 

MHz) δ 2.26 (s, 3H, CH3), 4.48 (d, 1H, J = 6.0 Hz, CH), 4.54 (d, 1H, J = 6.0 Hz, CH), 5.85 (d, 

1H, J = 7.2 Hz, ArH), 6.68 (d, 1H, J = 7.2 Hz, ArH), 6.79-6.92 (m, 9H, ArH), 6.97-7.03 (m, 

5H, ArH), 7.09-7.12 (m, 4H, ArH), 7.18-7.24 (m, 5H, ArH), 7.31-7.36 (m, 2H, ArH), 

7.51-7.56 (m, 2H, ArH), 7.80 (d, 1H, J = 8.8 Hz, ArH), 7.92 (d, 1H, J = 8.4 Hz, ArH), 

7.98-8.04 (m, 3H, ArH), 8.16 (d, 1H, J = 8.4 Hz, ArH); 
31

P NMR (CDCl3, 162 MHz, 85% 
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H3PO4) δ -14.84; MS (ESI) m/z (%): 813.6 (100) [M
+
+1]; HRMS (MALDI) Calcd. for 

C54H42N2O2PS
+1

(M
+
+1) requires 817.2702, Found: 817.2700. [α]

20
D = -36.1 (c 0.40, CHCl3).  

 

(4S,5S)-2-((R)-2'-( 

bis(3,5-dimethylphenyl)phosphino)-1,1'-binaphthyl-2-yl)-4,5-diphenyl-1-tosyl-4,5-dihydro-1

H-imidazoline L13. Yield: (138 mg, 50% for two steps). A pale yellow solid, m.p. 150-153 

o
C; IR (CH2Cl2)  3395, 3152, 2958, 2925, 1886, 1725, 1642, 1590, 1485, 1433, 1371, 1316, 

1277, 1207, 1185, 1167, 1075, 1029, 1001, 903 cm
-1

; 
1
H NMR (CDCl3, TMS, 400 MHz) δ

 

1.88 (s, 6H, CH3), 2.01 (s, 6H, CH3), 2.24 (s, 3H, CH3), 4.48 (dd, 2H, J = 8.0, 6.0 Hz, CH), 

5.84 (d, 2H, J = 7.2 Hz, ArH), 6.43 (d, 2H, J = 7.2 Hz, ArH), 6.69-6.91 (m, 13H, ArH), 7.00 

(d, 1H, J = 7.2 Hz, ArH), 7.14-7.18 (m, 2H, ArH), 7.40 (d, 1H, J = 8.0 Hz, ArH), 7.51-7.66 

(m, 1H, ArH), 7.68 (d, 1H, J = 8.4 Hz, ArH), 7.82-8.00 (m, 3H, ArH), 8.04 (d, 1H, J = 8.4 Hz, 

ArH), 8.16 (d, 1H, J = 8.4 Hz, ArH); 
31

P NMR (CDCl3, 162 MHz, 85% H3PO4) δ -13.79; MS 

(ESI) m/z (%): 869.7 (100) [M
+
+1]; HRMS (MALDI) Calcd. for C58H50N2O2PS

+1
(M

+
+1) 

requires 869.3357, Found: 869.3325. [α]
20

D = +45.8 (c 0.40, CHCl3).  

 

(4S,5S)-2-((R)-2'-( 

bis(3,5-dimethoxyphenyl)phosphino)-1,1'-binaphthyl-2-yl)-4,5-diphenyl-1-tosyl-4,5-dihydro-

1H-imidazoline L14. Yield: (185 mg, 66% for two steps). A pale yellow solid, m.p. 156-159 

o
C; IR (CH2Cl2)  3403, 3295, 3155, 2993, 2725, 1825, 1769, 1642, 1595, 1479, 1333, 1306, 

1277, 1219, 1205, 1185, 1167, 1009, 958, 858 cm
-1

; 
1
H NMR (CDCl3, TMS, 400 MHz) δ 2.26 

(s, 3H, CH3), 3.36 (s, 6H, OCH3), 3.48 (s, 6H, OCH3), 4.46 (d, 1H, J = 6.0 Hz, CH), 4.58 (d, 

1H, J = 6.0 Hz, CH), 5.79 (d, 1H, J = 7.6 Hz, ArH), 6.00 (dd, 2H, J = 4.8, 2.4 Hz, ArH), 6.20 

(dt, 2H, J = 4.8, 2.4 Hz, ArH), 6.34 (dd, 2H, J = 7.2, 2.4 Hz, ArH), 6.63 (d, 1H, J = 8.0 Hz, 

ArH), 6.77-6.91 (m, 7H, ArH), 6.99 (t, 1H, J = 7.2 Hz, ArH), 7.15-7.24 (m, 5H, ArH), 

7.31-7.34 (m, 2H, ArH), 7.35-7.60 (m, 2H, ArH), 7.82 (d, 1H, J = 8.4 Hz, ArH), 7.90 (d, 1H, J 

= 8.4 Hz, ArH), 8.00 (t, 1H, J = 8.8 Hz, ArH), 8.03 (d, 1H, J = 8.4 Hz, ArH), 8.16 (d, 1H, J = 

8.4 Hz, ArH); 
31

P NMR (CDCl3, 162 MHz, 85% H3PO4) δ -9.88; MS (ESI) m/z (%): 934.0 

(100) [M
+
+1]; HRMS (MALDI) Calcd. for C58H50N2O6PS

+1
(M

+
+1) requires 933.3131, Found: 

933.3122. [α]
20

D = +47.0 (c 0.20, CHCl3).  
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4. Typical procedure for the zinc(II)-catalyzed asymmetric Mannich-type difluorination 

of hydrazone with difluoroenoxysilane 2. Zn(NTf2)2 (0.01 mmol) and chiral 

imidazoline-phosphine ligand L13 (0.02 mmol) were added into a Shlenk tube and then 

MeOH/THF (1/1) 1.0 mL was added into the reaction vessel. The resulting solution was 

allowed to stir for 2.0 h at room temperature (25 
o
C). Then hydrazone 0.10 mmol was added 

into the mixture, and the reaction mixture was cooled to 5 
o
C. A freshly prepared 

difluoroenoxysilane 2 (0.30 mmol) was added dropwise by syringe. The reaction mixture was 

allowed to stir for 24 h at 5 
o
C. After being quenched by addition of a saturated aqueous 

solution of NH4Cl (5.0 mL), the mixture was extracted by DCM and washed with brine. The 

organic layer was dried over anhydrous Na2SO4. Then the solvent was removed under reduced 

pressure and the residue was purified by flash column chromatography (SiO2) to give the 

corresponding product 3a. 

 

In the case of hydrazone 1r, bearing a 2-chlorobenzene group, the corresponding product 3r 

was given in low yield and ee, presumably due to the steric effect (Table SI-1, entry 17). 

However, substrate 1s, bearing a 3-nitrobenzene group afforded 3s in lower yield and 

enantioselectivity relatively (Table SI-1, entry 18). Experiments showed that hydrazone 1p [R 

= CH3(CH2)6], which bearing a sterically more bulky substituent than 1t, afforded 

difluorination product 3p in 60% ee, an increased enantioselectivity was achieved for the 

comparison of 3t (Table 3, entry 15 and Table SI-1, entry 19). Similar results were obtained 

for the comparison of the corresponding adducts 3q (R = cyclopropyl) and 3u (R = 

cyclohexyl) (up to 78% ee, Table 3, entry 16 and Table SI-1, entry 20).  

 

Table SI-1. Scope and limitations of Zn(NTf2)2-catalyzed asymmetric Mannich-type reaction 

of aromatic hydrazones with difluoroenoxysilane 2a. 
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5. Analytical data for Zn(NTf2)2-catalyzed Mannich-type adducts 3a-3u 

N-(2,2-difluoro-3-oxo-1,3-diphenylpropyl)benzohydrazide (3a).  

 

 

 

A pale yellow oil (79%, 30 mg); IR (acetone):  3293, 3064, 2374, 1775, 1702, 1697, 1676, 

1655, 1598, 1579, 1528, 1450, 1310, 1283, 1211, 1184, 1066, 907 cm
-1

; 
1
H NMR (300 MHz, 

CDCl3, TMS): δ 5.01 (t, 1H, J = 12.6 Hz, NH), 5.46 (br, 1H, CH), 7.34-7.60 (m, 13H, ArH), 

7.69 (s, 1H, BzNH), 7.95 (d, 2H, J = 7.8 Hz, ArH); 
13

C NMR (75 MHz, CDCl3, TMS): δ 66.5 

(dd, JC-F = 23.8, 21.1 Hz), 117.3 (t, JC-F = 259.1 Hz), 126.8, 128.5, 128.6, 129.1, 129.5, 129.9 
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(t, JC-F = 3.6 Hz), 131.9, 132.1, 132.4 (t, JC-F = 1.9 Hz), 132.7 (d, JC-F = 2.3 Hz), 134.2, 167.5, 

189.6 (t, JC-F = 28.7 Hz); 
19

F NMR (282 MHz, CDCl3, TMS): δ -111.5 (dd, 1F, J = 276, 12 

Hz), -114.0 (dd, 1F, J = 276, 14 Hz); MS (ESI) m/z (%): 381 (100) [M
+
+1]; HRMS (MALDI) 

Calcd. for C22H18F2N2O2Na
+1

(M
+
+1) requires 403.1234, Found: 403.1229. Enantiomeric 

excess was determined by HPLC with a Chiralcel OJ-H column (hexane/iPrOH = 60/40, 0.6 

mL/min, 230 nm, tminor = 25.55 min, tmajorr = 18.77 min; []
20

D = +29.3 (c 0.55, CHCl3), 93 % 

ee). 

 

N-(1-(4-chlorophenyl)-2,2-difluoro-3-oxo-3-phenylpropyl)benzohydrazide (3b).  

 

 

 

A pale yellow oil (75%, 31 mg); IR (acetone):  3293, 3064, 2925, 2854,1777, 1703, 1649, 

1598, 1579, 1527, 1492, 1467, 1449, 1310, 1282, 1211, 1184, 1091, 1016, 925, 908 cm
-1

; 
1
H 

NMR (300 MHz, CDCl3, TMS): δ 5.02 (t, 1H, J = 12.6 Hz, NH), 5.46 (br, 1H, CH), 7.30-7.51 

(m, 9H, ArH), 7.55-7.62 (m, 3H, ArH), 7.76 (d, 1H, J = 4.8 Hz, BzNH), 7.98 (d, 2H, J = 7.8 

Hz, ArH); 
13

C NMR (75 MHz, CDCl3, TMS): δ 65.9 (dd, JC-F = 23.3, 20.9 Hz), 117.0 (t, JC-F = 

261.1 Hz), 126.8, 128.6, 128.7, 128.8, 130.0 (t, JC-F = 3.5 Hz), 130.9, 131.4, 132.0, 132.1, 

132.3, 134.5, 135.2, 167.6, 189.3 (t, JC-F = 29.0 Hz); 
19

F NMR (282 MHz, CDCl3, TMS): δ 

-111.3 (dd, 1F, J = 278, 12 Hz), -114.3 (dd, 1F, J = 278, 16 Hz); MS (ESI) m/z (%): 415 (100) 

[M
+
+1]; HRMS (MALDI) Calcd. for C22H17ClF2N2O2Na

+1
(M

+
+1) requires 437.0844, Found: 

437.0839. Enantiomeric excess was determined by HPLC with a Chiralcel OD-H column 

(hexane/iPrOH = 80/20, 0.7 mL/min, 214 nm, tminor = 12.70 min, tmajorr = 14.85 min; []
20

D = 

+39.2 (c 1.05, CHCl3), 95 % ee). 

 

N-(1-(4-bromophenyl)-2,2-difluoro-3-oxo-3-phenylpropyl)benzohydrazide (3c).  
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A yellow oil (79%, 36 mg); IR (acetone):  3292, 3064, 2924, 2853,1778, 1704, 1645, 1597, 

1579, 1528, 1488, 1467, 1449, 1309, 1281, 1212, 1182, 1072, 1012, 925, 908 cm
-1

; 
1
H NMR 

(300 MHz, CDCl3, TMS): δ 4.99 (t, 1H, J = 12.3 Hz, NH), 5.45 (d, 1H, J = 3.3 Hz, CH), 

7.36-7.51 (m, 9H, ArH), 7.55-7.63 (m, 3H, ArH), 7.73 (d, 1H, J = 6.0 Hz, BzNH), 7.98 (d, 

2H, J = 7.8 Hz, ArH); 
13

C NMR (75 MHz, CDCl3, TMS): δ 65.9 (dd, JC-F = 23.6, 20.3 Hz), 

116.9 (t, JC-F = 260.0 Hz), 123.4, 126.8, 128.6, 128.7, 130.0 (t, JC-F = 3.4 Hz), 131.2, 131.7, 

131.9, 132.1, 132.3, 134.5, 167.6, 189.2 (t, JC-F = 28.7 Hz); 
19

F NMR (282 MHz, CDCl3, 

TMS): δ -111.1 (dd, 1F, J = 279, 12 Hz), -114.5 (dd, 1F, J = 279, 14 Hz); MS (ESI) m/z (%): 

460 (97) [M
+
+1]; HRMS (MALDI) Calcd. for C22H17BrF2N2O2

+1
(M

+
+1) requires 459.0518, 

Found: 459.0514. Enantiomeric excess was determined by HPLC with a Chiralcel IC-H 

column (hexane/iPrOH = 90/10, 0.6 mL/min, 214 nm, tminor = 27.45 min, tmajorr = 29.36 min; 

[]
20

D = +55.3 (c 2.00, CHCl3), 96 % ee). 

 

N-(2,2-difluoro-1-(4-fluorophenyl)-3-oxo-3-phenylpropyl)benzohydrazide (3d). 

 

 

 

A colorless oil (83%, 33 mg); IR (CH2Cl2):  3295, 3062, 1698, 1650, 1600, 1579, 1510, 

1462, 1450, 1266, 1228, 1161, 1102, 1066, 1027, 1001, 965, 907 cm
-1

; 
1
H NMR (400 MHz, 

CDCl3, TMS): δ 5.03 (td, 1H, J = 14.0, 2.0 Hz, CH), 5.59 (dd, 1H, J = 5.6, 2.4 Hz, NH), 6.98 

(t, 2H, J = 7.6 Hz, ArH), 7.33 (t, 2H, J = 7.6 Hz, ArH), 7.37-7.46 (m, 5H, ArH), 7.55 (d, 3H, J 

= 8.0 Hz, ArH), 7.94 (d, 2H, J = 8.0 Hz, ArH), 8.03 (d, 1H, J = 6.0 Hz, BzNH); 
13

C NMR 

(100 MHz, CDCl3, TMS): δ 65.6 (dd, JC-F = 23.5, 20.3 Hz), 115.4 (d, JC-F = 21.2 Hz), 117.1 (t, 

JC-F = 258.5 Hz), 126.8, 128.5, 128.6, 129.9 (t, JC-F = 3.4 Hz), 131.3 (d, JC-F = 8.5 Hz), 132.0, 

132.3, 134.3, 163.0 (d, JC-F = 247.0 Hz), 167.6, 189.4 (t, JC-F = 28.7 Hz); 
19

F NMR (376 MHz, 

CDCl3, TMS): δ -106.1 (dd, 1F, J = 277, 12 Hz), -108.8 (dd, 1F, J = 277, 14 Hz), -112.1; MS 

(ESI) m/z (%): 421.3 (100) [M+Na]
+
; HRMS (MALDI) Calcd. for C22H17F3N2O2Na

+1 

(M+Na)
+
 requires 421.1136, Found: 421.1134. Enantiomeric excess was determined by HPLC 

with a Chiralcel OD-H column (hexane/iPrOH = 80/20, 0.7 mL/min, 230 nm, tminor = 15.08 

min, tmajorr = 17.47 min; []
20

D = +22.2 (c 0.85, CHCl3), 93 % ee). 
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N-(2,2-difluoro-3-oxo-3-phenyl-1-p-tolylpropyl)benzohydrazide (3e).  

 

 

 

A pale yellow oil (73%, 29 mg); IR (acetone):  3294, 3061, 3030, 2923, 2860, 1779, 1706, 

1648, 1598, 1579, 1515, 1449, 1309, 1283, 1183, 1126, 1068, 1026, 925 cm
-1

; 
1
H NMR (300 

MHz, CDCl3, TMS): δ 2.33 (s, 3H, CH3), 4.96 (t, 1H, J = 13.5 Hz, NH), 5.44 (d, 1H, J = 5.1 

Hz, CH), 7.15 (d, 2H, J = 7.8 Hz, ArH), 7.35-7.51 (m, 7H, ArH), 7.57 (d, 3H, J = 6.9 Hz, 

ArH), 7.63 (d, 1H, J = 4.8 Hz, BzNH), 7.97 (d, 2H, J = 7.5 Hz, ArH); 
13

C NMR (75 MHz, 

CDCl3, TMS): δ 21.2, 66.5 (dd, JC-F = 21.3, 2.4 Hz), 118.2 (t, JC-F = 302.0 Hz), 126.8, 128.6, 

129.3 (d, JC-F = 3.2 Hz), 129.7, 130.0 (t, JC-F = 3.5 Hz), 132.0, 132.2, 132.6, 134.3, 139.1, 

167.3, 189.7 (t, JC-F = 29.5 Hz); 
19

F NMR (282 MHz, CDCl3, TMS): δ -111.7 (dd, 1F, J = 277, 

13 Hz), -114.0 (dd, 1F, J = 277, 14 Hz); MS (ESI) m/z (%): 395 (100) [M
+
+1]; HRMS 

(MALDI) Calcd. for C23H21F2N2O2
+1

(M
+
+1) requires 395.1574, Found: 395.1565. 

Enantiomeric excess was determined by HPLC with a Chiralcel AD-H column (hexane/iPrOH 

= 80/20, 0.7 mL/min, 230 nm, tminor = 19.67 min, tmajorr = 23.60 min; []
20

D = +37.8 (c 1.50, 

CHCl3), 92 % ee). 

 

N-(2,2-difluoro-1-(4-methoxyphenyl)-3-oxo-3-phenylpropyl)benzohydrazide (3f).  

 

 

 

A pale yellow oil (87%, 36 mg); IR (acetone):  3298, 3065, 3003, 2958, 2934, 2838, 1775, 

1709, 1642, 1612, 1580, 1514, 1449, 1363, 1306, 1253, 1179, 1125, 1072, 1027, 925 cm
-1

; 
1
H 

NMR (300 MHz, CDCl3, TMS): δ 3.78 (s, 3H, OCH3), 4.99 (dt, 1H, J = 14.4, 1.8 Hz, NH), 

5.41 (d, 1H, J = 4.5 Hz, CH), 6.85 (d, 2H, J = 8.7 Hz, ArH), 7.35-7.50 (m, 7H, ArH), 

7.55-7.60 (m, 3H, ArH), 7.69 (d, 1H, J = 6.0 Hz, BzNH), 7.96 (d, 2H, J = 7.2 Hz, ArH); 
13

C 

NMR (75 MHz, CDCl3, TMS): δ 55.2, 66.1 (dd, JC-F = 22.9, 21.0 Hz), 113.9, 119.2 (t, JC-F = 

130.2 Hz), 124.6 (d, JC-F = 2.7 Hz), 126.8, 128.6, 130.0 (t, JC-F = 3.4 Hz), 130.7, 131.9, 132.2, 
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132.5, 134.2, 160.1, 167.3, 189.7 (t, JC-F = 28.3 Hz); 
19

F NMR (282 MHz, CDCl3, TMS): δ 

-112.0 (dd, 1F, J = 292, 14 Hz), -113.9 (dd, 1F, J = 292, 13 Hz); MS (ESI) m/z (%): 411 (100) 

[M
+
+1]; HRMS (MALDI) Calcd. for C23H21F2N2O3

+1
(M

+
+1) requires 411.1520, Found: 

411.1515. Enantiomeric excess was determined by HPLC with a Chiralcel IC-H column 

(hexane/iPrOH = 85/15, 0.6 mL/min, 214 nm, tminor = 34.63 min, tmajorr = 36.93 min; []
20

D = 

+50.1 (c 1.50, CHCl3), 94 % ee). 

 

N-(2,2-difluoro-1-(4-nitrophenyl)-3-oxo-3-phenylpropyl)benzohydrazide (3g). 

 

 

 

 A pale yellow solid, m.p. 130-133 
o
C; (79%, 33 mg); IR (CH2Cl2):  3294, 3065, 2925, 

1924, 1818, 1698, 1650, 1599, 1579, 1522, 1465, 1449, 1346, 1310, 1279, 1209, 1182, 1126, 

1068, 1027, 1016, 975, 907 cm
-1

; 
1
H NMR (400 MHz, CDCl3, TMS): δ 5.18 (t, 1H, J = 12.0 

Hz, CH), 5.57 (br, 1H, NH), 7.35 (t, 2H, J = 8.0 Hz, ArH), 7.43-7.49 (m, 3H, ArH), 7.55-7.57 

(m, 2H, ArH), 7.62 (t, 1H, J = 7.2 Hz, ArH), 7.70 (d, 2H, J = 8.0 Hz, ArH), 7.94 (d, 1H, J = 

4.8 Hz, BzNH), 8.01 (d, 2H, J = 8.0 Hz, ArH), 8.15 (d, 2H, J = 8.0 Hz, ArH); 
13

C NMR (100 

MHz, CDCl3, TMS): δ 65.6 (dd, JC-F = 23.7, 20.6 Hz), 116.7 (t, JC-F = 261.0 Hz), 123.5, 126.8, 

128.6, 128.8, 129.9 (t, JC-F = 4.3 Hz), 130.7, 131.7, 132.0, 132.2, 134.7, 140.3, 148.2, 167.8, 

188.7 (t, JC-F = 28.8 Hz); 
19

F NMR (376 MHz, CDCl3, TMS): δ -104.3 (dd, 1F, J = 287, 11 

Hz), -109.1 (dd, 1F, J = 287, 16 Hz); MS (ESI) m/z (%): 448.4 (100) [M+Na]
+
; HRMS 

(MALDI) Calcd. for C22H17F2N3O4Na
+1 

(M+Na)
+
 requires 448.1080, Found: 448.1079. 

Enantiomeric excess was determined by HPLC with a Chiralcel OD-H column (hexane/iPrOH 

= 70/30, 0.7 mL/min, 230 nm, tminor = 15.68 min, tmajorr = 21.75 min; []
20

D = +31.7 (c 1.05, 

CHCl3), 90 % ee). 

 

N-(1-(4-cyanophenyl)-2,2-difluoro-3-oxo-3-phenylpropyl)benzohydrazide (3h). 

 

Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2012



 S15 

 

 

 A pale yellow oil (67%, 27 mg); IR (CH2Cl2):  3296, 3061, 2925, 2854, 2230, 1969, 1920, 

1818, 1698, 1651, 1598, 1579, 1504, 1465, 1450, 1417, 1308, 1266, 1209, 1184, 1126, 1067, 

1025, 1001, 925, 907 cm
-1

; 
1
H NMR (400 MHz, CDCl3, TMS): δ 5.12 (td, 1H, J = 11.2, 3.2 

Hz, CH), 5.52 (dd, 1H, J = 6.0, 3.2 Hz, NH), 7.38 (t, 2H, J = 7.2 Hz, ArH), 7.43-7.51 (m, 3H, 

ArH), 7.55 (dd, 2H, J = 7.6, 1.2 Hz, ArH), 7.60-7.66 (m, 5H, ArH), 7.90 (d, 1H, J = 6.0 Hz, 

BzNH), 8.00 (d, 2H, J = 7.6 Hz, ArH); 
13

C NMR (100 MHz, CDCl3, TMS): δ 65.9 (dd, JC-F = 

23.9, 20.5 Hz), 112.9, 116.7 (t, JC-F = 260.6 Hz), 118.3, 126.8, 128.6, 128.8, 130.0 (t, JC-F = 

3.6 Hz), 130.5, 131.7, 132.0, 132.1, 132.2, 134.7, 138.4, 167.7, 188.8 (t, JC-F = 29.3 Hz); 
19

F 

NMR (376 MHz, CDCl3, TMS): δ -104.5 (dd, 1F, J = 286, 12 Hz), -109.1 (dd, 1F, J = 286, 15 

Hz); MS (ESI) m/z (%): 428.4 (100) [M+Na]
+
; HRMS (MALDI) Calcd. for 

C23H17F2N3O2Na
+1 

(M+Na)
+
 requires 428.1184, Found: 428.1181. Enantiomeric excess was 

determined by HPLC with a Chiralcel AD-H column (hexane/iPrOH = 70/30, 0.6 mL/min, 

214 nm, tminor = 22.74 min, tmajorr = 28.87 min; []
20

D = +55.1 (c 1.00, CHCl3), 91 % ee). 

 

N-(2,2-difluoro-3-oxo-3-phenyl-1-(4-(trifluoromethyl)phenyl)propyl)benzohydrazide (3i). 

 

 

 

A colorless solid, m.p. 128-131 
o
C; (69%, 31 mg); IR (CH2Cl2):  3376, 3242, 3066, 2925, 

1920, 1821, 1696, 1671, 1660, 1597, 1580, 1515, 1450, 1423, 1325, 1296, 1270, 1216, 1157, 

1121, 1068, 1020, 957, 926, 906 cm
-1

; 
1
H NMR (400 MHz, CDCl3, TMS): δ 5.11 (td, 1H, J = 

14.0, 2.0 Hz, CH), 5.51 (br, 1H, NH), 7.33 (t, 2H, J = 7.6 Hz, ArH), 7.40-7.48 (m, 3H, ArH), 

7.53-7.64 (m, 7H, ArH), 7.92 (d, 1H, J = 5.6 Hz, BzNH), 7.97 (d, 2H, J = 7.6 Hz, ArH); 
13

C 

NMR (100 MHz, CDCl3, TMS): δ 66.0 (dd, JC-F = 24.1, 21.0 Hz), 116.9 (t, JC-F = 257.6 Hz), 

123.7 (q, JC-F = 270.8 Hz), 125.4 (q, JC-F = 3.7 Hz), 126.8, 128.6, 128.7, 130.0 (t, JC-F = 3.6 
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Hz), 130.1, 131.0 (q, JC-F = 32.5 Hz), 131.8, 132.1, 134.6, 137.0, 167.7, 189.1 (t, JC-F = 28.9 

Hz); 
19

F NMR (376 MHz, CDCl3, TMS): δ -62.8, -104.8 (dd, 1F, J = 283, 12 Hz), -108.9 (dd, 

1F, J = 283, 15 Hz); MS (ESI) m/z (%): 471.4 (100) [M+Na]
+
; HRMS (MALDI) Calcd. for 

C23H17F5N2O2Na
+1 

(M+Na)
+
 requires 471.1104, Found: 471.1102. Enantiomeric excess was 

determined by HPLC with a Chiralcel OD-H column (hexane/iPrOH = 80/20, 0.6 mL/min, 

230 nm, tminor = 15.60 min, tmajorr = 18.92 min; []
20

D = +21.6 (c 0.95, CHCl3), 90 % ee). 

 

N-(1-(3-chlorophenyl)-2,2-difluoro-3-oxo-3-phenylpropyl)benzohydrazide (3j).  

 

 

 

A pale yellow oil (71%, 29 mg); IR (acetone):  3303, 3066, 3003, 2922, 1968, 1908, 1818, 

1779, 1715, 1638, 1598, 1579, 1528, 1449, 1361, 1309, 1282, 1220, 1186, 1055, 1027, 1001, 

933, 910 cm
-1

; 
1
H NMR (300 MHz, CDCl3, TMS): δ 5.00 (dt, 1H, J = 11.4, 1.8 Hz, NH), 5.45 

(d, 1H, J = 3.9 Hz, CH), 7.26-7.31 (m, 3H, ArH), 7.34-7.41 (m, 3H, ArH), 7.43-7.46 (m, 2H, 

ArNH), 7.48-7.62 (m, 4H, ArH), 7.77 (d, 1H, J = 5.7 Hz, BzNH), 7.98 (d, 2H, J = 7.2 Hz, 

ArH); 
13

C NMR (75 MHz, CDCl3, TMS): δ 66.0 (dd, JC-F = 23.5, 20.6 Hz), 116.9 (t, JC-F = 

255 Hz), 126.8, 127.9, 128.6, 128.7, 129.3, 129.6, 129.8, 130.0 (t, JC-F = 3.3 Hz), 131.9, 132.0, 

132.3 (t, JC-F = 2.6 Hz), 134.4, 134.5, 134.9 (d, JC-F = 2.6 Hz), 167.6, 189.2 (t, JC-F = 28.3 Hz); 

19
F NMR (282 MHz, CDCl3, TMS): δ -110.8 (dd, 1F, J = 280, 11 Hz), -114.5 (dd, 1F, J = 280, 

16 Hz); MS (ESI) m/z (%): 415 (100) [M
+
+1]; HRMS (MALDI) Calcd. for 

C22H17ClF2N2O2
+1

(M
+
+1) requires 415.1026, Found: 415.1019. Enantiomeric excess was 

determined by HPLC with a Chiralcel OD-H column (hexane/iPrOH = 90/10, 0.7 mL/min, 

214 nm, tminor = 23.63 min, tmajorr = 26.93 min; []
20

D = +33.3 (c 1.55, CHCl3), 94 % ee). 

 

N-(2,2-difluoro-1-(naphthalen-1-yl)-3-oxo-3-phenylpropyl)benzohydrazide (3k). 
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 A yellow oil (69%, 29 mg); IR (acetone):  3292, 3062, 2925, 1919, 1779, 1704, 1656, 1598, 

1579, 1514, 1468, 1449, 1362, 1310, 1277, 1184, 1125, 1069, 1028, 908 cm
-1

; 
1
H NMR (300 

MHz, CDCl3, TMS): δ 5.56 (br, 1H, CH), 5.92 (t, 1H, J = 12.0 Hz, NH), 7.29-7.36 (m, 4H, 

ArH), 7.40-7.54 (m, 7H, ArH), 7.82-7.89 (m, 6H, ArNH), 8.15 (br, 1H, BzNH); 
13

C NMR (75 

MHz, CDCl3, TMS): δ 60.5 (dd, JC-F = 22.9, 21.2 Hz), 117.9 (t, JC-F = 258.1 Hz), 124.9, 125.7, 

126.7, 126.8, 128.4, 128.5, 128.7, 128.9, 129.8, 129.9 (t, JC-F = 3.4 Hz), 131.9, 132.0, 132.2, 

132.6, 133.7, 134.2, 167.5, 189.9 (t, JC-F = 43.0 Hz); 
19

F NMR (282 MHz, CDCl3, TMS): δ 

-109.1 (dd, 1F, J = 274, 8 Hz), -113.1 (dd, 1F, J = 274, 11 Hz); MS (ESI) m/z (%): 431 (100) 

[M
+
+1]; HRMS (MALDI) Calcd. for C26H21F2N2O2

+1
(M

+
+1) requires 431.1570, Found: 

431.1565. Enantiomeric excess was determined by HPLC with a Chiralcel IC-H column 

(hexane/iPrOH = 70/30, 0.6 mL/min, 214 nm, tminor = 18.49 min, tmajorr = 13.97 min; []
20

D = 

-9.5 (c 1.05, CHCl3), 91 % ee). 

 

N-(2,2-difluoro-1-(naphthalen-2-yl)-3-oxo-3-phenylpropyl)benzohydrazide (3l). 

 

 

 

 A pale yellow oil (72%, 31 mg); IR (CH2Cl2):  3293, 3059, 2925, 2852, 1919, 1817, 1698, 

1657, 1599, 1580, 1510, 1450, 1372, 1309, 1266, 1184, 1121, 1068, 1027, 1001, 963, 909 

cm
-1

; 
1
H NMR (400 MHz, CDCl3, TMS): δ 5.20 (td, 1H, J = 14.0, 2.4 Hz, CH), 5.59 (dd, 1H, 

J = 6.0, 2.4 Hz, NH), 7.28 (t, 2H, J = 8.0 Hz, ArH), 7.34-7.47 (m, 5H, ArH), 7.51-7.53 (m, 

3H, ArH), 7.61 (d, 1H, J = 8.0 Hz, BzNH), 7.74-7.80 (m, 3H, ArH), 7.88-7.96 (m, 4H, ArH); 

13
C NMR (100 MHz, CDCl3, TMS): δ 66.6 (dd, JC-F = 23.8, 21.2 Hz), 117.4 (t, JC-F = 257.0 

Hz), 126.2, 126.5, 126.6, 126.8, 127.6, 128.1, 128.3, 128.5, 128.6, 129.5, 130.0 (t, JC-F = 3.9 

Hz), 130.2, 131.9, 132.1, 132.4, 132.9, 133.5, 134.3, 167.5, 189.5 (t, JC-F = 28.4 Hz); 
19

F NMR 

(376 MHz, CDCl3, TMS): δ -105.3 (dd, 1F, J = 277, 12 Hz), -108.0 (dd, 1F, J = 277, 15 Hz); 

MS (ESI) m/z (%): 453.5 (100) [M+Na]
+
; HRMS (MALDI) Calcd. for C26H20F2N2O2Na

+1 

(M+Na)
+
 requires 453.1384, Found: 453.1385. Enantiomeric excess was determined by HPLC 

with a Chiralcel IC-H column (hexane/iPrOH = 80/20, 0.6 mL/min, 230 nm, tminor = 25.58 

min, tmajorr = 23.68 min; []
20

D = +56.3 (c 0.85, CHCl3), 94 % ee). 

 

N-(2,2-difluoro-1-(furan-2-yl)-3-oxo-3-phenylpropyl)benzohydrazide (3m). 
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A pale yellow oil (77%, 26 mg); IR (acetone):  3293, 3063, 2926, 2285, 1969, 1911, 1707, 

1648, 1598, 1580, 1534, 1450, 1311, 1279, 1201, 1185, 1128, 1062, 1027, 1001, 917, 809 

cm
-1

; 
1
H NMR (300 MHz, CDCl3, TMS): δ 5.15 (dt, 1H, J = 10.2, 3.0 Hz, NH), 5.59 (br, 1H, 

CH), 6.35 (dd, 1H, J = 3.3, 1.8 Hz, ArH), 6.50 (d, 1H, J = 3.3 Hz, ArH), 7.37-7.52 (m, 6H, 

ArH), 7.59-7.76 (m, 3H, ArH), 7.77 (d, 1H, J = 3.6 Hz, BzNH), 8.03 (d, 2H, J = 8.1 Hz, ArH); 

13
C NMR (75 MHz, CDCl3, TMS): δ 60.6 (dd, JC-F = 24.2, 22.1 Hz), 110.7, 111.3, 120.1 (t, 

JC-F = 261 Hz), 126.9, 128.7, 130.0 (t, JC-F = 3.5 Hz), 132.0, 132.2 (t, JC-F = 3.8 Hz), 134.4, 

143.4, 146.3 (d, JC-F = 3.5 Hz), 167.4, 189.1 (t, JC-F = 28.7 Hz); 
19

F NMR (282 MHz, CDCl3, 

TMS): δ -109.6 (dd, 1F, J = 282, 10 Hz), -114.5 (dd, 1F, J = 282, 16 Hz); MS (ESI) m/z (%): 

371 (100) [M
+
+1]; HRMS (MALDI) Calcd. for C20H17F2N2O3

+1
(M

+
+1) requires 371.1213, 

Found: 371.1202. Enantiomeric excess was determined by HPLC with a Chiralcel OJ-H 

column (hexane/iPrOH = 70/30, 0.6 mL/min, 214 nm, tminor = 24.22 min, tmajorr = 21.96 min; 

[]
20

D = +16.7 (c 1.35, CHCl3), 57 % ee). 

 

N-(2,2-difluoro-3-oxo-3-phenyl-1-(thiophen-2-yl)propyl)benzohydrazide (3n). 

 

 

 

 A pale yellow oil (59%, 23 mg); IR (CH2Cl2):  3293, 3063, 2925, 2854, 1818, 1698, 1650, 

1598, 1580, 1524, 1462, 1450, 1309, 1276, 1208, 1179, 1122, 1064, 1027, 1001, 974, 920, 

908 cm
-1

; 
1
H NMR (400 MHz, CDCl3, TMS): δ 5.37 (td, 1H, J = 14.0, 2.8 Hz, CH), 5.50 (dd, 

1H, J = 6.0, 2.8 Hz, NH), 6.97 (dd, 1H, J = 4.8, 2.8 Hz, ArH), 7.17 (d, 1H, J = 2.8 Hz, ArH), 

7.32-7.49 (m, 6H, ArH), 7.59 (d, 3H, J = 7.2 Hz, ArH), 7.83 (d, 1H, J = 6.0 Hz, BzNH), 7.99 

(d, 2H, J = 7.2 Hz, ArH); 
13

C NMR (100 MHz, CDCl3, TMS): δ 62.0 (dd, JC-F = 23.7, 21.8 

Hz), 116.7 (t, JC-F = 259.7 Hz), 126.8, 126.9, 127.2, 128.6, 128.7, 129.4, 129.9 (t, JC-F = 3.4 

Hz), 132.0, 132.3, 133.9, 134.4, 167.6, 189.2 (t, JC-F = 28.4 Hz); 
19

F NMR (376 MHz, CDCl3, 

TMS): δ -105.6 (dd, 1F, J = 278, 12 Hz), -108.6 (dd, 1F, J = 278, 13 Hz); MS (ESI) m/z (%): 
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409.4 (100) [M+Na]
+
; HRMS (MALDI) Calcd. for C20H16F2N2O2SNa

+1 
(M+Na)

+
 requires 

409.0790, Found: 409.0793. Enantiomeric excess was determined by HPLC with a Chiralcel 

OD-H column (hexane/iPrOH = 70/30, 0.7 mL/min, 230 nm, tminor = 11.05 min, tmajorr = 15.27 

min; []
20

D = +33.0 (c 0.25, CHCl3), 90 % ee). 

 

N-(2,2-difluoro-3-oxo-3-phenyl-1-(thiophen-3-yl)propyl)benzohydrazide (3o). 

 

 

 

 A pale yellow oil (79%, 30 mg); IR (CH2Cl2):  3292, 3060, 2926, 1818, 1698, 1653, 1598, 

1579, 1522, 1450, 1310, 1266, 1201, 1184, 1159, 1126, 1067, 1027, 1001, 912 cm
-1

; 
1
H NMR 

(400 MHz, CDCl3, TMS): δ 5.15 (td, 1H, J = 13.6, 1.6 Hz, CH), 5.38 (br, 1H, NH), 7.21-7.22 

(m, 1H, ArH), 7.27-7.29 (m, 1H, ArH), 7.33-7.42 (m, 5H, ArH), 7.47 (t, 1H, J = 7.2 Hz, ArH), 

7.56-7.59 (m, 3H, ArH and BzNH), 7.93 (d, 2H, J = 7.2 Hz, ArH); 
13

C NMR (100 MHz, 

CDCl3, TMS): δ 62.3 (dd, JC-F = 24.0, 21.0 Hz), 117.2 (t, JC-F = 257.0 Hz), 126.0, 126.1, 

126.8, 127.9, 128.5, 128.6, 129.9 (t, JC-F = 4.3 Hz), 131.9, 132.1, 132.4, 133.0, 134.3, 167.4, 

189.5 (t, JC-F = 28.7 Hz); 
19

F NMR (376 MHz, CDCl3, TMS): δ -106.1 (dd, 1F, J = 275, 12 

Hz), -108.2 (dd, 1F, J = 275, 14 Hz); MS (ESI) m/z (%): 409.3 (100) [M+Na]
+
; HRMS 

(MALDI) Calcd. for C20H16F2N2O2SNa
+1 

(M+Na)
+
 requires 409.0790, Found: 409.0793. 

Enantiomeric excess was determined by HPLC with a Chiralcel OD-H column (hexane/iPrOH 

= 70/30, 0.7 mL/min, 230 nm, tminor = 11.60 min, tmajorr = 17.60 min; []
20

D = +21.5 (c 0.75, 

CHCl3), 94 % ee). 

 

N-(2,2-difluoro-1-oxo-1-phenyldecan-3-yl)benzohydrazide (3p). 
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A colorless oil (53%, 21 mg); IR (CH2Cl2):  3299, 3064, 3032, 2955, 2927, 2856, 1968, 

1817, 1698, 1644, 1599, 1579, 1526, 1450, 1377, 1347, 1309, 1284, 1249, 1180, 1120, 1071, 

1027, 1002, 908 cm
-1

; 
1
H NMR (400 MHz, CDCl3, TMS): δ 0.87 (t, 3H, J = 6.8 Hz, CH3), 

1.27-1.39 (m, 8H, CH), 1.52-1.83 (m, 4H, CH), 3.69 (td, 1H, J = 12.4, 6.4 Hz, CH), 5.09 (d, 

1H, J = 6.8 Hz, NH), 7.37 (t, 2H, J = 7.6 Hz, ArH), 7.46 (t, 3H, J = 7.6 Hz, ArH), 7.57-7.62 

(m, 5H, ArH), 7.74 (d, 1H, J = 7.2 Hz, BzNH), 8.08 (d, 2H, J = 8.0 Hz, ArH); 
13

C NMR (100 

MHz, CDCl3, TMS): δ 14.0, 22.5, 26.0, 26.3 (t, JC-F = 3.5 Hz), 28.9, 29.5, 31.7, 63.7 (dd, JC-F 

= 24.2, 20.6 Hz), 118.6 (t, JC-F = 254.2 Hz), 126.8, 128.5, 128.7, 129.9 (t, JC-F = 3.7 Hz), 

131.9, 132.2, 134.3, 167.0, 190.4 (t, JC-F = 29.0 Hz); 
19

F NMR (376 MHz, CDCl3, TMS): δ 

-105.1 (dd, 1F, J = 277, 10 Hz), -111.6 (dd, 1F, J = 277, 17 Hz); MS (ESI) m/z (%): 425.4 

(100) [M+Na]
+
; HRMS (MALDI) Calcd. for C23H28F2N2O2Na

+1 
(M+Na)

+
 requires 425.2023, 

Found: 425.2021. Enantiomeric excess was determined by HPLC with a Chiralcel OJ-H 

column (hexane/iPrOH = 98/2, 0.8 mL/min, 214 nm, tminor = 27.57 min, tmajorr = 33.42 min; 

[]
20

D = -18.0 (c 0.55, CHCl3), 60 % ee). 

 

N-(1-cyclohexyl-2,2-difluoro-3-oxo-3-phenylpropyl)benzohydrazide (3q). 

 

 

 

A colorless oil (52%, 20 mg); IR (CH2Cl2):  3225, 3058, 2924, 2854, 1972, 1816, 1699, 

1640, 1609, 1573, 1529, 1501, 1479, 1448, 1403, 1368, 1348, 1318, 1301, 1265, 1218, 1183, 

1153, 1105, 1073, 1051, 1027, 1003, 968, 949, 916 cm
-1

; 
1
H NMR (400 MHz, CDCl3, TMS): 

δ 1.48-1.77 (m, 4H, CH), 1.86-1.90 (m, 3H, CH), 2.05-2.08 (m, 1H, CH), 3.38-3.45 (m, 1H, 

CH), 3.48-3.57 (m, 1H, CH), 4.43 (d, 1H, J = 13.6 Hz, CH), 5.22 (br, 1H, NH), 7.33-7.45 (m, 

5H, ArH), 7.49-7.51 (m, 1H, ArH), 7.56 (d, 1H, J = 7.8 Hz, ArH), 7.66 (d, 1H, J = 2.0 Hz, 

BzNH), 7.75 (d, 1H, J = 7.2 Hz, ArH), 8.03 (d, 1H, J = 7.8 Hz, ArH); 
13

C NMR (100 MHz, 

CDCl3, TMS): δ d, JC-F = 14.3 Hz 26.0 (d, JC-F = 11.5 Hz), 26.4 (d, JC-F = 24.0 

Hz), 28.5 (d, JC-F = 9.3 Hz), 30.7, 34.7, 36.9, 65.7 (t, JC-F = 23.2 Hz), 67.8 (dd, JC-F = 23.2, 

19.7 Hz), 119.5 (t, JC-F = 255.5 Hz), 126.2, 126.8, 127.8, 128.4, 128.6, 128.7, 129.0, 129.1, 

130.0 (t, JC-F = 2.6 Hz), 131.4, 131.9, 132.3, 133.8, 134.2, 135.8, 166.5, 172.1, 190.8 (t, JC-F = 
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29.3 Hz); 
19

F NMR (376 MHz, CDCl3, TMS): δ -102.8 (dd, 1F, J = 276, 9 Hz), -108.0 (dd, 1F, 

J = 276, 19 Hz); MS (ESI) m/z (%): 409.4 (100) [M+Na]
+
; HRMS (MALDI) Calcd. for 

C22H24F2N2O2Na
+1 

(M+Na)
+
 requires 409.1704, Found: 409.1698. Enantiomeric excess was 

determined by HPLC with a Chiralcel OD-H column (hexane/iPrOH = 90/10, 0.5 mL/min, 

230 nm, tminor = 27.93 min, tmajorr = 21.87 min; []
20

D = -30.8 (c 0.50, CHCl3), 78 % ee). 

 

N-(1-(2-chlorophenyl)-2,2-difluoro-3-oxo-3-phenylpropyl)benzohydrazide (3r).  

 

 

 

A pale yellow oil (43%, 18 mg); IR (acetone):  3291, 3065, 1968, 1901, 1818, 1780, 1703, 

1648, 1598, 1579, 1528, 1475, 1449, 1362, 1308, 1282, 1181, 1128, 1070, 1028, 1001, 926, 

901 cm
-1

; 
1
H NMR (300 MHz, CDCl3, TMS): δ 5.52 (br, 1H, NH), 5.66 (dd, 1H, J = 18.6, 7.5 

Hz, CH), 7.29-7.48 (m, 8H, ArH), 7.50-7.63 (m, 4H, ArH), 7.77 (d, 1H, J = 7.5 Hz, BzNH), 

8.07 (d, 2H, J = 7.5 Hz, ArH); 
13

C NMR (75 MHz, CDCl3, TMS): δ 62.1 (dd, JC-F = 24.9, 20.6 

Hz), 117.1 (t, JC-F = 255 Hz), 126.8, 127.0, 128.5, 128.7, 129.7, 130.0 (t, JC-F = 3.4 Hz), 130.2, 

131.0, 131.9, 132.0, 132.2, 134.4, 135.5, 167.4, 189.2 (t, JC-F = 27.9 Hz); 
19

F NMR (282 MHz, 

CDCl3, TMS): δ -109.3 (dd, 1F, J = 276, 7.6 Hz), -116.6 (dd, 1F, J = 276, 18 Hz); MS (ESI) 

m/z (%): 415 (100) [M
+
+1]; HRMS (MALDI) Calcd. for C22H17ClF2N2O2

+1
(M

+
+1) requires 

415.1032, Found: 415.1019. Enantiomeric excess was determined by HPLC with a Chiralcel 

IC-H column (hexane/iPrOH = 70/30, 0.6 mL/min, 214 nm, tminor = 15.36 min, tmajorr = 13.55 

min; []
20

D = -8.4 (c 1.15, CHCl3), 75 % ee). 

 

N-(2,2-difluoro-1-(3-nitrophenyl)-3-oxo-3-phenylpropyl)benzohydrazide (3s). 
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A yellow oil (60%, 25 mg); IR (CH2Cl2):  3293, 3065, 2956, 2924, 2854, 1970, 1913, 1819, 

1698, 1650, 1598, 1580, 1530, 1464, 1450, 1399, 1350, 1308, 1281, 1188, 1161, 1129, 1182, 

1066, 1027, 1002, 973, 908 cm
-1

; 
1
H NMR (400 MHz, CDCl3, TMS): δ 5.20 (td, 1H, J = 11.2, 

3.2 Hz, CH), 5.59 (br, 1H, NH), 7.32 (t, 2H, J = 8.0 Hz, ArH), 7.41-7.61 (m, 7H, ArH), 7.86 

(d, 1H, J = 8.0 Hz, BzNH), 8.00 (d, 2H, J = 8.0 Hz, ArH), 8.15-8.21 (m, 2H, ArH), 8.42 (s, 

1H, ArH); 
13

C NMR (100 MHz, CDCl3, TMS): δ 65.4 (dd, JC-F = 26.0, 24.0 Hz), 116.6 (t, JC-F 

= 232.3 Hz), 123.9, 124.5, 126.8, 128.5, 128.7, 129.4, 129.9 (t, JC-F = 3.4 Hz), 131.6, 131.9, 

132.1, 134.6, 135.2, 136.0, 148.0, 167.8, 188.7 (t, JC-F = 28.3 Hz); 
19

F NMR (376 MHz, 

CDCl3, TMS): δ -104.1 (dd, 1F, J = 286, 10 Hz), -109.6 (dd, 1F, J = 286, 11 Hz); MS (ESI) 

m/z (%): 448.4 (100) [M+Na]
+
; HRMS (MALDI) Calcd. for C22H217F2N3O4Na

+1 
(M+Na)

+
 

requires 448.1089, Found: 448.1079. Enantiomeric excess was determined by HPLC with a 

Chiralcel OD-H column (hexane/iPrOH = 90/10, 0.7 mL/min, 214 nm, tminor = 43.88 min, 

tmajorr = 52.98 min; []
20

D = +16.0 (c 0.20, CHCl3), 62 % ee). 

 

N-(2,2-difluoro-1-oxo-1-phenylhexan-3-yl)benzohydrazide (3t). 

 

 

 

 A colorless oil (61%, 21 mg); IR (CH2Cl2):  3295, 3064, 2963, 2933, 2874, 1699, 1656, 

1643, 1590, 1579, 1530, 1450, 1380, 1308, 1286, 1201, 1183, 1160, 1128, 1056, 1027, 1002, 

973, 918 cm
-1

; 
1
H NMR (400 MHz, CDCl3, TMS): δ 0.99 (t, 3H, J = 7.2 Hz, CH3), 1.58-1.66 

(m, 2H, CH2), 1.76-1.80 (m, 2H, CH2), 3.65-3.73 (m, 1H, CH), 5.06 (br, 1H, NH), 7.38 (t, 2H, 

J = 7.2 Hz, ArH), 7.45-7.49 (m, 3H, ArH), 7.61 (d, 3H, J = 7.2 Hz, ArH), 7.69 (d, 1H, J = 4.0 

Hz, BzNH), 8.09 (d, 2H, J = 7.2 Hz, ArH); 
13

C NMR (100 MHz, CDCl3, TMS): δ 14.0, 19.4, 

28.3 (t, JC-F = 2.1 Hz), 63.5 (dd, JC-F = 24.8, 21.6 Hz), 118.7 (t, JC-F = 258.1 Hz), 126.8, 127.8, 

128.3, 128.6, 128.7, 129.0, 129.9 (t, JC-F = 3.6 Hz), 131.9, 132.2, 132.6, 134.3, 167.0, 190.5 (t, 

JC-F = 29.0 Hz); 
19

F NMR (376 MHz, CDCl3, TMS): δ -105.3 (dd, 1F, J = 276, 9 Hz), -111.7 

(dd, 1F, J = 276, 17 Hz); MS (ESI) m/z (%): 369.4 (100) [M+Na]
+
; HRMS (MALDI) Calcd. 

for C19H20F2N2O2Na
+1 

(M+Na)
+
 requires 369.1379, Found: 369.1385. Enantiomeric excess 

was determined by HPLC with a Chiralcel OJ-H column (hexane/iPrOH = 70/30, 0.6 mL/min, 

214 nm, tminor = 8.67 min, tmajorr = 10.11 min; []
20

D = -13.3 (c 1.55, CHCl3), 48 % ee). 
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N-(1-cyclopropyl-2,2-difluoro-3-oxo-3-phenylpropyl)benzohydrazide (3u). 

 

 

 

A colorless oil (59%, 20 mg); IR (CH2Cl2):  3294, 3063, 3010, 1969, 1910, 1818, 1779, 

1670, 1650, 1598, 1579, 1524, 1450, 1393, 1308, 1278, 1181, 1126, 1066, 1027, 1001, 967, 

899 cm
-1

; 
1
H NMR (400 MHz, CDCl3, TMS): δ 0.36-0.42 (m, 1H, CH), 0.58-0.77 (m, 3H, 

CH), 1.00-1.10 (m, 1H, CH), 2.96 (dd, 1H, J = 12.0, 8.4 Hz, CH), 5.13 (br, 1H, NH), 7.39 (t, 

2H, J = 7.2 Hz, ArH), 7.44-7.51 (m, 3H, ArH), 7.58-7.64 (m, 3H, ArH), 7.91 (br, 1H, BzNH), 

8.08 (d, 2H, J = 8.0 Hz, ArH); 
13

C NMR (100 MHz, CDCl3, TMS): δ 2.9, 4.6, 8.8 (t, JC-F = 4.7 

Hz), 66.4 (t, JC-F = 22.0 Hz), 118.8 (t, JC-F = 256.0 Hz), 126.8, 128.6, 128.7, 129.9 (t, JC-F = 

3.2 Hz), 131.9, 132.2, 132.9, 134.2, 167.4, 190.2 (t, JC-F = 27.8 Hz); 
19

F NMR (376 MHz, 

CDCl3, TMS): δ -107.6 (dd, 1F, J = 268, 13 Hz), -108.7 (dd, 1F, J = 268, 12 Hz); MS (ESI) 

m/z (%): 367.3 (100) [M+Na]
+
; HRMS (MALDI) Calcd. for C19H18F2N2O2Na

+1 
(M+Na)

+
 

requires 367.1228, Found: 367.1228. Enantiomeric excess was determined by HPLC with a 

Chiralcel OD-H column (hexane/iPrOH = 80/20, 0.7 mL/min, 230 nm, tminor = 11.25 min, 

tmajorr = 18.07 min; []
20

D = -15.5 (c 0.45, CHCl3), 35 % ee). 

 

6. Analytical data for Zn(NTf2)2-catalyzed Mannich-type adducts 5a-5f  

N-(2,2-difluoro-3-oxo-1,3-diphenylpropyl)-4-methoxybenzohydrazide (5a). 
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A pale yellow oil (81%, 33 mg); IR (CH2Cl2):  3292, 3063, 2936, 2840, 1968, 1907, 1818, 

1777, 1699, 1642, 1606, 1578, 1510, 1494, 1453, 1308, 1255, 1210, 1178, 1123, 1065, 1028, 

1002, 907 cm
-1

; 
1
H NMR (400 MHz, CDCl3, TMS): δ 3.78 (s, 3H, OCH3), 4.99 (td, 1H, J = 

14.0, 1.6 Hz, CH), 5.43 (d, 1H, J = 8.8 Hz, NH), 6.82 (d, 2H, J = 8.8 Hz, ArH), 7.30-7.32 (m, 

3H, ArH), 7.39 (t, 2H, J = 8.0 Hz, ArH), 7.45-7.47 (m, 2H, ArH), 7.51-7.57 (m, 3H, ArH), 

7.79 (d, 1H, J = 5.6 Hz, BzNH), 7.93 (d, 2H, J = 8.0 Hz, ArH); 
13

C NMR (100 MHz, CDCl3, 

TMS): δ 55.3, 66.7 (dd, JC-F = 23.7, 20.4 Hz), 113.7, 117.4 (t, JC-F = 261.0 Hz), 124.4, 128.5, 

128.6, 128.7, 129.1, 129.5, 129.9 (t, JC-F = 3.2 Hz), 132.5, 132.8, 134.2, 162.5, 167.1, 189.6 (t, 

JC-F = 28.1 Hz); 
19

F NMR (376 MHz, CDCl3, TMS): δ -105.8 (dd, 1F, J = 274, 11 Hz), -108.6 

(dd, 1F, J = 274, 14 Hz); MS (ESI) m/z (%): 433.4 (100) [M+Na]
+
; HRMS (MALDI) Calcd. 

for C23H20F2N2O3Na
+1 

(M+Na)
+
 requires 433.1342, Found: 433.1334. Enantiomeric excess 

was determined by HPLC with a Chiralcel OD-H column (hexane/iPrOH = 80/20, 0.7 

mL/min, 214 nm, tminor = 18.81 min, tmajorr = 27.63 min; []
20

D = +37.3 (c 0.45, CHCl3), 94 % 

ee). 

 

N-(2,2-difluoro-3-oxo-1,3-diphenylpropyl)-4-nitrobenzohydrazide (5b). 

 

 

 

A yellow solid, m.p. 137-139 
o
C; (59%, 25 mg); IR (CH2Cl2):  3323, 3298, 3106, 3071, 

3034, 2925, 2854, 1690, 1677, 1598, 1579, 1520, 1493, 1482, 1450, 1405, 1346, 1325, 1296, 

1263, 1197, 1178, 1123, 1108, 1090, 1072, 1030, 1001, 975, 927, 906 cm
-1

; 
1
H NMR (400 

MHz, CDCl3, TMS): δ 5.01 (t, 1H, J = 12.0 Hz, CH), 5.51 (d, 1H, J = 4.0 Hz, NH), 7.36-7.49 

(m, 7H, ArH), 7.60 (t, 1H, J = 7.6 Hz, ArH), 7.73 (d, 2H, J = 8.4 Hz, ArH), 7.85 (d, 2H, J = 

5.2 Hz, BzNH), 7.94 (d, 2H, J = 7.6 Hz, ArH), 8.22 (d, 2H, J = 8.4 Hz, ArH); 
13

C NMR (100 

MHz, CDCl3, TMS): δ 66.5 (dd, JC-F = 23.3, 21.1 Hz), 117.3 (t, JC-F = 259.1 Hz), 123.9, 128.1, 

128.7, 128.8, 129.4, 129.5, 130.1 (t, JC-F = 3.3 Hz), 132.4, 132.5, 134.5, 137.8, 149.9, 165.4, 

189.7 (t, JC-F = 24.5 Hz); 
19

F NMR (376 MHz, CDCl3, TMS): δ -104.9 (dd, 1F, J = 280, 12 
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Hz), -108.1 (dd, 1F, J = 280, 15 Hz); MS (ESI) m/z (%): 448.4 (100) [M+Na]
+
; HRMS 

(MALDI) Calcd. for C22H17F2N3O4Na
+1 

(M+Na)
+
 requires 448.1083, Found: 448.1079. 

Enantiomeric excess was determined by HPLC with a Chiralcel OJ-H column (hexane/iPrOH 

= 70/30, 0.5 mL/min, 214 nm, tminor = 57.61 min, tmajorr = 70.23 min; []
20

D = +19.8 (c 0.75, 

CHCl3), 92 % ee). 

 

4-bromo-N-(1-(4-bromophenyl)-2,2-difluoro-3-oxo-3-phenylpropyl)benzohydrazide (5c). 

 

 

 

A pale yellow solid, m.p. 139-142 
o
C; (41%, 22 mg); IR (CH2Cl2):  3399, 3337, 3276, 3071, 

2924, 2853, 1924, 1819, 1785, 1696, 1675, 1593, 1568, 1549, 1503, 1471, 1450, 1408, 1311, 

1362, 1276, 1203, 1184, 1120, 1105, 1072, 1030, 1011, 925, 901 cm
-1

; 
1
H NMR (400 MHz, 

CDCl3, TMS): δ 4.97 (t, 1H, J = 12.0 Hz, CH), 5.43 (d, 1H, J = 2.4 Hz, NH), 7.34 (d, 2H, J = 

8.4 Hz, ArH), 7.41-7.50 (m, 7H, ArH), 7.60 (tt, 1H, J = 7.6, 0.8 Hz, ArH), 7.83 (d, 1H, J = 5.6 

Hz, BzNH), 7.95 (d, 2H, J = 7.6 Hz, ArH); 
13

C NMR (100 MHz, CDCl3, TMS): δ 65.8 (dd, 

JC-F = 23.7, 20.2 Hz), 116.9 (t, JC-F = 258.5 Hz), 123.5, 126.9, 128.4, 128.7, 130.0 (t, JC-F = 3.5 

Hz), 130.8, 131.2, 131.8, 131.9, 134.6, 166.7, 189.2 (t, JC-F = 28.9 Hz); 
19

F NMR (376 MHz, 

CDCl3, TMS): δ -105.1 (dd, 1F, J = 280, 11 Hz), -108.8 (dd, 1F, J = 280, 15 Hz); MS (ESI) 

m/z (%): 537.3 (100) [M+H]
+
; HRMS (MALDI) Calcd. for C22H16Br2F2N2O2H

+1 
(M+H)

+
 

requires 536.9615, Found: 536.9619. Enantiomeric excess was determined by HPLC with a 

Chiralcel OD-H column (hexane/iPrOH = 80/20, 0.7 mL/min, 214 nm, tminor = 15.64 min, 

tmajorr = 23.08 min; []
20

D = +56.0 (c 0.20, CHCl3), 95 % ee). 

 

N-(2,2-difluoro-3-oxo-1,3-diphenylpropyl)biphenyl-4-carbohydrazide (5d). 
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A white solid, m.p. 142-145 
o
C; (72%, 33 mg); IR (CH2Cl2):  3307, 3262, 3062, 3032, 2925, 

2853, 1966, 1925, 1817, 1703, 1629, 1608, 1598, 1580, 1529, 1495, 1448, 1402, 1308, 1267, 

1223, 1210, 1186, 1125, 1050, 1006, 972, 901 cm
-1

; 
1
H NMR (400 MHz, CDCl3, TMS): δ 

5.03 (t, 1H, J = 12.8 Hz, CH), 5.49 (d, 1H, J = 4.8 Hz, NH), 7.34-7.46 (m, 8H, ArH), 7.50 (t, 

2H, J = 3.6 Hz, ArH), 7.56 (d, 2H, J = 5.2 Hz, ArH), 7.58 (d, 2H, J = 5.2 Hz, ArH), 7.63 (d, 

2H, J = 8.4 Hz, ArH), 7.73 (br, 1H, BzNH), 7.96 (d, 2H, J = 7.6 Hz, ArH); 
13

C NMR (100 

MHz, CDCl3, TMS): δ 66.7 (dd, JC-F = 22.8, 20.2 Hz), 117.4 (t, JC-F = 257.3 Hz), 127.1, 127.2, 

127.3, 128.1, 128.6, 128.9, 129.2, 129.6, 130.0 (t, JC-F = 3.5 Hz), 130.8, 132.6, 132.8, 134.3, 

139.8, 144.8, 166.1, 189.7 (t, JC-F = 28.8 Hz); 
19

F NMR (376 MHz, CDCl3, TMS): δ -105.8 

(dd, 1F, J = 276, 12 Hz), -108.3 (dd, 1F, J = 276, 15 Hz); MS (ESI) m/z (%): 479.5 (100) 

[M+Na]
+
; HRMS (MALDI) Calcd. for C28H22F2N2O2Na

+1 
(M+Na)

+
 requires 479.1549, 

Found: 479.1542. Enantiomeric excess was determined by HPLC with a Chiralcel AD-H 

column (hexane/iPrOH = 70/30, 0.7 mL/min, 230 nm, tminor = 43.99 min, tmajorr = 36.87 min; 

[]
20

D = +34.0 (c 0.60, CHCl3), 96 % ee). 

 

N-(1-(4-chlorophenyl)-2,2-difluoro-3-oxo-3-p-tolylpropyl)benzohydrazide (5e). 
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A yellow oil (81%, 35 mg); IR (CH2Cl2):  3292, 3062, 3001, 2925, 2856, 1912, 1767, 1695, 

1650, 1606, 1580, 1526, 1492, 1466, 1412, 1311, 1284, 1211, 1183, 1127, 1091, 1070, 1027, 

1017, 969, 925, 908 cm
-1

; 
1
H NMR (400 MHz, CDCl3, TMS): δ 2.37 (s, 3H, CH3), 5.00 (t, 1H, 

J = 12.0 Hz, CH), 5.45 (br, 1H, NH), 7.19 (d, 2H, J = 8.4 Hz, ArH), 7.27 (d, 2H, J = 8.4 Hz, 

ArH), 7.33 (t, 2H, J = 7.2 Hz, ArH), 7.39-7.47 (m, 3H, ArH), 7.54 (d, 2H, J = 8.0 Hz, ArH), 

7.86 (d, 2H, J = 8.0 Hz, ArH), 7.93 (d, 2H, J = 3.2 Hz, BzNH); 
13

C NMR (100 MHz, CDCl3, 

TMS): δ 21.7, 65.8 (dd, JC-F = 24.6, 21.0 Hz), 117.1 (t, JC-F = 260.0 Hz), 126.8, 128.5, 128.7, 

129.4, 129.7, 130.1 (t, JC-F = 3.4 Hz), 130.9, 131.5, 131.9, 132.0, 135.0, 145.7, 167.5, 188.7 (t, 

JC-F = 28.7 Hz); 
19

F NMR (376 MHz, CDCl3, TMS): δ -105.5 (dd, 1F, J = 279, 12 Hz), -108.9 

(dd, 1F, J = 279, 14 Hz); MS (ESI) m/z (%): 451.4 (100) [M+Na]
+
; HRMS (MALDI) Calcd. 

for C23H19ClF2N2O2Na
+1 

(M+Na)
+
 requires 451.1002, Found: 451.0995. Enantiomeric excess 

was determined by HPLC with a Chiralcel OD-H column (hexane/iPrOH = 90/10, 0.7 

mL/min, 230 nm, tminor = 32.32 min, tmajorr = 37.96min; []
20

D = +39.3 (c 0.75, CHCl3), 92 % 

ee). 

 

N-(1-(4-chlorophenyl)-2,2-difluoro-3-oxo-3-(thiophen-2-yl)propyl)benzohydrazide (5f). 

 

 

 

A pale yellow solid, m.p. 137-139 
o
C; (88%, 37 mg); IR (CH2Cl2):  3293, 3065, 2925, 2854, 

1965, 1908, 1660, 1600, 1580, 1513, 1492, 1464, 1409, 1357, 1309, 1286, 1242, 1208, 1183, 

1123, 1090, 1063, 1027, 1016, 972, 908 cm
-1

; 
1
H NMR (400 MHz, CDCl3, TMS): δ 4.93 (t, 

1H, J = 12.8 Hz, CH), 5.37 (br, 1H, NH), 7.12 (t, 1H, J = 4.0 Hz, ArH), 7.30 (d, 2H, J = 8.4 

Hz, ArH), 7.36-7.43 (m, 4H, ArH), 7.49 (t, 1H, J = 7.2 Hz, ArH), 7.59 (d, 2H, J = 8.8 Hz, 

ArH), 7.75 (d, 2H, J = 5.2 Hz, ArH), 7.85 (d, 1H, J = 2.4 Hz, BzNH); 
13

C NMR (100 MHz, 

CDCl3, TMS): δ 66.1 (dd, JC-F = 23.8, 21.2 Hz), 116.9 (t, JC-F = 257.0 Hz), 126.9, 128.6, 

128.8, 128.9, 130.8, 131.2, 132.0, 132.1, 135.2, 136.0 (t, JC-F = 5.5 Hz), 136.9, 138.6, 167.5, 

182.4 (t, JC-F = 30.0 Hz); 
19

F NMR (376 MHz, CDCl3, TMS): δ -106.6 (dd, 1F, J = 269, 11 
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Hz), -110.2 (dd, 1F, J = 269, 14 Hz); MS (ESI) m/z (%): 443.3 (100) [M+Na]
+
; HRMS 

(MALDI) Calcd. for C20H15ClF2N2O2Na
+1 

(M+Na)
+
 requires 443.0409, Found: 43.0403. 

Enantiomeric excess was determined by HPLC with a Chiralcel OD-H column (hexane/iPrOH 

= 90/10, 0.7 mL/min, 230 nm, tminor = 46.47 min, tmajorr = 54.88 min; []
20

D = +23.1 (c 0.50, 

CHCl3), 76 % ee). 

 

7. X-ray crystal structure and crystal data of ligand L9 and Mannich-type adduct 5c 

 

The crystal data of L9 have been deposited in CCDC with number 785244. Empirical 

Formula: C55H43Cl2N2O2PS; Formula Weight: 897.84; Crystal Color, Habit: colorless, 

prismatic; Crystal Dimensions: 0.397 x 0.365 x 0.258 mm; Crystal System: Orthorhombic; 

Lattice Type: Primitive; Lattice Parameters: a = 13.5209(9)Å, b = 16.5318(12)Å, c = 

41.077(3)Å,  = 90
o
,  = 90

o
,  = 90

o
, V = 9181.8(11)Å

3
; Space group: C222(1); Z = 8; Dcalc= 

1.299 g/cm
3
; F000 = 3744; Diffractometer: Bruker Smart CCD; Residuals: R; Rw: 0.0472, 

0.0976.  

 

Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2012



 S29 

 

The crystal data of 5c have been deposited in CCDC with number 798183. Empirical 

Formula: C22H16Br2F2N2O2; Formula Weight: 538.19; Crystal Color, Habit: colorless, 

prismatic; Crystal System: Monoclinic; Lattice Type: Primitive; Lattice Parameters: a = 

12.2490(4)Å, b = 5.5446(19)Å, c = 16.2080(6)Å,  = 90
o
,  = 104.895(4)

o
,  = 90

o
, V = 

1063.8(6)Å
3
; Space group: P2(1); Z = 2; Dcalc = 1.680 g/cm

3
; F000 = 532; Diffractometer: 

Bruker Smart CCD; Residuals: R; Rw: 0.0519, 0.1386.  
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8. 
1
H NMR and 

31
P NMR spectroscopic studies of the potential active species 

 

Figure SI-2. 
1
H NMR and 

31
P NMR spectroscopic studies of the potential active specie in the 

catalytic enantioselective difluorination. 
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10. NMR and HPLC data for Zn(NTf2)2-catalyzed Mannich-type adducts 3a-3u. 

N-(2,2-difluoro-3-oxo-1,3-diphenylpropyl)benzohydrazide (3a). 
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N-(1-(4-chlorophenyl)-2,2-difluoro-3-oxo-3-phenylpropyl)benzohydrazide (3b). 
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N-(1-(4-bromophenyl)-2,2-difluoro-3-oxo-3-phenylpropyl)benzohydrazide (3c). 
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N-(2,2-difluoro-1-(4-fluorophenyl)-3-oxo-3-phenylpropyl)benzohydrazide (3d). 
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N-(2,2-difluoro-3-oxo-3-phenyl-1-p-tolylpropyl)benzohydrazide (3e). 

 

Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2012



 S46 

 

 

Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2012



 S47 

Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2012



 S48 

Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2012



 S49 

 

 

N-(2,2-difluoro-1-(4-methoxyphenyl)-3-oxo-3-phenylpropyl)benzohydrazide (3f). 
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N-(2,2-difluoro-1-(4-nitrophenyl)-3-oxo-3-phenylpropyl)benzohydrazide (3g). 
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N-(1-(4-cyanophenyl)-2,2-difluoro-3-oxo-3-phenylpropyl)benzohydrazide (3h). 

 

Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2012



 S57 

 

 

 

Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2012



 S58 

Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2012



 S59 

Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2012



 S60 

 

 

N-(2,2-difluoro-3-oxo-3-phenyl-1-(4-(trifluoromethyl)phenyl)propyl)benzohydrazide (3i). 
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N-(1-(3-chlorophenyl)-2,2-difluoro-3-oxo-3-phenylpropyl)benzohydrazide (3j). 
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N-(2,2-difluoro-1-(naphthalen-1-yl)-3-oxo-3-phenylpropyl)benzohydrazide (3k). 

 

Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2012



 S69 

 

 

Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2012



 S70 

Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2012



 S71 

Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2012



 S72 

 

 

N-(2,2-difluoro-1-(naphthalen-2-yl)-3-oxo-3-phenylpropyl)benzohydrazide (3l). 
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N-(2,2-difluoro-1-(furan-2-yl)-3-oxo-3-phenylpropyl)benzohydrazide (3m).  
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N-(2,2-difluoro-3-oxo-3-phenyl-1-(thiophen-2-yl)propyl)benzohydrazide (3n). 
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N-(2,2-difluoro-3-oxo-3-phenyl-1-(thiophen-3-yl)propyl)benzohydrazide (3o). 
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N-(2,2-difluoro-1-oxo-1-phenyldecan-3-yl)benzohydrazide (3p). 
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N-(1-cyclohexyl-2,2-difluoro-3-oxo-3-phenylpropyl)benzohydrazide (3q). 
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N-(1-(2-chlorophenyl)-2,2-difluoro-3-oxo-3-phenylpropyl)benzohydrazide (3r). 
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N-(2,2-difluoro-1-(3-nitrophenyl)-3-oxo-3-phenylpropyl)benzohydrazide (3s). 
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N-(2,2-difluoro-1-oxo-1-phenylhexan-3-yl)benzohydrazide (3t). 
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N-(1-cyclopropyl-2,2-difluoro-3-oxo-3-phenylpropyl)benzohydrazide (3u). 
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11. NMR and HPLC data for Zn(NTf2)2-catalyzed Mannich-type adducts 5a-5f. 

N-(2,2-difluoro-3-oxo-1,3-diphenylpropyl)-4-methoxybenzohydrazide (5a). 
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N-(2,2-difluoro-3-oxo-1,3-diphenylpropyl)-4-nitrobenzohydrazide (5b). 
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4-bromo-N-(1-(4-bromophenyl)-2,2-difluoro-3-oxo-3-phenylpropyl)benzohydrazide (5c). 
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N-(2,2-difluoro-3-oxo-1,3-diphenylpropyl)biphenyl-4-carbohydrazide (5d). 
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N-(1-(4-chlorophenyl)-2,2-difluoro-3-oxo-3-p-tolylpropyl)benzohydrazide (5e). 
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N-(1-(4-chlorophenyl)-2,2-difluoro-3-oxo-3-(thiophen-2-yl)propyl)benzohydrazide (5f). 
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12. Transformation of product 3a 

Scheme 1. Transformation of 3a 

 

 

The synthesis of compound 6. The solution of 3a (0.32 mmol) in DCM (3.0 mL) was stirred 

at -78 
o
C, then a solution of CeCl3

.
7H2O (3.0 equiv) in 3.0 mL methanol was added into the 

solution at -78 
o
C. After stirring for 5 mins, NaBH4 (3.0 equiv) was added into the mixture in 

several portions under argon atmosphere at -78 
o
C and followed by the addition of AcOH 

(0.25 mL) via syringe. The mixture was stirred at the same temperature for additional 5 h. The 

reaction was quenched by H2O, then neutralized with saturated K2CO3 (aq) to pH= 7-8. The 

mixture was extracted with DCM. The combined organic phase was washed with H2O and 

brine, dried over anhydrous Na2SO4, and the solvent was removed under vacuum. The residue 

was purified by silica gel column chromatography (PE/EA=3/1) to give the desired product as 

a white solid.  

 

The synthesis of compound 7. To a solution of 6 (0.13 mmol) and triphosgene (3.0 equiv) in 

DCM (2.0 mL), a solution of pyridine (3.0 equiv) in 1.0 mL DCM was added into the solution 

carefully at room temperature via syringe. After stirring overnight at room temperature, the 

solvent was removed under vacuum and the residue was purified by silica gel column 

chromatography (PE/EA=8/1) to give the desired product as white solid. 

 

N-((1S)-2,2-difluoro-3-hydroxy-1,3-diphenylpropyl)benzohydrazide 6a [major/minor (2:1) 

isomers].  

 

A white solid, m.p. 155-158 
o
C; (84%, 102 mg); IR (acetone):  3395, 3296, 3033, 1782, 

1627, 1575, 1509, 1482, 1454, 1404, 1334, 1166, 1124, 1063, 1029, 1009, 926, 899 cm
-1

; 
1
H 

NMR (400 MHz, CDCl3, TMS):  4.22 (major, br, 1H, NH), 4.57 (minor, dd, 0.5H, J = 7.2, 
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1.6 Hz, CH), 4.74 (major, d, 1H, J = 14.0 Hz, CH), 4.79 (major, t, 1H, J = 14.0 Hz, CH), 5.20 

(minor, td, 0.5H, J = 7.2, 2.4 Hz, CH), 5.38 (minor, t, 0.5H, J = 1.6 Hz, NH), 5.63 (major, br, 

1H, OH), 5.67 (minor, br, 0.5H, OH), 7.29-7.56 (m, 15H, ArH), 7.83 (major, d, 1H, J = 4.4 

Hz, NH), 8.07 (minor, br, 0.5H, NH); 
13

C NMR (100 MHz, CDCl3, TMS):  62.3 (minor, t, 

JC-F = 24.8 Hz), 66.8 (major, t, JC-F = 22.4 Hz), 73.4 (minor, dd, JC-F = 30.7, 24.5 Hz), 74.3 

(major, dd, JC-F = 32.2, 22.9 Hz), 120.3 (major, t, JC-F = 254.0 Hz), 120.5 (minor, t, JC-F = 

241.0 Hz), 126.9, 127.0, 127.9, 128.0, 128.3, 128.5, 128.6, 128.7, 128.8, 129.1, 129.4, 131.9, 

132.1, 132.2, 133.9, 134.6, 136.1 (minor), 136.3 (major), 167.5 (major), 167.6 (minor); 
19

F 

NMR (376 MHz, CDCl3, TMS):  -112.3 (major, dd, 1F, J = 258, 69 Hz), -124.0 (minor, ddd, 

1F, J = 258, 21, 12 Hz), -113.9 (minor, dd, 1F, J = 16, 8 Hz), -114.1 (major, ddd, 1F, J = 16, 7 

Hz); MS (ESI) m/z (%): 405.2 (100) [M+Na]
+
; HRMS (MALDI) Calcd. for 

C22H20F2N2O2Na
+1 

(M+Na)
+
 requires 405.1398, Found: 405.1385. Enantiomeric excess was 

determined by HPLC with a Chiralcel AD-H column (hexane/iPrOH = 60/40, 0.5 mL/min, 

214 nm, for minor product: tmajor = 7.79 min, tminor = 8.88 min, 97% ee; for major product: 

tminor = 11.04 min, tmajor = 14.29 min, 97 % ee; []
20

D = +59.0 (c 2.60, CHCl3)). 
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(5S)-3-benzoyl-6,6-difluoro-5,7-diphenyl-1,3,4-oxadiazepan-2-one 7a [major/minor (2:1) 

isomers]. 

 

A white solid, m.p. 122-125 
o
C; (73%, 39 mg); IR (CH2Cl2):  3375, 3037, 1781, 1620, 1489, 

1454, 1389, 1353, 1189, 1148, 1129, 1067, 1042, 991, 923, 899;
 1
H NMR (400 MHz, CDCl3, 

TMS):  3.18 (major, d, 1H, J = 5.2 Hz, NH), 3.49 (minor, d, 0.5H, J = 5.2 Hz, NH), 4.72 

(major, dt, 1H, J = 18.8, 5.2 Hz, CH), 4.89 (minor, dt, 0.5H, J = 11.6, 5.2 Hz, CH), 5.78 

(minor, t, 0.5H, J = 13.2 Hz, CH), 5.95 (major, dd, 1H, J = 18.8, 8.8 Hz, CH), 7.28-7.54 (m, 

17H, ArH), 7.63-7.67 (m, 1H, ArH), 7.80-7.84 (m, 3H, ArH), 7.88-7.91 (m, 1H, ArH); 
13

C 

NMR (100 MHz, CDCl3, TMS):  59.1 (dd, JC-F = 34.5, 10.8 Hz), 72.8 (dd, JC-F = 29.7, 12.5 

Hz), 120.2 (major, t, JC-F = 251.0 Hz), 120.3 (minor, t, JC-F = 251.5 Hz), 123.4, 123.5, 125.8, 

125.9, 127.6, 128.0, 128.2, 128.5, 128.7, 128.8, 128.9, 129.3, 129.5, 130.2, 131.0, 131.5, 

131.6, 131.9, 135.3, 135.4, 153.1 (minor), 153.7 (major, t, JC-F = 2.9 Hz); 
19

F NMR (376 

MHz, CDCl3, TMS):  -112.5 (major, ddd, 1F, J = 255, 20, 4 Hz), -118.4 (minor, ddd, 1F, J = 

255, 19, 9 Hz), -113.8 (minor, dd, 1F, J = 17, 9 Hz), -113.9 (major, ddd, 1F, J = 17, 11 Hz); 

MS (ESI) m/z (%): 431.2 (100) [M+Na]
+
; HRMS (MALDI) Calcd. for C23H18F2N2O3Na

+1 

(M+Na)
+
 requires 431.1172, Found: 431.1178. Enantiomeric excess was determined by HPLC 

with a Chiralcel AD-H column (hexane/iPrOH = 60/40, 0.5 mL/min, 214 nm, for major 

product: tminor = 10.21 min, tmajorr = 14.38 min, 94% ee; for minor product: tmajor = 17.46 min, 

tminor = 35.21 min, 94% ee; []
20

D = -63.2 (c 1.00, CHCl3)). 
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(5S)-3-benzoyl-6,6-difluoro-5,7-diphenyl-1,3,4-oxadiazepan-2-one 7a with the addition of 

D2O [major/minor (2:1) isomers]. The protons at  3.18 (major, d, 1H, J = 5.2 Hz, NH), 3.49 

(minor, d, 0.5H, J = 5.2 Hz, NH) have been identified as the N-H for the two 

diastereoisomers.  

 

DN O
N

PhPh
F F

OPh

O
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1
H NMR (400 MHz, CDCl3, TMS):  4.69 (major, d, 1H, J = 4.4 Hz, CH), 4.89 (minor, t, 

0.5H, J = 11.6 Hz, CH), 5.78 (minor, t, 0.5H, J = 13.2 Hz, CH), 5.95 (major, dd, 1H, J = 18.8, 

8.8 Hz, CH), 7.28-7.54 (m, 16H, ArH), 7.63-7.67 (m, 2H, ArH), 7.80-7.84 (m, 3H, ArH), 

7.88-7.91 (m, 1H, ArH). 

 

 

1
H-

1
H cosy spectrum  
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